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Abstract

Due to the vast extent of desert areas in Iran, where the water shortage crisis poses a serious challenge to
sustainable development, the optimal use of non-conventional water resources, including wastewater, has
become increasingly important. The growth of industrial activities and the direct discharge of contaminated
effluents into water bodies not only intensify water scarcity, but also lead to extensive environmental
pollution. Among various treatment technologies, adsorption is considered one of the most efficient methods
for removing dye pollutants. The use of natural adsorbents has attracted particular attention due to their
environmental compatibility. In the present study, the ability of the biomass of the native and drought-
tolerant plant Peganum harmala L. to remove methylene blue dye from wastewater was investigated, as a
step toward the sustainable utilization of unconventional water resources. The effects of several factors,
including adsorbent dosage (0.01-0.08 g), contact time (5-15 min), initial dye concentration (10-35 mg/L),
and initial pH (2-12), were examined. Under optimal conditions of pH = 7, contact time of 13 min, adsorbent
dosage of 0.06 g, and an initial dye concentration of 10 mg/L, the removal efficiency of methylene blue was
about 92%. Isotherm studies indicated that adsorption fitted well with the Langmuir isotherm, with a
maximum adsorption capacity of 59 mg/g, and the adsorption process followed the pseudo-second-order
kinetic model with an R2 value of 0.9872. The calculated Gibbs free energy changes (AG®) at 15°C (-39.65
kJ/mol), 20°C (-40.37 kJ/mol), 25°C (—40.51 kJ/mol), and 30°C (-41.05 kJ/mol) indicated that the
adsorption process was spontaneous. Therefore, the use of Peganum harmala biomass as an environmentally
friendly adsorbent represents an effective approach for the removal of methylene blue dye. Under optimal
conditions, this plant offers significant efficiency in wastewater treatment, which can help reduce pressure on
freshwater resources, protect fragile desert ecosystems, and provide a sustainable and cost-effective solution
for water management in arid regions.
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Extended Abstract

Introduction

In arid and semi-arid regions, where freshwater resources are limited, efficient use of unconventional water
sources, including industrial wastewater, is crucial. Industrial effluents containing dyes pose serious threats
to soil, water resources, and ecosystems due to their toxicity, carcinogenicity, and persistence. Methylene
blue, a widely used cationic dye in textile industries, is particularly harmful and resistant to degradation. The
specifications and chemical structure of methylene blue are presented in Table (1). Various methods such as
chemical, physical, and biological treatments exist for dye removal, but each has limitations like high cost,
energy consumption, and inefficiency. Adsorption stands out as a simple, cost-effective, and efficient method
for dye removal. Plant-based biosorbents are promising due to their availability, environmental
compatibility, and low cost. This study investigates the use of Peganum harmala biomass, an invasive and
toxic plant abundant in nature, for removing MB from wastewater. The research aims to evaluate its
adsorption capacity, isotherm, and Kinetics, offering a sustainable and economical solution for dye-
contaminated water treatment in water-scarce regions.

Material and Methods

This study utilized several instruments including a spectrophotometer to measure methylene blue adsorption,
a pH meter, centrifuge, stirrer, digital balance, mercury thermometer, and chemicals like methylene blue,
NaCl, and HCI from Merck. Peganum harmala biomass was collected from desert regions near Yazd,
washed, dried, ground, and sieved to uniform particle size for adsorption tests. A stock solution of methylene
blue (1 g in 1000 mL distilled water) was prepared and diluted to different concentrations as needed .The
effects of key parameters—initial MB concentration, adsorbent dosage, pH, and contact time—were studied
to optimize adsorption efficiency. Experiments were conducted at room temperature in triplicate, changing
only one variable at a time. The percentage removal of MB was calculated using equations (1) and (2).
Fourier-transform infrared spectroscopy characterized the functional groups and chemical changes on the
adsorbent surface before adsorption using a Bruker Tensor 27 device. pHpzc Was determined by equilibrating
0.1 g adsorbent with 100 mL 0.1 M NaCl solutions at various initial pH values (2-12), shaking for 24 hours,
then plotting pHfinal - PHinitiar VS. PHiniii; PHpzc corresponds to zero difference. Adsorption isotherms were
modeled by Langmuir (equation3), Freundlich (equation4, 5), and Temkin (equation6) equations. The
Freundlich model indicated heterogeneous adsorption with interaction effects, confirmed by the linear log ge
vs. log Ce plot .Adsorption kinetics were analyzed using pseudo-first order (equation?7), pseudo-second order
(equation8), intraparticle diffusion (equation10), and Elovich (equation9) models .Thermodynamic
parameters AG°, AH®, and AS°® were calculated using equations (11) and (12), with the equilibrium constant
K, defined in equation (13) .To assess reusability, the adsorbent underwent six adsorption-desorption cycles;
post-adsorption washing with ethanol and drying ensured recovery and stability of the adsorbent’s
performance.

Results

The (FTIR) was employed to identify functional groups on the biosorbent surface, with spectra indicating
various functional groups (Figure 1). A broad peak at 3421 cm™ corresponds to hydroxyl (—~OH) stretching
vibrations, likely due to hydrogen bonding with water molecules. Stretching vibrations related to C-OH
groups appear at 1639 cm™'. Peaks at 1373 cm™ are attributed to aromatic CH, carboxyl-carbonate, and
silanol groups, while the C=C stretching vibration appears at 1319 cm™'. Further peaks at 779 and 516 cm™
correspond to —C-O vibrations. the pHpzc of the Peganum harmala biomass was determined to be around
6.9, indicating the pH where the biosorbent surface has no net charge (Figure 2). This parameter significantly
influences adsorption behavior across different pH environments. The pH of the solution considerably affects
the adsorption efficiency by altering the biosorbent surface charge and ionization degree of the adsorbate.
The minimum removal efficiency occurred at pH 2. Efficiency increased with rising pH up to 7, improving
the removal percentage from 60.33% to 85.36%. Beyond pH 7, adsorption efficiency slightly decreased,
reaching 84.37% at pH 12 (Figure 3.a). Adsorption time was optimized at pH 7 (Figure 3.b). Adsorption
increased significantly between 5 and 13 minutes, plateauing thereafter. The plateau likely results from
saturation of adsorption sites and repulsion forces between adsorbed and free molecules, consistent with
prior studies. Increasing initial methylene blue concentration reduced removal efficiency. Maximum
efficiency (about 88.57%) occurred at 10 mg/L; above 35 mg/L, efficiency dropped sharply (Figure 3.c).
This is attributed to the limited active sites relative to dye molecules, similar to findings for papaya
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adsorbents. An increase in biosorbent dosage enhanced MB removal efficiency by providing more active
adsorption sites. The optimal adsorbent mass was 0.06 g (Figure 3.d), consistent with previous reports on
Solanum tuberosum adsorbent. Adsorption isotherms at pH 7 and adsorbent mass 0.06 g were evaluated
(Figure 4). The Langmuir isotherm model best fit the data, showing the highest determination coefficient and
lowest root mean square error (Table 2). This indicates monolayer adsorption on a homogeneous surface.
Omax confirms the adsorbent’s effectiveness. Kinetic model parameters are presented in Table 3. The pseudo-
second-order Kinetic model best described the adsorption process (Figure 5), indicating chemisorption as the
dominant mechanism. Similar results were found for adsorption on African Cordia biomass.

Thermodynamic parameters calculated from adsorption equilibrium data at 15, 20, 25, and 30 °C (Figure 6)
show negative Gibbs free energy (AG®), confirming spontaneous adsorption (Table 4). Positive entropy
(AS°) suggests increased disorder during adsorption, possibly due to biosorbent swelling at higher
temperatures (22). The results align with previous studies on African almond adsorbent. Adsorption capacity
slightly decreased after multiple regeneration cycles but remained high, demonstrating biosorbent reusability
(Figure 7). Comparison with other studies (Table 5) shows that Peganum harmala biomass is a suitable and
efficient adsorbent for removing methylene blue dye from aqueous solutions.

Conclusions

The present study demonstrated that Peganum harmala biomass is an effective adsorbent for removing
methylene blue dye. Under optimal conditions, the highest removal efficiency achieved was 91.49%.
Increasing the adsorbent dose and decreasing the dye concentration both enhanced the dye removal
performance. Adsorption data were analyzed using Langmuir, Freundlich, and Temkin isotherm models,
with Langmuir providing the best fit (R2 = 0.982), indicating monolayer adsorption on a homogeneous
surface. Kinetic analysis revealed that the pseudo-second-order model best described the adsorption process
(R2=0.9879), suggesting chemisorption as the controlling mechanism. Peganum harmala, a drought-tolerant
and desert-adapted species, offers significant potential for dye pollutant removal from wastewater. Its natural
adsorbent form requires no preliminary activation like carbonization or ashing, making it environmentally
friendly. This advantage is particularly important for sustainable wastewater treatment and water reuse in
arid regions facing water scarcity. Future research should explore other invasive plant species and different
parts of Peganum harmala to optimize adsorbent performance. Given the low preparation cost and the need
for water conservation in arid countries, using Peganum harmala biomass for wastewater treatment presents
an economical and eco-friendly solution.

Keywords: Bioabsorbent; pollutant; Non-Conventional; Surface adsorption

Table 1. Characteristics of methylene blue
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Co: Initial concentration (mg/L), Ce: Equilibrium (or residual) concentration (mg/L), qe.. Adsorption capacity at equilibrium
(mg/g),V: Volume of solution (L),m: Mass of adsorbent (mg),Ki: Langmuir isotherm constant (L/g),Ky. Freundlich isotherm
constant (adsorption capacity at unit concentration) (L/g), 1/n: Freundlich heterogeneity factor or adsorption intensity, q¢
Amount of adsorbate adsorbed at time t (mg/g), @ and B: Constants of the kinetic equation (e.g., in Elovich model), q¢:
Adsorption capacity before reaching equilibrium (mg/g), Kid: Intra-particle diffusion rate constant (mg/g-min®.%), I: Boundary
layer thickness (mg/g), R: Universal gas constant (J/mol-K), T: Temperature (Kelvin), Kgy: Distribution coefficient or
equilibrium constant of the process
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Table 2. Constants and correlation coefficients of Langmuir, Freundlich and Temkin isotherms for the sorption
of methylene blue dye by Peganum harmala sorbent

Isotherm Model Linear equation Constants Value
K, 1.8222
Langmuir 1 = ( ! ) + ! RE 0.9756
qe KLqmaxCe Amax Omax 59.63
RMS 1.33
Ke 42.0769
. 1 1/n 0.1532
Freundlich Ing, = InKy + (;) Inc, R 0.9353
RMS 3.07
B 7.6902
. q. =BInK;+BInC, Ky 226.9424
Temkin R? 0.9505
RMS 1.91
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Table 3. Parameters of Kinetic Models

Kinetic models  Pseudo-first-order Pseudo-second-order Elovich intraparticle diffusion
Parameters K, O R® K, e R® A B R® I K R®
Unit 1/min  mg/g 1/min  mg/g mg/gmin  g/mg g/mg mg/g. min
Values 0.0028 4.47 0.72 0.009 64.33 0.987 8.121 0.0398 0.792 6.031 0.0081 0.72
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Fig 6. Thermodynamic plots for absorption of methylene blue dye by Peganum harmala

Table 4. Thermodynamic properties

T(K) Ce (mg/l) Qe (Mg/g) Kq As AG® (Kj/mol)
288 473 24.27 5.13 2.18 -3915.65
293 4.85 25.15 5.18 2.18 -4009.37
298 4.98 26.02 5.22 2.18 -4096.51

303 51 26.9 5.27 2.18 -4189.05
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Fig 7. Reuse of Peganum harmala adsorbent for the removal of MB

Table 5. Comparison of maximum adsorption capacity of different adsorbents for methylene blue removal

Ref.

Sorption capacity (mg/g)

Sorbents

This study

39
4
18
25
17

59.67
33.003
31.152
4,937

58
2.54

Peganum harmala L.

Eucalyptus camaldulensis
Ephedra strobilacea

Wood millet activated carbon MB
ZnTiO3/TiO2 nanocomposite
Peanut stick activated carbon
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