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Abstract

The potential of Euphrates poplar (EP) leaves, a plentiful agricultural
waste, as a sustainable adsorbent for wastewater treatment is examined in
this work. FTIR, FESEM, and XRD were used to characterize activated
carbon (AC) derived from EP leaves by carbonizing them at 400°C for 3
hours. Brunauer found a surface area of 3.77 m2/g using the Brunauer—
Emmett-Teller (BET) technique. Methylene blue (MB) adsorption trials
showed that with an ideal contact time of 60 minutes, the removal
efficiency exceeded 91%. Temperature and pH significantly affected the
adsorption process, and the addition of EP nanoparticles enhanced dye
uptake. According to Kinetic modeling, the Temkin isotherm (R2= 0.904)
provided the most accurate equilibrium fit, while the pseudo-second-order
model (R?= 0.999) best explained the adsorption behavior. Positive AS°
values indicated greater unpredictability at the solid-solution interface, and
thermodynamic parameters confirmed that the adsorption was
endothermic and spontaneous. These results demonstrate that Euphrates
poplar leaves are an economical and environmentally beneficial adsorbent
for dye removal, providing a viable alternative for wastewater treatment
applications.

Keywords: Adsorption, Euphrates poplar, Kinetics, Methylene blue,
Thermodynamics, Wastewater treatment.

1. Introduction

Recent decades have seen a sharp rise in pollutants and hazardous emissions due to rapid
industrial innovation, with detrimental effects on the environment®. Synthetic dyes are among the
most dangerous contaminants due to their widespread use in the food, paper, plastics, and textile
sectors. The dye business has grown significantly since Perkins' groundbreaking contributions to
organic chemistry in the late 19" century, and today synthetic dyes make up around 90% of the
colors used globally?. They pose a significant threat to the environment and public health due to
their persistence, complex aromatic structures, and ecotoxicity’. The harmful effects of dyes and
their breakdown products, including their mutagenic and endocrine-disrupting properties, have
been the subject of numerous studies. Furthermore, other contaminants, including heavy metals
and catalysts, are often used during the dye manufacturing process, exacerbating environmental
risks. Advanced oxidation processes, photolysis, and adsorption are among the treatment
techniques investigated to remove color from wastewater’. Among them, adsorption has proven
to be one of the most economical and successful methods, especially for cationic dyes. Because
of their inherent functional groups and porous architectures, plant-derived adsorbents have been
shown to improve adsorption efficiency®. Despite these developments, a substantial number of
current adsorbents rely on expensive activated carbon or tailored nanomaterials, which, although
efficient, are not sustainable or financially viable for large-scale applications. Additionally,
locally available biomass resources that could serve as environmentally beneficial substitutes
have received little attention. Adsorbents that combine high efficiency with affordability,
sustainability, and ease of preparation remain in demand. One interesting option for dye
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adsorption is the Euphrates poplar (Populus euphratica), a plant that grows naturally along
riverbanks®. Its lignocellulosic composition offers opportunities for pollutant removal, in
addition to its ecological functions as a wind barrier and soil stabilizer. The goal of this research
is to develop an economical and practical adsorbent material from Euphrates poplar for the
removal of methylene blue (MB) and related dyes from aqueous solutions. It will specifically
examine how operational factors affect adsorption efficiency, including temperature, initial dye
concentration, adsorbent dosage, pH, and contact time”®. This study aims to demonstrate that
Euphrates poplar is a feasible substitute for wastewater treatment, promoting environmental
preservation and sustainable resource use, by benchmarking against published research and
comparing it with current adsorbents. This study is novel since Euphrates poplar (Populus
euphratica) leaves have not been extensively studied as biosorbents for dye removal. This
underutilized agricultural waste, abundant in riparian environments, provides a low-cost,
sustainable alternative to commercial activated carbon and nanomaterials. Using Kinetic,
isothermal, and thermodynamic analyses, the current study assesses its adsorption capacity under
various operational conditions. Euphrates poplar is a viable option for wastewater treatment
because of these characteristics.

2. Materials and Methods

2.1. Preparation of nano Euphrates poplar (EP) leaf powder

The synthesis of nanoparticles (NPs) from Euphrates extract requires a well-coordinated series of
processes to produce fine particles suitable for a variety of applications. Purification begins with
a crisscross approach along the Euphrates River to remove impurities, including dust and
biological contaminants. During the cleaning procedure, the samples may be subjected to a
controlled, brief heating treatment, which can be done either outside or in a private laboratory.
Since temperature management is crucial for preserving functional materials, the choice of
cooling technique depends on the experiment's needs and the preservation of biologically active
compounds. After drying, the Euphrates poplar leaves were ground with high-performance, rapid
grinders to obtain a homogeneous powder. The powder was then sieved using a 75-um mesh. A
10 g sample of the powder was weighed and treated by adding 100 mL of 0.1 M hydrochloric
acid to the resulting mixture, followed by continuous stirring for 2.5 hours with a magnetic
stirrer at 30°C. Subsequently, 100 mL of 0.1 M sodium hydroxide solution was gradually added
while stirring was maintained for an additional half hour. The solution was then filtered to
separate the precipitate, which was dried for 2 hours at 150 °C in an oven. This was followed by
calcining the dried precipitate at 400°C for 3 hours, yielding a highly efficient nanopowder, as
shown in Scheme 1.

2.2. Preparation of absorbed solutions

Methylene blue dye was used to prepare a solution to study the efficiency of a previously
prepared surface in adsorbing the dye. The dye has the following molecular formula:
(C16H18N3SCI.3H,0). The stock solution of MB (0.1 g) was prepared using distilled water. The
stock solution was further diluted to concentrations of 10, 20, 30, 40, 50, 70, 80, 90, and 100
mg/L using distilled water.

2.3. Batch adsorption of MB dye on nano Euphrates poplar leaf powder (EP)

The equilibrium isotherm curve of a well-characterized adsorbent illustrates its intrinsic
adsorption properties. In the experiment, a 50 ppm MB dye solution was prepared using
deionized water®. A 10 mL aliquot of this dye solution was combined with 0.4 g of nano-treated
Euphrates poplar leaf powder and heated at 298 K for 60 minutes. Following filtration, the dye
concentration in the solution was determined utilizing a UV-Vis absorption spectrometer?, as
shown in Equation 1.
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Scheme 1. Adsorption pathway of MB on activated carbon/EP

2.4, Statistical analysis

The data obtained from the experiment were utilized for statistical analysis. All trials were
conducted in triplicate, and the findings are given as mean standard deviation. To assess
statistical significance, SPSS was used with a predetermined significance level (p < 0.05).

3. Results

The features of EP NPs were carefully studied using Fourier transform infrared (FTIR)
spectroscopy, which provided critical information on their molecular structure and chemical
composition. An X-ray diffractometer (XRD-6000) was employed to facilitate this process and
enable a more comprehensive study. The shape and surface details of the NPs were studied using
scanning electron microscopy (SEM), providing a comprehensive view of their structure.
Furthermore, this study assessed its qualitative surface area using the Brunauer—Emmett—Teller
(BET) method, ensuring precise and thorough data acquisition, as shown in Tables 1-3 and

Figures 1-7.
Table 1. Parameters of MB adsorption models onto EP at 298-328 K

T (K) Langmuir Constant Freundlich Constant Temkin Constant
Omax KL RL n Kf KT b
298 0.12 0.359 0.357 2.288 5.4 3.739 860.3
308 0.085 0.4 0.0476 2.27 5.27 3.55 522.9
318 0.26 0.135 0.129 2.4 4.9 3.589 466.28
328 0.286 0.13 0.133 2.5 4.78 2.846 1056.97
Table 2. Rate constant values for reactions following pseudo-first and pseudo-second-order kinetics
Pseudo-First order Pseudo-Second order
K, Qe R® K, Qe R’
0.0126 0.01238 0.7083 0.849 1.093 0.9999
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Table 3. Thermodynamic parameters for the adsorption of MB on the EP surface at 298-328 K

T(K) AH (KJ/mol) AG (KJ/mol) AS (J/K.mol)
298 -0.3289
308 -0.5978
318 15122 -1.301 9.214
328 -1.51
298 -3.2124
308 -3.62
318 1.00579 -3.895 16.5
328 -4.398
298 -4.073
308 -4.901
318 0.681 -4.798 17.85
328 -5.174
298 -4.707
308 -5.339
318 0.85542 -5.684 20.483
328 -5.863
298 -5.16
308 -5.53
318 1.1268 -6.252 23.316
328 -6.521
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Figure 1. FTIR spectroscopy of EP NPs (a) Before adsorption (b) After adsorption
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Figure 2. XRD patterns of EP NPs
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Figure 3. FESEM of EP NPs
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Figure 4. Effect of adsorbent dose on the percent of dye removal on the EP
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Figure 6. Kinetic adsorption of MB dye. a- Pseudo-first-order, b- Pseudo-second-order
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Figure 7. The relationship between In K and 1/T(k) in the Van't Hoff

Langmuir, Freundlich, and Temkin models are demonstrated in the following Equations:

Qe = (CO—Ce)Vsol/m (1)
Co and Ce represent the initial and equilibrium concentrations of MB dye (mg/L), respectively.
Qe (mg/g) denotes the equilibrium adsorption capacity. M is the mass of the Euphrates poplar
leaf powder NPs (g), and Vsol refers to the volume of the methylene.

D = kA / fcosb (2)
Here, D represents the particle size in nanometers (nm), k is a constant with a value of 0.94, B is
the full-width at half maximum (FWHM) of the peak measured in radians, A is the X-ray
wavelength (1.5406 A), and 26 corresponds to the Bragg angle in degrees.

Ce /Qe = 1 /qmax Kl + Ce/ q max Langmuir (3)
log(Qe) = log(kg) + (%) log(Ce) Freundlich (4)
Qe =" LnA Ce Temkin (5)
In(qge — qt) = In(ge) — k1t (6)
/qt=1/k2qge + t/qe @)
Ln(Ke) = —AH/ RT + AS/R (8)

Where R is the universal gas constant (R =8.314 kJ/kmol. K), T is the absolute temperature of
the solution (K), and Ke is the distribution coefficient that can be calculated by Equation 8.

Ke = qe/ Ce (10)
Where ge represents the quantity of adsorbed MB per unit weight of activated carbon at
equilibrium concentration (mg/g), and Ce denotes the equilibrium concentration of MB (mg/L).

AG® = AH° — TAS° (11)

4. Discussion

The features of EP NPs were carefully studied using Fourier transform infrared (FTIR)
spectroscop™®, providing critical information about their molecular structure and chemical
composition. An X-ray diffractometer (XRD-6000) was employed to facilitate this process and
enable a more comprehensive study*?. The shape and surface details of the NPs were studied
using scanning electron microscopy (SEM), providing a comprehensive view of their structure.
Furthermore, we assessed its qualitative surface area using the Brunauer—Emmett-Teller (BET)
method, ensuring precise and thorough data acquisition***°.

175



IHIPAS. 2026; 39(2): 169-181

4.1. FTIR spectroscopy

Fourier transform infrared spectroscopy enables examination of changes in surface functional
groups on Euphrates poplar leaves before and after MB absorption. This allows the identification
of the active sites responsible for adsorption.

4.1.1. Qualitative analysis before adsorption

The FTIR spectrum of untreated Euphrates poplar leaf surfaces reveals characteristic absorption
peaks at 3751 and 3429 cm™, indicating O—H stretching vibrations in alcohols or phenols, which
suggest the presence of O—H groups involved in hydrogen bonding. 1631 cm™, associated with
C=C vibrations in aromatic rings or N—H bending vibrations in amines. 1107 cm™, representing
C-O vibrations in alcohols or ethers. Additional peaks at 875, 713, 619, 563, and 482 cm™,
corresponding to vibrations of aromatic functional groups and low-frequency groupings.

4.1.2. Qualitative analysis after adsorption

Significant spectral changes occur after the adsorption process. A shift of the peak from 3429
cm™ to 3418 cm™ suggests the involvement of O-H groups through hydrogen bonding or
changes in their bonding environment. A shift of the peak from 1631 cm™ to 1618 cm™
indicates interactions between C=C or N-H groups and the dye. A shift of the peak from 1107
cm™ to 1058 cm™ indicates changes in C-O bonds, confirming their involvement in interactions
with MB.

4.1.3. Emergence of new peaks after adsorption

New peaks that were not present in the original spectrum appear post-adsorption. Key
observations include peaks at 3901, 3749, 3674, and 3566 cm™, likely corresponding to free O—
H groups arising from water uptake or surface rearrangement following the reaction. Peaks at
2520, 2370, and 2322 cm™, potentially linked to C=N groups or interaction effects such as
adsorbed CO, from interactions with the dye. Peaks at 796, 955, and 711 cm™, corresponding to
aromatic rings associated with the MB structure. The disappearance of the peak at 563 cm™
suggests direct surface interaction or structural modification resulting from dye adsorption.

The spectral changes demonstrate that the adsorption process involves not just physical surface
adherence but also partial chemical reactions. Functional groups such as -OH, C=0, C-0, and
C=C actively participate in binding interactions with MB. These findings confirm the potential
of Euphrates poplar leaves as a natural adsorbent for removing dyes from aqueous solutions, as
shown in Figure 1.

4.2.The XRD of EP NPs

The qualitative analysis of the sample revealed that the sample EP pattern aligns entirely with the
orthorhombic crystal system of copper oxide (Cu640, JCPDS No. 01-077-1898). The primary
diffraction angles observed for sample B are at 25.73°, 28.54°, 29.54°, 31.79°, 36.16°, 39.65°,
40.89°, 43.31°, 45.51°, 47.66°, 48.80°, 50.56°, 67.02°, and 67.37°. These correspond to the
(030), (204), (214), (133), (323), (412), (044), (404), (018), (511), (208), (440), (365), and (634)
reflections, respectively. Using the Scherer equation, the average crystallite size of the EP crystal
was calculated in Equation 2.

Here, D represents the particle size in nanometers (nm), k is a constant with a value of 0.94, B is
the full-width at half maximum (FWHM) of the peak measured in radians, A is the X-ray
wavelength (1.5406 A), and 20 corresponds to the Bragg angle in degrees. Based on this
calculation, the typical crystallite size was computed to be 36.6 nm, as shown in Figure 2.

4.3. FE-SEM

Scanning electron microscopy was used to examine the surface morphology of plant powder and
the prepared activated carbon. The particle size is tiny (500 nm), which gives the material high
structural stability. The pore distribution in this sample is relatively uniform, with smaller pores
predominating. Figure 3 illustrates the geometric configuration and dimensions of the processed
material, which is predominantly composed of spherical grains. FESEM analysis revealed that
these grains have an average size of 46.05 nm.

4.4.BET
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The hypothesis is a scientific approach for determining the surface area of materials by analyzing
gas adsorption. This idea is widely used in materials science, is vital for assessing porous
structures and determining specific surface areas, and is crucial for processes such as catalysis,
adsorption, and filtration. Using the BET approach, researchers can precisely characterize the
surface roughness and microstructural features of materials. The test findings reveal that the
surface area of EP, as determined by the BET method, is 3.7667 m?/g. Although a BET surface
area of 3.766 m2/g is low for an adsorbent, effective adsorption can still be achieved through
other parameters, especially surface chemistry. In such instances, the type and location of active
sites on the surface determine adsorption effectiveness rather than the available surface area.

4.5. Factors influencing adsorption systems

4.5.1. Dosage of adsorbent

Individual pieces of the treated EP powder, each weighing 0.1, 0.2, 0.3, or 0.4 g, were weighed
and added to a solution of water containing MB dye. Each sample was immersed in a water bath
at 25°C with agitation at 250 rpm for 1 hour. The investigation indicated that 0.4 g of EP powder
yielded the highest adsorption effectiveness. The results demonstrate that increasing the
adsorbent amount increases the availability of active sites for dye adsorption, thereby boosting
the overall efficiency of the process, as shown in Figure 4.

4.5.2. Contact time

The time required for MB adsorption on the EP surface to reach equilibrium at 25°C, with a dye
concentration of 50 ppm and an adsorbent mass of 0.4 g, was determined. Adsorption was
observed to occur rapidly within the first 15 minutes. After this first phase, the adsorption
activity decelerated and progressively persisted, ultimately reaching equilibrium after
approximately one hour. This behavior can be ascribed to the availability of unoccupied active
sites at the start of the process, which promotes rapid adsorption. Over time, as these active sites
become occupied by dye molecules, the adsorption rate slows until equilibrium is reached.

4.5.3. Effect of PH

MB dye solutions at pH levels of 3, 5.6, 7, and 10 were prepared, and the adsorption process was
conducted under identical conditions. Optimal adsorption performance was observed at pH 5.6.
Dye removal from aqueous solutions depends on pH, which affects the adsorbent surface charge,
the dissociation degree of the ligand, and the behavior of functional groups attached to the active
substance of the EP adsorbent. The maximum adsorption was observed at pH 5.6, with lesser
efficacy at pH 3, 7, and 10. This pattern is consistent with how MB and the EP adsorbent's
surface interact throughout pH, which is influenced by electrostatics, protonation, and
competition for solution species.

4.5.4. Effect of temperature

It has been shown that the quantity of MB eliminated increased with temperature. The MB
extraction efficiency of EP surface improved from 88% to 92% as the temperature rose from 25-
55°C. The study demonstrated that a rise in temperature is associated with improved MB
elimination. This indicates that the elimination of MB is endothermic. When energy levels are
adequate, such as at elevated temperatures, the number of molecules interacting with the active
site on the surface will increase accordingly®. The adsorption efficacy improved at elevated
temperatures, as internal diffusion governed the adsorption mechanism. The temperature rise
enhances solute transport. Physical activation is more effective at higher temperatures, as it
enhances membrane permeability and accelerates cellular activities without the risks of chemical
degradation or toxicity'"%.

4.6. Adsorption isotherms

Adsorption isotherms are graphical representations of the relationship between the amount of a
material adsorbed onto a surface and its concentration in the surrounding phase at a constant
temperature. These curves are fundamental to understanding adsorption under equilibrium
conditions and are widely used in chemistry, environmental science, and materials science. There
are several types of adsorption isotherms, each representing distinct adsorption behaviors based
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on the nature of the adsorbent, the adsorbate, and their interactions. Standard models include
Langmuir isotherms, which assume monolayer adsorption on a homogeneous surface, and
Freundlich isotherms, which account for multilayer adsorption and surface heterogeneity. Other
advanced models, such as the Temkin isotherm, are used to describe multilayer adsorption in
porous materials, as shown in Equations 3-5. Understanding these isotherms is crucial for the
design and optimization of applications such as catalysis, pollution control, and the development
of new materials for industrial processes®*?2,

Figure 5 shows the Freundlich, Langmuir, and Temkin equations, respectively. Table 1 presents
the adsorption constants for the above equations and shows that the adsorption was best
described by the Freundlich and Temkin equations, possibly because the adsorption is multi-
layer?®. Based on the R? values in Table 1, the Freundlich model offers a better fit to the
experimental data than the Langmuir model. The n values from the Freundlich model indicate
heterogeneous adsorption and positive cooperative interactions. The Langmuir model shows that
the maximum monolayer capacity (Qmax) increases with temperature, implying enhanced
adsorption at higher temperatures. Although the Temkin model works well for gas-phase
equilibrium, it is less suitable for liquid-phase adsorption. The increase in its b parameter over
the 298-328 K range is likely due to stronger interactions between the MB dye and the
adsorbent, as well as greater exposure of adsorption sites.

4.7. Kinetic study

The rate of adsorption is contingent upon the mobility of adsorbent particles across the surface of
EP particles. Following the experiment, it was determined that dye adsorption on the EP surface
reached equilibrium within 1 hour. This adsorption process aligns with a pseudo-second-order
kinetic model, as indicated by the correlation coefficient R for this order being superior to that
for the pseudo-first-order®, as shown in Table 2. By employing the respective equations for
first- and second-order Kinetics in Equations 6 and 7, the constants for both pseudo-first- and
pseudo-second-order models were derived through their linear representations®’, as shown in
Figure 6.

4.8. Thermodynamic parameters

Three thermodynamic variables, namely enthalpy change AHo, Gibbs free energy change AGo,
and entropy change ASO, were examined to analyze the thermodynamic behavior of the
relationship among the thermodynamic variables enthalpy change AHo, entropy change ASo,
and Gibbs free energy change AGo is defined by the Equation®®®. The precise assessment of
thermodynamic parameters is crucial, as it yields reliable insights into the alterations in potential
energy associated with the adsorption process. Key parameters, including the free energy of
adsorption (AG®), enthalpy (AH®), and entropy (AS®), were employed to evaluate and interpret
subsequent variations, thereby facilitating an accurate estimation of the adsorption mechanism™,
as shown in Equations 8-10, and Ke is the distribution coefficient that can be calculated by
Equation 8.

Where g. represents the quantity of adsorbed MB per unit weight of activated carbon at
equilibrium concentration (mg/g), and Ce denotes the equilibrium concentration of MB (mg/L).
The relationship between the thermodynamic parameters, enthalpy change (AH®) and entropy
change (AS°), determines the spontaneity of the adsorption process. Consequently, the alteration
in Gibbs free energy, AGo™', is delineated by Equation 11.

The Van't Hoff Equation 10 describes the correlation between In K and 1/T, where K is the
equilibrium constant, and T is the temperature in kelvins, as shown in Figure 7. This relationship
helps explain how temperature changes influence the position of equilibrium in a chemical
reaction. The equation can be expressed in terms of the enthalpy change (AH) and entropy
change (AS) of the response, offering insights into its thermodynamic behavior®2. From Table 3,
the adsorption process is endothermic, as evidenced by the positive AH values, indicating that it
requires heat energy for adsorption to occur. This observation explains why adsorption increases
with elevated temperatures, as thermal energy facilitates the process. The negative AG values
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signify that the adsorption process is spontancous at the examined temperatures. As the AG
values decrease with rising temperature, the result indicates that the process becomes
increasingly favorable and spontaneous at raised temperatures. Positive values of AS indicate an
increase in randomness (entropy) during the reaction. In terms of adsorption, this means that
after adsorption, the particles on the solid surface and the MB become more randomly
arranged®***,

5. Conclusion

The investigation demonstrated that the EP plant eliminated MB dye from water. The findings
indicate that the plant's physical and chemical characteristics influenced Adsorption. The plant
served as an environmentally sustainable and economical adsorbent for MB, effectively
decolorizing the dye and reducing its concentration. Adsorption was influenced by physical
factors, including plant surface area, functional groups, and particle size. Cellulose, lignin, and
the plant's inherent surface charge may have facilitated the adsorption of color. The research
indicated that EP effectively eliminated MB dye at a starting dosage of 50 mg. The adsorbent
surface weight was 0.4 g, the pH was 5.78, and the contact duration was 60 minutes, achieving a
removal efficiency of 92.8%. The correlation coefficient (R?) indicates that the Freundlich and
Temkin models more accurately represent the elimination process of MB dye; however, the
Langmuir model is not the most effective isothermal model. Thermodynamic investigation
indicates that Adsorption is both spontaneous and endothermic. The slope of the Van't Hoff plot
indicated an enthalpy change of 1.1268 kJ/mol, signifying physical Adsorption. The adsorption
kinetics followed the pseudo-second-order model, with an exceptional correlation coefficient of
0.9999. Research indicates that Van der Waals forces and electrostatic relations may facilitate
elimination. The EP plant offers a more sustainable treatment for MB-contaminated wastewater,
surpassing the performance of conventional adsorbents.
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