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Abstract 

The release of dye contaminated effluents from industrial activities poses a serious threat to aquatic 

environments due to their toxicity, persistence, and aesthetic impact. In this study, dried leaves of Capparis 

spinosa (CPL) were evaluated as a low-cost and eco-friendly bio‑adsorbent for the removal of methylene blue 

(MB) from aqueous solutions. Batch adsorption experiments were performed to investigate the effects of 

contact time, adsorbent dosage, initial dye concentration, solution pH, and temperature. Surface functional 

groups of CPL were identified using ATR‑FTIR spectroscopy. Adsorption equilibrium, kinetic behavior, and 

thermodynamic feasibility were analyzed using Langmuir and Freundlich isotherms, pseudo‑first‑order and 

pseudo‑second‑order kinetic models, and thermodynamic parameters (ΔG°, ΔH°, ΔS°), respectively. The 

adsorption process were determined to be at pH 8, with the highest removal efficiency observed at pH 12. A 

contact time of 40 minutes and the removal attained to 91.58%, with an adsorption capacity of 1.99 mg/g. 

The highest adsorption capacity, 12.469 mg/g, was attained under conditions of 20 g/L dye concentration, 0.5 

g dose and the optimum removal efficiency 99.95%. The equilibrium data were best fitted by the Langmuir 

model (R2=0.9997) fit than Freundlich model (R2=0.894), confirming a monolayer adsorption process on a 

homogeneous surface and the separation factor (RL) 0.4332 confirming that the adsorption of MB onto CPL 

is a favorable. While the kinetic data followed PSO model exhibited (R2= 0.9995) compared to the PFO 

model (R2=0.9296) and the calculated qe,cal (2.068 mg/g) close with the experimental qe,exp (1.99 mg/g). 

Thermodynamic analysis, where the positive enthalpy (ΔH°) 80.041kJ/mol confirmed that MB adsorption 

onto CPL is endothermic, and negative Gibbs free energy (ΔG°) values (-6.687, -9.597, -12.508, and -

15.418kJ/mol) confirmed that the process is spontaneous. These results demonstrate that Capparis spinosa 

leaves are a promising sustainable adsorbent for dye‑laden wastewater treatment. 

Keywords: Capparis spinosa; Methylene blue; Bio‑adsorbent; Equilibrium; Adsorption isotherms; 

Kinetics; Thermodynamics; Wastewater treatment. 
 

 

1. Introduction 

Water is the most vital natural resource, essential for both 

biological life and industrial applications. However, it is 

increasingly exposed to diverse pollutants stemming 

from human activities and industrial processes, rendering 

it unsuitable for reuse [1]. Major industries, including 

pulp and paper, tanneries, textiles, pharmaceuticals, and 

dye intermediates, are the primary consumers of 

synthetic dyes. It is estimated that 10–15% of the dyes 

used in these processes are discharged into natural water 

bodies or wastewater, representing a significant global 

environmental challenge [2,3]. Dyes are highly visible 

pollutants; even at low concentrations, they can severely 

impact aquatic life by reducing light penetration, which 

hinders photosynthesis. Furthermore, their anaerobic 

degradation can lead to the bioaccumulation of toxic 

amines. Consequently, the presence of color in 

wastewater poses a serious hazard to human health 

through the food chain and overall environmental 

stability. Moreover, several synthetic dyes exhibit 

mutagenic and carcinogenic properties [4,5]. Therefore, 

the removal of these organic pollutants is imperative. 

Various treatment methods have been developed, such 

as: chemical precipitation and electrochemical 

treatments. Aerobic/anaerobic microbial degradation and 

advanced oxidation processes. Membrane technologies 
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like ultrafiltration and reverse osmosis. Coagulation, 

flocculation, and adsorption eta [6,7]. While many of 

these techniques are complex, expensive, and require 

high technical expertise, the adsorption process stands 

out as one of the most effective methods. It is 

characterized by its ease of application, low cost, high 

efficiency, and minimal environmental impact. 

Adsorption also allows for the utilization of natural 

materials such as agricultural by-products, plant parts 

(leaves, flowers, fruits), cotton fiber, and biochar, which 

possess high specific surface areas and porous structures. 

These bioadsorbents contain critical functional groups, 

including phenolic, hydroxyl, and carboxyl groups, 

which facilitate the removal of organic pollutants from 

aquatic environments [8-12]. Capparis spinosa is an 

evergreen shrub belonging to the Capparaceae family, 

Fig.1 the picture of Capparis spinosa. It grows wild in 

rocky crevices, mud walls, and nutrient-poor soils. Its 

remarkable resistance to drought, salinity, and high 

temperatures has led to its wide distribution across the 

Canary Islands, Morocco, the Mediterranean, the Middle 

East, and as far as China [13, 14]. As an aromatic plant, 

Capparis is rich in carbohydrates, proteins, minerals, and 

vitamins (C, B1, B3, B6, B9, E, A, C, and K.), making it 

a valuable additive in the food industry. Furthermore, it 

is considered a medicinal herb; various parts of the plant 

(leave, flower, fruit, root, bark or whole and extracts) are 

used to treat diseases such as malaria, diabetes, and 

gastrointestinal infections, exhibiting anti-inflammatory, 

antioxidant, and antitumor activities. These properties 

are attributed to its bioactive functional groups, including 

glycosides, alkaloids, flavonoids, and phenolic acids [15-

17]. Methylene Blue (MB), with the chemical formula 

C16H18ClN3S, is a prominent cationic azo dye widely 

used in the pharmaceutical, textile, and cosmetic 

industries. Currently, MB is ranked among the most 

hazardous environmental pollutants, causing health 

issues such as eye burns, respiratory problems, and tissue 

necrosis. Its stable chemical structure makes it difficult 

to decompose, further impeding photosynthesis in 

aquatic ecosystems [18-20]. Based on the 

aforementioned literature, there is a lack of extensive 

research regarding the use of Capparis spinosa in 

adsorption processes. The Yemeni Capparis spinosa is 

natural abundance under various environmental 

condition, as previously indicated. Consequently, this 

study evaluates the efficiency of Capparis leaves as a 

bioadsorbent for removing Methylene Blue from 

aqueous solutions. The influence of parameters such as 

contact time, initial concentration, adsorbent dosage, and 

pH were investigated. Additionally, the data were 

analyzed using isotherm models (Langmuir and 

Freundlich) and kinetic models (Pseudo-first and 

Pseudo-second order), while The Attenuated Total 

Reflection-Fourier Infrared (ATR-FTIR) Spectroscopy 

was employed to identify the functional groups present 

on CPL that play major  role in the adsorption process. 

Therefore, this work provides a scientific foundation for 

the utilization of CPL bio-sorbents as sustainable, 

economical, and environmentally friendly for industrial 

wastewater remediation. 

 

Fig. 1: the picture of the Capparis spinosa plant 

 

Fig. 2: Illustrated preparation of CPL absorbent 
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2. Experimental Methods 

2.1. Materials: 

All chemicals including Methylene Blue (MB), 

hydrochloric acid (HCl), and sodium hydroxide (NaOH) 

were purchased from Merck (Germany) and used 

without further purification. Distilled water was used 

throughout the experiments. Furnace, Ball Mill: For 

grinding Capparis spinosa leaves, and digital pH-meter 

HQ411d–HACH for adjusted pH. The adsorbent and 

adsorbate solutions were mixed using an orbital shaker 

(Jlab Tech, Daihan Lab Tech Co. Ltd.) at 150 rpm. A 

centrifuge (model 80-1) and a single-beam UV-VIS 

spectrophotometer (LI-295) were used to measure MB 

concentrations at a wavelength of 664 nm. For functional 

group analysis, Attenuated Total Reflection-Fourier 

Transform Infrared spectroscopy (ATR-FTIR), 

PerkinElmer, USA) was employed.  

2.2. Preparation Adsorbent CPL 

The adsorbent was prepared from Capparis spinosa 

leaves (CPL) collected from Abyan Governorate. The 

leaves were initially washed with distilled water to 

remove dust and surface impurities. For the drying 

process, the leaves were placed in a laboratory furnace at 

70°C and maintained overnight to ensure complete 

dehydration. The leaves plant was pulverized using a mill 

to reduce the CPL’s size obtain a fine and homogenous 

powder, the resulting material was filtered through a 125 

μm mesh repeating this process several times. To ensure 

high purity, the resulting powder was re-washed with 

water and filtered to eliminate any leachable pigments or 

remaining impurities. After that, the filtered placed in a 

laboratory furnace at 70°C and maintained overnight. 

The final product of the CPL adsorbent was carefully 

stored in a vacuum desiccator to prevent moisture. Fig.2 

illustrates the different stages of the preparation process. 

2.3. Adsorbate Preparation:  

Methylene Blue (MB) powders the molecular weight 

319.851 g/mole and chemical structure of the MB on 

Fig.3 [5]. Standard solution for adsorption studies 

prepared to the stock solution by weighed 1g and 

dissolved in 1 L of distilled water to get 1000 mg/L, from 

stock solution. 

 

Fig. 3: Chemical structure of MB 

2.4. Calibration of Methylene Blue: 

The synthetic dye sample calibrated in order to find out 

various optical densities at various concentrations was 

prepared using 5, 10, 15, 20, 25, and 30mg/L solution. 

The calibrated results are very effective to identify the 

respective color removal capacities of various 

adsorbents. Fig. 4 shown the graphical representation of 

Calibration of MB [21]. 

 

Fig. 4: Calibration of Methylene Blue. 

2.5. Fourier Transform Infrared spectroscopy (FTIR) 

The Attenuated Total Reflection-Fourier Infrared (ATR-

FTIR) Spectroscopy, that is rapid analysis and reliable 

results analytical technique and a one of the most 

applicable techniques in recent years in a different of 

disciplines such as forensic science, environmental, 

foods and industries etc, this analysis is perform with 

FTIR (PerkinElmer Spectrum Two) coupled with an 

ATR accessory equipped with a diamond crystal. Where 

a small amount of CPL powder analysis was directly 

place on the diamond crystal of the ATR accessory and 

measured in the region 4000–400 cm-1, then, the 

instrument sends infrared light through the sample and 

measures absorption. The data is recorded and converted 

into a spectrum that shows the various peaks representing 

the functional groups in the sample, allowing for analysis 

based on their positions and intensities. [22-25]. the 

analysis in this study is focused on identifying of the 

functional groups in CPL. 

2.6. Adsorption Procedure 

The Adsorption studies were performed for batch 

adsorption of MB solution onto CPL adsorbent surface 

to obtain rate and equilibrium data at different 

parameters such as pH (2-12), adsorbent dose (0.1-1.0 g), 

adsorbent concentration (5-50 mg/L), contact time (0-40 

minutes) and temperature rang at 25, 35, 45 and 55°C. 

During the experiment, the pH of the solution was 

maintained by adding a small amount of 0.1M HCl or 

NaOH. The isotherm studies were employed by 50 mL 

of dye solution filled in 50 mL conical flasks. The 

agitation of samples were carried out by keeping in 

orbital shaker maintained it at constant temperature of 

25°C under constant rpm of 150. After definite interval 

of time the aqueous samples were taken from solution 

and subjected to centrifugation at 4000 rpm for 15 min, 
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the results of the analysis of concentration samples were 

determined by monitoring the absorbance values for the 

most absorbance (λmax; 664 nm) wavelength using a UV-

vis spectrophotometer, reporting each data point as an 

average value of triplicates readings. 

The equilibrium adsorption capacity of adsorbent (qt) 

and the percentage of dye removal were calculated using 

the equations 1 and 2 respectively [11]: 

qe =
𝑽(𝑪𝒐−𝑪𝒆)

𝑾
                  (1) 

Removal Adsorption % =  
(𝑪𝒐−𝑪𝒆)

𝑪𝒐
100 (2) 

Where: qe: the adsorbent capacity at equilibrium (mg/g), 

V: volume of the adsorbate (ml), C0: dye concentration 

before adsorption (mg/L), Ce: dye concentration after 

adsorption (mg/L), W: the weight in gram of the 

adsorbent (g). 

3. Result and Discussion 

3.1. The FTIR Analysis 

The ATR-FTIR spectra to identify function group of the 

CPL, these functional groups play a crucial role in 

surface interactions and adsorption processes [26] that 

shown in Fig.5, the broadband at 3287.85cm-1 suggested 

the presence of O-H and N-H (amide) and may be due to 

the hydrogen bonding of phenols and alcohols [27]. The 

intense divided two peaks at 2920.8 and 2820.30 cm-1 are 

probably related to stretching of C-H in methylene (-

CH2) and methyl (-CH3) groups of alkanes, respectively. 

The A strong peak at 1634.15 cm-1 attributed to amino 

acids with NH2 groups [28, 29, 30], and it also, C=O 

carbonyl groups and the sp² C-C bond in aromatic ring 

[27]. The peak at 1548.5 cm-1correspond to the bending 

vibration of N-H groups [14] and related to C=C 

stretching of aromatic ring deformations and to 

flavonoids [31]. The peaks represented by 1374.25 cm-1 

indicate the C-O-H [32], C-N stretching of amide [28] 

and could be related to bending vibrations of -CH2 or-

CH3 groups in carboxylic acid and to C–O stretching of 

acid groups. The more intensity on the band at 1236.62 

cm-1 may be due to the stretching vibration of O–CH3 and 

referred to bending vibration of O-H [31]. The strong 

band at 1049.65cm-1 may be originated from the C-N 

[33] and attributed to C-O vibrations bonds functional 

groups present in aromatic or aliphatic that is associated 

with these oxygenated compounds (ketone, ether, 

alcohol, cellulose esters) [34] and may be referred to the 

stretching aromatic ring associated with CH in-plane 

bending. The peak a broad band at 518.84 cm-1 assigned 

to the strong deformation of C-C-C and C-C-O [35] and 

may be referred to out-plane of -OH groups deformation 

mode of hydroxyl [36]. Finally, the spectra of observed 

in the range from 1370 to 518.84 cm-1 and its functional 

groups mentioned above were indicating the 

predominance of phenolic oxygenated substances, 

flavonoids and tannins [37]. 

3.2. Effect of Contact Time.  

The influence of contact time on adsorption of MB onto 

CPL absorbent was investigated over a range of 0 to 40 

min, using CPL amount 0.25 g/L and an initial dye 

concentration of 10 mg/L at room temperature. The 

results influence of contact time on adsorption of MB 

onto CPL absorbent was illustrated in Fig. 6, that is 

observed  a rapid adsorption rate during the initial 15 min 

attained removal to 82.11%, reaching at equilibrium 

removal efficiency to 91.58%, this initial rapid phase can 

be attributed to the abundance of vacant active sites on 

the CPL surface and the strong affinity between MB 

molecules and the adsorbent. Subsequently, the 

adsorption rate significantly decreased, reaching 91.58% 

removal at 40 min, indicating that the system had 

approached equilibrium, this deceleration is likely 

maybe due to the gradual saturation of active sites as they 

become occupied by dye molecules, leading to a decline 

in adsorption efficiency over time. These observations 

are consistent with previous findings reported in the 

literature [12, 38, 39]. Consequently, a contact time of 40 

min was selected for all further experiments. 

 

 

Fig. 5: FTIR of CPL
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Fig. 6: The Effect of contact time. 

3.3. Effect of Adsorbent Dosage on the Adsorption 

Process.  

The impact of adsorbent dosage on the removal of MB 

was investigated by varying the CPL amount from 0.1 to 

1.0 g, using a 10 mg/L dye solution. As illustrated in Fig. 

7 illustrated the impact of adsorbent dosage on the 

removal of MB, where the removal efficiency increased 

significantly with increase amount of CPL adsorbent, 

reaching at equilibrium (40min) 89.73 - 99.72% at 

amount of CPL adsorbent 0.1 - 0.5g. Moreover, the 

removal efficiency decreased with increase adsorbent 

dosages, where attained 98.97 - 93.82% for 0.75 - 1.0 g. 

This enhancement of adsorption is primarily attributed to 

the increased surface area and the higher number of 

available active sites onto CPL, which facilitate the 

transfer of MB molecules from the aqueous phase to the 

CPL adsorbent surface [4]. However, it was observed 

that the incremental increase in removal percentage 

becomes less significant at higher dosages, this 

phenomenon is often attributed to the aggregation of 

adsorbent particles, which leads to a decrease in the 

effective surface area and the overlapping of active sites 

[5, 9]. Based on these results, an adsorbent dosage of 0.5 

g was selected as the optimum dose for subsequent 

experiments to ensure both high efficiency and cost-

effectiveness. 

 

Fig. 7: The Effect of Adsorbent Dosage. 

3.4. Effect of Initial Concentration 

The influence of initial MB concentration on adsorption 

efficiency was investigated across a range of 5 to 50 

mg/L, using an adsorbent dosage of 0.5 g and a contact 

time of 40 min at room temperature. The influence of 

initial MB concentration on adsorption as shown in Fig. 

8. Where the removal efficiency was highly dependent 

on the initial dye concentration. The highest removal rate 

reached from 97.43 to 57.89% for 5 to 50 mg/L, while at 

equilibrium (40 min) the removal efficiency of 

adsorption of the MB onto CPL attained 99.31, 99.58, 

99.73, 91.11, 76.83, 61.81% at a concentration of 5, 10, 

20, 30 40 and 50 mg/L respectively (Fig. 8). It was 

observed that the removal percentage was higher at lower 

initial concentrations, which can be attributed to the 

abundance of available active sites on the CPL surface 

relative to the number of MB molecules, thereby 

facilitating rapid mass transfer [19, 40]. Conversely, as 

the initial dye concentration increased, a gradual decline 

in removal efficiency was noted. This trend occurs 

because the active sites become increasingly saturated 

with dye molecules, leading to higher competition for the 

remaining vacant sites and a decrease in the overall 

adsorption performance. Similar observations regarding 

the relationship between initial concentration and 

removal percentage have been reported in previous 

studies [10, 41]. 

 

Fig. 8: Effect of Initial Concentration 

3.5. Effect of pH  

The pH of the aqueous solution is a critical parameter in 

the adsorption process, as it influences the ionization 

state of the MB dye and the surface charge of the CPL 

adsorbent [34]. The adsorption performance was 

evaluated across a pH range of 2 to 12, using a 10 mg/L 

dye concentration and 0.5 g of adsorbent for 40 min. As 

illustrated in Fig. 9, the removal efficiency increased 

significantly with rising pH, reaching its maximum at pH 

12. The percentage removal is increase with increase's 

pH 77.92, 82.42, 95.67, 99.79, 99.9, and 99.95% for at 

pH 2, 4, 6, 8, 10, and 12. There are two possibilities that 

the pH will affect the adsorption efficiency; The first 

possibility is the effect of pH on hydrogen ion (H+), in 
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the acidic medium (low pH), the high concentration the 

H ions competes with the cationic MB molecules (MB+) 

for the available active sites on the CPL surface, thereby 

reducing the adsorption capacity. As the pH increases 

toward alkaline conditions, the concentration of H⁺ ions 

decreases, reducing this competition and facilitating 

higher dye uptake. Second possibility, the surface charge 

of the CPL is highly pH-dependent. In acidic conditions, 

the functional groups on the CPL adsorbent surface 

undergo protonation, creating a positive surface charge 

that leads to electrostatic repulsion with the cationic MB+ 

molecules. Conversely, in alkaline media, deprotonation 

of these functional groups occurs, resulting in a 

negatively charged surface. This transition induces 

strong electrostatic attraction between the negative 

adsorbent surface and the positive MB+ ions, 

significantly enhancing the adsorption efficiency [34, 

42]. These results demonstrate that CPL is a highly 

effective adsorbent for MB removal, particularly in 

neutral and alkaline environments. 

 

Fig. 9: Effect of pH 

3.6. Effect of Temperature  

The effect of temperature on the adsorption of MB onto 

CPL was investigated at 25, 35, 45, and 55 °C, Fig.10 

illustrates the influence of these temperatures on the 

removal rate and adsorption capacity. At the beginning 

of the process the removal efficiency increased 

significantly upon reaching equilibrium, the removal 

percentages were 99.42-99.97%, for the 25-55 °C 

temperatures. These results indicate that the adsorption 

process is enhanced by increasing temperature, 

confirming its endothermic nature. This positive 

temperature effect can be attributed to several factors. 

Firstly, increasing the temperature enhances the mobility 

of MB cations and reduces the solution viscosity [43], 

which increases the kinetic energy of the MB dye 

molecules and facilitates their diffusion across the 

boundary layer into the CPL adsorbent pores [44]. 

Secondly, higher temperatures may induce a "swelling 

effect" within the internal structure of the CPL adsorbent, 

enabling deeper spreading's of dye molecules into the 

active sites. Thirdly, elevated temperatures can activate 

additional functional groups on the adsorbent surface, 

strengthening the interaction between the CPL active 

sites and MB molecules [45, 46].  

 

Fig. 10: The Effect of temperature on adsorption of 

CPL 

3.7. Adsorption Thermodynamics  

The thermodynamic behavior of the adsorption process 

was evaluated using Gibbs free energy change (ΔG°), 

enthalpy change (ΔH°), and entropy change (ΔS°). The 

spontaneity of the adsorption is fundamentally dictated 

by the sign of ΔG°, where negative values signify a 

thermodynamically favorable and spontaneous process. 

Furthermore, the enthalpy change (ΔH°) distinguishes 

between endothermic and exothermic mechanisms, 

while the entropy change (ΔS°) reflects the variations in 

the degree of randomness at the solid-liquid interface 

during the adsorption [18]. 

The relationship between these parameters is defined by 

the following equations (3,4): 

ΔG° = -RT ln Kc            (3) 

ΔG° = ΔH° - TΔS°        (4) 

The thermodynamic constants were derived from the 

Van’t Hoff equation (5): [47] 

𝑙𝑛 𝐾𝑐 =
ΔS° 

𝑅
−

ΔH° 

𝑅𝑇
 (5) 

By constructing a linear plot of ln Kc versus 1/T, ΔH° 

and ΔS° were determined from the slope (-ΔH°/R) and 

the y-intercept (ΔS°/R), respectively, where R is the 

universal gas constant (8.314 J/mol·K) . 

Fig 11 illustrates the adsorption thermodynamic study of 

MB onto CPL at various temperatures, and the 

thermodynamic parameters of MB adsorption on CPL 

showed in Table.1, the experimental results yielded a 

positive enthalpy change (ΔH°) of 80.041kJ/mol, 

confirming the endothermic nature of the adsorption 

process. The positive entropy value (ΔS° = 

291.031J/mol·K°) suggests an increase in the 
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randomness at the adsorbent-solute interface during the 

sequestration of MB. Furthermore, the calculated ΔG° 

values were -6.687, -9.597, -12.508, and -15.418kJ/mol 

at 298, 308, 318, and 328 K°, respectively. The 

consistently negative values of ΔG° and their increase in 

magnitude with temperature indicate that the adsorption 

of MB onto CPL is spontaneous and more favorable with 

increased temperatures, this result is consistent with [38, 

48, 49]. These findings underscore the high efficiency of 

CPL as a promising adsorbent for the remediation of MB 

from industrial wastewater. 

 

 

Fig. 11: Thermodynamic study of MB dye adsorption 

on CPL. 

Table 1: Thermodynamic parameters of MB adsorption 

on CPL 

Intercept Slope ΔH(kJ/mol) ΔS(J/mol/K ΔG (kJ/mol) 

35.005 -9627.2 80.041 291.031 298 k° 308 k° 318 k° 328 k° 

y = -9627.2x + 35.005 R² = 0.9456 -6.687 -9.597 -12.508 -15.418 

3.8. Adsorption isotherms 

Adsorption isotherms are essential for understanding 

how MB molecules interact with the CPL surface and for 

determining the maximum adsorption capacity. In this 

study, the equilibrium data were analyzed using the two 

most common models: Langmuir and Freundlich. 

3.8.1. Langmuir Isotherm: 

This model assumes that adsorption occurs on a 

homogeneous surface with identical active sites and 

forms a monolayer. 

The linear form of the Langmuir isotherm is given as (Eq. 

6) [50] 

Ce 

qe
=  

Ce 

𝑞𝑚𝑎𝑥

+
1

KL 𝑞𝑚𝑎𝑥

 (6) 

where: Ce (mg/L) is the equilibrium dye concentration, 

qe is the quantity (mg/g) of dye adsorbed at equilibrium, 

qm (mg/g) is the maximum monolayer capacity, and KL 

(L/mg) is the Langmuir constant. The values of qm and 

KL are obtained from the intercept and the slope of the 

linear plot of Ce/qe against Ce [50, 51]. 

To confirm the favorability of the adsorption process, the 

separation factor (RL), was calculated by following 

equation 7:  

𝑅𝑙 =
1 

1 + 𝐾𝑙𝐶𝑜
           (7)  

Where; CO (mg/l) was initial dye concentration and KL 

(L/mg) is Langmuir constant.  

According this factor the adsorption when: RL > 1 is not 

favourable, 0 < RL <1 is favourable, RL = 1 considered 

the linear and RL = 0 is irreversible adsorption [52]. 

  

Fig.12: Langmuir′s isotherm models. 

 

Fig.13: Freundlich′s isotherm models. 

3.8.2. Freundlich Isotherm: 

This model describes adsorption on a heterogeneous 

surface with multiple layers. Contrasted with Langmuir's 

theory, the Freundlich isotherm describes the 

heterogeneous adsorption of dye molecules at different 

sites with different surface energy. Therefore, the 

amount of dye adsorption changes with the exponential 

distribution of sites and adsorption energies. 

The linear form of the Freundlich isotherm is given as 

(Eq. 8) [53]. 
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𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔𝐾𝑓 −
1 

𝑛
 logCe         (8)  

where Kf and n are Freundlich constants representing 

adsorption capacity(mg/g).(L/mg) and intensity, 

respectively. 

The values of n and Kf can be computed from are 

obtained from the slope and intercept of the linear plot of 

logqe and log Ce.  

In addition, if the value of Freundlich’ heterogeneity 

factor (n) between 2 and 4 is a favorable adsorption 

[20][54]. 

Table 2: Parameters of Langmuir and Freundlich 

equations for sorption of MB onto CPL 

Freundlich Langmuir 

Slope 0.2858 Slope 0.3263 

Intercept 0.5125 Intercept 0.0802 

kf 1.669 qmax 12.469 

n 3.499 KL 0.0262 

R2 0.894 R2 0.9997 

y = 0.2858x + 0.5125 RL 0.4332 

 y = 0.3263x + 0.0802 

The experimental data for the MB removal were tested 

with Langmuir and Freundlich isotherms were elucidated 

in the Fig.12, 13 and in Table 2. By comparing the 

correlation coefficients (R2), it was found that the 

Langmuir model provided a better fit (R2 0.9997) than 

the Freundlich model (R2 0.894), that is indicates the 

formation of monolayer coverage at the outer a 

homogeneous surface of the adsorbent with no 

interactions occurring between MB molecules and 

adjacent sites [isotherm [55, 56]. It is also the values of 

qm 12.469 mg/g and KL 0.0262 L/mg showing high 

adsorption energy and contributing to the fast increment 

in adsorption and various MB concentrations. [57, 58]. 

Moreover, the separation factor (RL) was 0.4332, this 

values confirming that the adsorption of MB onto CPL is 

a favorable, this results agreement with [59, 60].  

3.9. Kinetics study: 

Adsorption kinetics is a fundamental aspect of 

environmental engineering, explaining the interaction 

between adsorbate molecules and the adsorbent surface 

over time. This process encompasses complex 

phenomena such as diffusion, mass transfer, and the 

progressive saturation of the adsorbent surface [61]. 

Generally, adsorption capacity increases rapidly in the 

early stages due to the high availability of adsorption 

sites, eventually slowing down as the surface becomes 

almost completely covered by MB molecules until 

equilibrium is reached [62]. 

Investigated in this study by two models Pseudo First-

Order (PFO) and Pseudo-Second-Order (PSO) that is 

widely utilized for describing surface reactions 

adsorption. The PFO model assumes that the rate at 

which adsorption sites are occupied is directly related to 

the number of available sites. This model often 

demonstrates a two-stage kinetic behavior: an early 

phase of rapid reaction followed by a slower subsequent 

phase. This pattern suggests a process taking place 

initially in readily accessible regions and later in less 

accessible interior regions. The PFO model is 

particularly suitable for systems where the adsorption 

follows a simple molecular exchange pattern, where the 

rate is linearly related to the concentration of adsorbed 

molecules [63, 64]. 

The PFO kinetics can be expressed as linearized formula 

by using follows equation 9: 

log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 −
K1 

2.303
t           (9)  

where, qe (mg/g), qt (mg/g) and k1 (1/min) are the 

adsorption amounts at equilibrium, a given time (t), and 

the rate constants, respectively. The graphical plots of 

𝑙𝑜g (𝑞𝑒 - 𝑞𝑡) against t yielded a straight line consequently 

can be calculate the value of t rate constants 𝑘1 from 

slope and qe value from intercept.  

The PSO model is predicated on the premise that the rate-

limiting step involves chemical adsorption 

(chemisorption) facilitated by valence forces, involving 

the sharing or exchange of electrons. Unlike the PFO 

model, the PSO model assumes the adsorption rate 

depends on the square of the number of free sites [38, 

63]. In many investigations, the PSO model has 

demonstrated superior correlation with experimental 

data, with correlation coefficients (R2) very close to 1 

[65]. Furthermore, the proximity between calculated and 

experimental equilibrium capacity (qe) values often 

confirms that the PSO model is the most appropriate 

choice for explaining the adsorption of dyes [61]. 

The linear equation 10. representation of the PSO 

kinetics: 

t 

𝑞𝑡

=
1 

𝐾2𝑞𝑒
2

+
1 

𝑞𝑒

t           (10)  

where, qe (mg/g), qt (mg/g) and k2 (g/mg mint) are the 

adsorption amounts at equilibrium, a given time (t), and 

the rate constants, respectively. Plotting the quantity of 

t/qt against t at varying initial concentrations yielded a 

straight line consequently, can be calculate the values of 

qe from slope and 𝑘2 from intercept.  

Fig.14 and 15 illustrated the kinetic results and from the 

calculated parameters for adsorption kinetics data that 

reported in the table.3. Based on the results, the PSO 

model exhibited a higher correlation coefficient (R2 = 

0.9995) compared to the PFO model (R2 = 0.9296). 

Furthermore, the calculated qe,cal values (2.068 mg/g) 

from the PSO model were in close agreement with the 
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experimental qe,exp values (1.99 mg/g). The PSO indicate 

to physisorption process with involve chemisorption 

process due to a strong affinity interaction between of 

surface CPL and MB, this chemical adsorption processes 

take place by valence forces and exchange electrons, 

with physisorption is the step rate limiting of adsorption, 

this result finding [12, 7, 66]. 

Table 3: Adsorption kinetics parameters of pseudo-

first-order rate and pseudo-second-order 

Pseudo First Order Pseudo Second Order 

slope -0.19205 slope 0.4835 

intercept 0.58976 intercept 0.8064 

R2 0.9298 R2 0.9995 

K1 0.192 min-1 qcal 2.068 mg/g 

qe 1.804 mg/g k2 0.599 g/mg min 

y = -0.19205x + 0.58976 y = 0.4835x + 0.8064 

qe experimental 1.99 mg/g   

 

  

Fig.14: Pseudo first order kinetic models. 

 

Fig.15: pseudo second order kinetic models. 

3.10. The Adsorption Mechanism  

Adsorption Mechanism of Methylene Blue onto 

Capparis spinosa Leaves Powder (CPL) 

The adsorption mechanism of methylene blue (MB) onto 

Capparis spinosa leaves powder (CPL), which  

containing; alkaloids, flavonoids, glycosides, tannins, , 

phenolic, proteins, cellulose, hemicellulose, lignin and 

other components, that are containing functional groups 

including C=O, COOH, –OH, –NH, NHR and aromatic 

ring. The FTIR spectra confirmed that the CPL surface 

has abundance of polar with in numerous active sites on  

surface. The PSO suggests that the adsorption rate is 

controlled by formed a strong adsorbate–adsorbent 

interactions between MB and CPL and may involve both 

physisorption and chemisorption contributions. This 

interaction occur on a monolayer, a homogeneous CPL 

surface with energy equivalent active sites, reaching 

equilibrium upon full site occupation, which is proven by 

Langmuir isotherm experimental and the 

thermodynamically, suggests that the adsorption process 

is spontaneous and endothermic, as demonstrated by the 

negative free energy Gibes (ΔG°) and positive enthalpy 

change (ΔH°). This gives the possibility of several to 

understanding the adsorption mechanisms;  

Electrostatic Attraction: functional groups such as –

COOH and –OH given a negative polarity of the surface 

on the CPL exhibited strong electrostatic attraction 

between the negatively charged surface sites and the 

cationic methylene blue molecules (MB+).  

Ion Exchange Mechanism: Ion exchange also 

contributes to the adsorption process. at alkaline pH, 

enable to ion exchange interaction due to the 

deprotonation of acidic functional groups (ionized) may 

be replacing H⁺ or other ions on the surface CPL with 

ions MB+ from the aqueous solution. The increase in 

removal efficiency at alkaline pH strongly supports the 

contribution of electrostatic interactions. Hydrogen 

Bonding: Hydrogen bonding interactions can occur, due 

to the structure of MB containing S and N atoms rich 

electron-pair leads to formation of a hydrogen bond with 

hydrogen groups on the CPL surface (–OH and –NH 

groups) of active sites on surface of CPL make the 

increased  adsorption capacity. π–π Interactions: 

Methylene blue contains aromatic rings with delocalized 

π-electrons. These rings can interact with aromatic or 

conjugated structures present in the carbonaceous matrix 

of CPL through π–π stacking interactions between them. 

This type of interaction enhances adsorption, particularly 

when the adsorbent contains lignocellulosic components 

with aromatic moieties, similar mechanisms have been 

widely reported by [7, 19, 42, 67, 68].  

The adsorption mechanisms of methylene blue onto CPL 

are driven by a combination of different interactions as 

shown in Fig. 16 and the adsorption of MB onto CPL on 

Fig.17. In the end, we suggested the our results make 

CPL adsorbents high performance to remove MB, a very 

high performance, to be simple, sustainable, abundant,  

and cheap. 
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Fig.16: Possible adsorption mechanisms of MB onto CPL: electrostatic attraction, Ion Exchange, Hydrogen Bonding, 

and π-π interaction, respectivily. 

 

Fig.17: adsorption of MB onto CPL 

 

4. Conclusions 

The present study successfully demonstrated the 

feasibility of using Capparis spinosa leaves (CPL) as a 

sustainable and low-cost adsorbent for Methylene Blue 

(MB) removal from aqueous solutions. The simple 

preparation method (oven-drying at 70°C) proved 

effective in maintaining the adsorbent’s functional 

efficiency without the need for high-energy 

carbonization processes. The ATR-FTIR analysis 

revealed the presence of functional groups such as –OH, 

–COOH, –NH, and –NHR on the surface of CPL. These 

groups provide multiple active sites that facilitate the 

adsorption of MB molecules. The study introduced a 

simple preparation method (drying CPL at 70°C) proved 

effective in maintaining the adsorbent’s functional 

efficiency without the need for high-energy 

carbonization processes. The optimal conditions of these 

results demonstrate that CPL is a highly effective 

adsorbent for MB removal reached equilibrium within a 

short contact time of 40 minute and the removal attained 

to 91.58%, with an adsorption capacity of 1.99 mg/g. The 

highest adsorption capacity, 12.469 mg/g, was attained 

under conditions of 20 g/L dye concentration, 0.5 g dose 

and the optimum removal efficiency 99.95%. It is also 

the CPL showed multiple efficiency in adsorption of MB 

dye at pH 8, with the highest removal efficiency 

observed at pH 12. The CPL showed multiple efficiency 

in adsorption of MB dye at multiple pH and It is also CPL 

showed multiple efficiency in adsorption of MB dye at 

temperature.  
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Kinetic studies revealed, the PSO model exhibited (R2 = 

0.9995) compared to the PFO model (R2 = 0.9296) and 

the calculated qe,cal (2.068 mg/g) close with the 

experimental qe,exp (1.99 mg/g). The PSO indicate 

indicating that chemical interactions play a dominant 

role in dye sequestration. Based on the results of the 

equilibrium data were best described by the Langmuir 

isotherm (R2 = 0.9997) than Freundlich model (R2 

0.894), confirming a monolayer adsorption process on a 

homogeneous surface with a high affinity between MB 

and CPL. It is also the values of qm 12.469 mg/g and KL 

0.0262 L/mg showing high adsorption energy and the 

separation factor (RL) was 0.4332, this values confirming 

that the adsorption of MB onto CPL is a favorable. 

Moreover the CPL has thermodynamic nature, where the 

results reviled the positive enthalpy (ΔH°)80.041kJ/mol 

confirmed that the process is endothermic, and negative 

Gibbs free energy (ΔG°) values (-6.687, -9.597, -12.508, 

and -15.418kJ/mol) confirmed that the process is and 

spontaneous, with increased efficiency at higher 

temperatures and the positive entropy value 

(ΔS°=291.031J/mol·K°) suggests an increase in the 

randomness at the adsorbent-solute interface during the 

uptake of MB. Overall, these findings underscore the 

high efficiency of CPL as a promising adsorbent for the 

remediation of MB from industrial wastewater. 

5. Recommendations 

This study addresses the critical issue of industrial dye 

pollution by evaluating the leaves of Capparis spinosa 

(CPL), a plant native to Yemen, as a sustainable bio-

adsorbent for Methylene Blue (MB). The use of locally 

available, low-cost materials for wastewater treatment is 

of significant environmental and economic importance. 

Based on the promising results obtained in this study, the 

following recommendations are suggested for future 

research: 

• Future studies could explore using of CPL to its 

adsorption capacity and selectivity for different types 

of pollutants.  

• It is recommended to application CPL on to real 

wastewater (from textile or leather industries, etc.), as 

real wastewater contains a mixture of dyes, salts and 

minerals that may affect pollution water. 

• It is recommended to investigate the competitive 

adsorption of MB in the presence of other dyes or 

heavy metal ions to understand the interference effects 

in complex systems.  

• It is recommended to perform TEM, SEM, and BET 

analyses on the CPL to gain deeper insights into the 

structural changes and the specific binding sites 

involved. 
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 مقالة بحثية 

(: دراسات نمذجة حركية، CAPPARIS SPINOSAأمتزاز الميثيلين الأزرق على أوراق القباَر اليمني )

 وتماثل حراري )ايزوثرمي(، وديناميكية حرارية لمعالجة الصبغة المستدامة 

 *،2أحمد عوض صالح صلاح ، و1عبداللطيف عبدالله مهدي سيف

 التربية، جامعة عدن، اليمنالكيمياءٍ، كلية قسم  1
 الكيمياءٍ، كلية طورالباحة الجامعية، جامعة لحج، اليمنو الاحياءقسم  2

 aasalehsalah.74@gmail.com ؛ البريد الالكتروني:أحمد عوض صالح صلاح* الباحث الممثلّ: 

 2026 مارس 31نشر في  /  2026 مارس 30قبل في:   / 2026 مارس 13 استلم في:

 المُلخّص 

ا، وتأثيرها  يشكل تصريف التدفقات السائلة الملوثة بالأصباغ الناتجة عن الأنشطة الصناعية تهديداً خطيراً للبيئات المائية نظراً لسميتها، وثباته

حيوي منخفض التكلفة وصديق للبيئة لإزالة صبغة الميثيلين    كممتز (CPL) ر المجففةاب  قالجمالي السلبي. في هذه الدراسة، تم تقييم أوراق ال

  جرعة المادة المازة،لاستقصاء تأثيرات كل من زمن التلامس،   أجُريت تجارب الامتزاز بنظام الدفعات .المائية من المحاليل   (MB) الأزرق

ر باستخدام  اب  قديد المجموعات الوظيفية السطحية لأوراق الوالتركيز الأولي للصبغة، والرقم الهيدروجيني للمحلول، ودرجة الحرارة. كما تم تح

وتم تحليل توازن الامتزاز، والسلوك الحركي، و الديناميكية الحرارية باستخدام نماذج    (FTIR).  فورييهمطيافية الأشعة تحت الحمراء بتحويل  

ا  ،الحراري)الايزوثرمي( التماثل "لانجموير" و"فرويندليش"   الحركية من  والمعاملات ونماذج  الكاذبة،  الثانية  والرتبة  الكاذبة  الأولى  لرتبة 

وقد خلصت الدراسة    .على التوالي(  °ΔSالانتروبي ) في والتغير  ،(°ΔHالانثالبي ) في والتغير  ،  (°ΔG) الطاقة في التغير :الديناميكية الحرارية 

حقق زمن  و   12. مع ملاحظة أعلى كفاءة إزالة عند الرقم الهيدروجين  8الهيدروجيني  تم تحديد عملية الامتزاز عند الرقم   :إلى النتائج التالية

مجم/جم    12.469تم تسجيل أعلى سعة امتزاز بواقع   . وقدمجم/جم  1.99بسعة امتزاز بلغت  و  ، 91.58معدل إزالة %ب دقيقة    40التلامس لمدة  

أظهرت بيانات التوازن أفضل مطابقة لنموذج    %99.95. ة وصلت إلىجم، وبكفاءة إزالة مثالي   0.5جم/لتر، وجرعة    20عند تركيز صبغة  

والتي اثبتت ان عملية الامتزاز تم على طبقة احادية ذات سطح متجانس    R)2(0.894=  فرويندليش  من نموذج  R)2(0.9997="لانجموير" 

، بينما اتبعت البيانات الحركية نموذج  مناسبة  عملية    قبارامتزاز الميثيلين الأزرق على أوراق ال  والذي اثبت بأن )LR 0.4332 (ومعامل الفصل

مع    (mg/g 2.07)المحسوبة    e,calqوقد اقتربت قيمة    )0.92962R=(  الكاذبة  ولىنموذج الرتبة الامن    R)2(0.9995 =الرتبة الثانية الكاذبة

أن امتزاز الميثيلين الأزرق على    H°) 80.041kJ/mol(Δفي الانتروبي   للتغيرأكد التحليل الديناميكي   . حيث e,exp(1.99 mg/g) q قيمة

تلقائية عملية  ب   (6.687, -9.597, -12.508, and -15.418kJ/mol-)(  °ΔG) الطاقة  في  والتغير  هو عملية ماصة للحرارة،قبارأوراق ال

 .صحي الملوثة بالأصباغر هي ممتز مستدام وواعد لمعالجة مياه الصرف ال اب  قتثُبت هذه النتائج أن أوراق ال .الامتزاز

المفتاحية: )  الكلمات  الممتزCapparis spinosaالقب ار  الأزرق؛  الميثيلين  الحركية؛    (؛  الامتزاز؛  حرارة  متماثلات  التوازن؛  الحيوي؛ 

 الديناميكا الحرارية؛ معالجة مياه الصرف الصحي. 
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