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Abstract
The persistent contamination of aquatic environments by metal ions such as Cu²⁺ and Ni²⁺ poses serious environmental and public health risks. This study explores the use of oil extracted from Phaseolus vulgaris (common bean) as a green, biodegradable extractant for the removal of Cu²⁺ and Ni²⁺ from aqueous solutions. The oil was extracted using Soxhlet extraction with n-hexane and characterized by Gas Chromatography–Mass Spectrometry (GC-MS) to identify its fatty acid composition. Batch solvent extraction experiments were performed to evaluate the effects of extractant volume, pH, temperature, and contact time on metal ion removal efficiency. Under optimized conditions, removal efficiencies ranged from 97.50% to 99.96%, with performance strongly influenced by pH, favoring near-neutral conditions (pH 6). Thermodynamic analysis revealed that the extraction process is non-spontaneous and endothermic, with positive entropy changes indicating increased molecular disorder during metal-ligand interaction. The fatty acid profile of the oil revealed a rich presence of linoleic, oleic, and palmitic acids, whose carboxylic groups serve as active sites for complexation with divalent metal ions. These findings demonstrate the potential of Phaseolus vulgaris oil as an effective, sustainable, and low-cost medium for removing metal ions from contaminated water. The work lays a foundation for further research and application of plant-derived oils as environmentally friendly alternatives in wastewater treatment and environmental remediation.
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1.0 Introduction
The persistent contamination of water bodies by metal ions, especially Cu²⁺ and Ni²⁺ has emerged as a significant environmental concern due to their non-biodegradability, toxicity, and bioaccumulation potential. These metal ions are commonly released through anthropogenic activities such as electroplating, mining, metal finishing, and industrial effluent discharge (Tchounwou et al., 2012; Barakat, 2011, Effiong et al, 2023). Once introduced into aquatic ecosystems, Cu²⁺ and Ni²⁺ can adversely affect water quality, aquatic life, and pose serious health risks to humans through bioaccumulation and biomagnification (Fu & Wang, 2011; Effiong et al, 2023).
Conventional metal removal techniques such as chemical precipitation, membrane filtration, ion exchange, and adsorption are often limited by high operational costs, sludge generation, inefficiency at trace concentrations, and the use of toxic chemical extractants (Fu & Wang, 2011; Qasem et al., 2021; Ite et al, 2023). Among these, solvent extraction has gained attention due to its simplicity, high selectivity, and operational feasibility (Wilson et al., 2014).
Recent research has turned toward green and sustainable alternatives using bio-based extractants. Vegetable oils, particularly those rich in fatty acids have been proposed as promising candidates for metal ion extraction (Chang et al., 2010; Alexander et al, 2023). These fatty acids act as ligands capable of forming stable complexes with divalent metal ions through chelation or ion-pair mechanisms (Ite et al., 2023). Phaseolus vulgaris is known to contain high levels of palmitic acid (C16:0), oleic acid (C18:1), and linoleic acid (C18:2), which are recognized for their ability to interact with metal ions via the carboxylate functionality. Palmitic acid, in particular, is well-documented for forming thermodynamically stable complexes with divalent cations like Cu²⁺ and Ni²⁺ (Abdel Salam et al., 2011). The use of Phaseolus vulgaris oil will not only leverage its fatty acid content but also promotes sustainable wastewater treatment practices by replacing synthetic and toxic organic solvents.
The solvent extraction mechanism using oils such as that of Phaseolus vulgaris is based on the transfer of metal ions from the aqueous to the oil phase, facilitated by complexation and diffusion. This approach simplifies the treatment process and allows for efficient recovery of metals from aqueous phases.In light of these considerations, this study investigates the efficacy of oil extracted from Phaseolus vulgaris in removing Cu²⁺ and Ni²⁺ ions from aqueous solutions. By analyzing the effects of extractant volume, pH, temperature, and contact time, along with thermodynamic parameters, the research aims to provide a comprehensive understanding of the underlying mechanisms and practical potential of Phaselus vulgaris oil as a natural extractant for heavy metal removal.
2.0 Materials and Method
The experimental procedures for investigating the removal of Cu²⁺ and Ni²⁺ ions from aqueous solutions using oil extracted from Phaseolus vulgaris include the preparation of materials and the extraction of oil for the organic phase, characterization of the Phaseolus vulgaris oil, and the setup of metal-ions removal studies. Additionally, analytical techniques were employed to quantify metal ion concentrations left and appropriate methods were applied for data analysis.
2.0.1 Materials
[bookmark: _Hlk202879971]The chemical reagents used in this work include copper sulfate (CuSO₄) and nickel sulfate (NiSO₄) salts, both sourced from Sigma-Aldrichm, UK. The Phaseolus vulgaris seeds were purchased from a local store in Akwa Ibom State, Nigeria and were used for the oil extraction. N-hexane, used as a solvent for the oil extraction from Phaseolus vulgaris, was purchased from Merck Darmstadt in Germany. Deionized water was used in all experimental procedures to prepare solutions. Other chemicals include sodium hydroxide (NaOH) and hydrochloric acid (HCl), which were used for pH adjustment. In terms of equipment, Buck Scientific VGP 210 model Atomic Absorption Spectrophotometer (AAS) was used for analyzing the residual metal ions concentration present in the aqueous phase after the metal ions removal process. Furthermore, magnetic stirrers for agitation as well Hanna Instruments HI2211 pH meter (Hanna Instruments, USA), calibrated prior to use with standard buffer solutions at pH 4.0, 7.0, and 10.0 were also used in the course of our experimentation. Other equipment such as an oven and grinder were also used in the series of experimentation.
2.0.2 Method
[bookmark: _Hlk205200255]2.0.2 (a) Preparation of metal ion solutions for the aqueous phase: 1000 ppm Stock solutions of Cu²⁺ and Ni²⁺ ions were prepared by dissolving 2.51g of CuSO₄ and 2.64g of NiSO₄ in 1000 ml volumetric flask with deionized water. Working solutions, for the aqueous phase, of 50 ppm and 100 ppm concentrations were then prepared by diluting the stock solutions with deionized water. The pH of the solutions was adjusted using 0.1 M HCl and 0.1 M NaOH as required.
2.0.2 (b) Preparation of organic phase
[bookmark: _Hlk202887559]2.0.2 (b) (i) Extraction of oil from Phaseolus vulgaris seeds
The oil was extracted from Phaseolus vulgaris seeds through the solvent extraction method, using the Soxhlet extractor. Phaseolus vulgaris seeds were washed with deionized water to remove dirt and other impurities that may have accumulated during the harvesting, handling as well as storage. It also helps to remove microbial contaminants, pesticides, or chemical residues that may also be present, further enhancing the purity of the extracted oil. Thereafter, the seeds were oven dried to remove residual moisture as can be seen in Figure 1. 
[image: ]
Figure 1: Phaseolus vulgaris seeds being dried in the oven
After washing and drying, the seeds were ground into a fine powdered form with a manual grinding machine, to increase the surface area for solvent penetration and better contact between the oil and the extracting solvent.
100 g of the powdered seeds was measured and placed in a Soxhlet apparatus and n-hexane was used as the solvent for extraction. The process was carried out for 2 hours at a temperature of 60°C (Harris, 2010). The extracted oil was separated from the solvent using a rotary evaporator set at 40°C. The oil was then stored in a dark bottle in a desiccator until further use.
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Figure 2 (A & B): Extracted Phaseolus vulgaris oil before solvent removal (A) and after solvent removal (B)
2.0.2 (b) (ii) Characterization of Phaseolus vulgaris oil
The oil extracted from Phaseolus vulgaris was characterized by analyzing its fatty acid methyl esters profile using Gas Chromatography–Mass Spectrometry (GC-MS). Prior to analysis, the oil samples underwent derivatization to convert fatty acids into their corresponding methyl esters. 
2.0.3 Derivatization Procedure
One gram of the oil extract was dissolved in 10 ml of n-hexane, followed by the addition of 1 ml of 2N methanolic potassium hydroxide (KOH). The mixture was vigorously shaken for 30 seconds and then centrifuged to separate the phases. The supernatant containing the fatty acid methyl esters was collected and transferred into 2 ml vials for GC-MS analysis.
2.0.4 Instrumentation and Analytical Conditions
The fatty acid methyl esters analysis was performed using an Agilent 8860 Gas Chromatograph coupled with an Agilent 5977 inert Mass Selective Detector (MSD), equipped with an electron-impact ionization source. Separation was achieved in an HP-5 capillary column coated with 5% phenyl methyl siloxane.
The mass spectrometer was auto-tuned using perfluorotributylamine (PFTBA) to ensure optimal detection sensitivity, monitoring key ions at m/z 69, 219, and 502. The MSD was operated in both scan and selective ion monitoring (SIM) modes to accurately quantify the fatty acid components.
Chromatographic conditions included a helium carrier gas flow rate of 1.3 ml/min, injection of 1 µL sample in splitless mode at 250 °C, and an oven temperature program starting at 60 °C ramping to 300 °C at 15 °C/min. The transfer line, quadrupole, and ion source temperatures were set at 280 °C, 150 °C, and 230 °C, respectively. The quantification was carried out using a commercially available fatty acid methyl esters standard mix containing 37 components (AccuStandard, Catalog No. FAMQ 005). Calibration standards were prepared by serial dilution at concentrations of 5.0, 10.0, and 20.0 ppm. The standards were analyzed prior to sample injection to establish calibration curves, enabling determination of the fatty acid composition, concentration, and mass spectral identification of the oil sample.
2.0.5 Liquid-Liquid extraction procedures
Liquid-Liquid extraction experiments were conducted to evaluate the removal of Cu²⁺ and Ni²⁺ ions from aqueous solutions. The experiments were carried out in 150 ml beakers containing 50 ml of metal ion solution at a known concentration (50 ppm and 100 ppm). 2 ml to 10 ml of Phaseolus vulgaris oil were added to each beaker, and the mixture was agitated on magnetic stirrer at 3 rpm for 25 minutes.
The desired pH was achieved by adding drops of 0.1 M HCl or 0.1 M NaOH while monitoring with a pH meter. At the target pH, the solution was further adjusted and allowed to stabilize until the pH remained constant.The extraction of the Cu²⁺ and Ni²⁺ions from the aqueous phase was based on a quick-stirring process. In this case, 50 ml of the aqueous phase containing the Cu²⁺ and Ni²⁺ ions was mixed with 50 ml of the organic phase, consisting of the oilfrom the Phaseolus vulgarisseeds, in a 1:1 volume ratio. The mixtures of the aqueous and organic phases were agitated using a magnetic stirrer at 7.0 rotations per second (420 rpm) for 15 minutes at a controlled temperature of 25 °C.
After the agitation, the system was allowed to equilibrate for 5 minutes, for the phases to separate and a small syringe, with a needle attached to it, was used to draw a portion of the aqueous phase consisting of the metal ions for the evaluation of their concentrations using Atomic Absorption Spectrophotometry (AAS). A Buck Scientific VGP 210 spectrometer was used, with the analyses carried out at wavelengths of 324.8 nm for Cu and 232.0 nm for Ni.  Standard calibration curves were prepared using known concentrations of Cu²⁺ and Ni²⁺ solutions based on the Beer-Lambert's law. 
[bookmark: _Hlk205204402]The effect of volume of organic phase on metal ion removal was investigated by varying the volume of the Phaseolus vulgaris oil in the range of 2 ml to 10 ml.  For the effect of pH on the extraction of Cu²⁺ and Ni²⁺ ions, the initial pH of the aqueous solutions was adjusted to values ranging from 3 to 7 using 0.1 M HCl and 0.1 M NaOH. The extraction capacity of the organic phase was evaluated for the initial concentrations of Cu²⁺ and Ni²⁺ ions of 50 ppm and 100ppm respectively. The effect of temperature on the removal of Cu²⁺ and Ni²⁺ ions from aqueous solution using Phaseolus vulgarisoil were investigated by conducting the liquid-liquid extraction experiments at 25 °C, 35 °C, 45 °C, 55 °C and 65 °C. 
2.0.6 Data Analysis 
The Extraction Removal Efficiency, R (%), for the removal of the Cu²⁺ and Ni²⁺ ions from the aqueous phase into the organic phase consisting of the oil from the Phaseolus vulgaris seeds was calculated based on equation (1):

                                          (1)

Equally, the distribution coefficient   which represents the extent of metal ion extraction relative to its concentration in the aqueous phase was determined using the following relationship:
                                             (2)
[bookmark: _Hlk205206131]In both cases in equations (1) and (2), Ci is the initial Cu²⁺ and Ni²⁺ ions ionsconcentrations in the aqueous phase before the extraction and Cfis the final Cu²⁺ and Ni²⁺ ions concentration in the aqueous phase, after the extraction process. 
2.0.7 Statistical Analysis
The experimental data were analyzed using Microsoft Excel, all experiments were performed in triplicate, and results were expressed as mean values with standard deviations.
3.0 Results and Discussions 
The results from these experiments are as presented and discussed below.
3.1 Fatty Acid Composition of Phaseolus vulgaris Oil
In this study, the fatty acid profile of Phaseolus vulgaris oil was analyzed using Gas Chromatography–Mass Spectrometry (GC-MS). The major peaks were observed between retention times 3.0 and 14.0 minutes, indicating the presence of both medium- and long-chain fatty acid methyl esters (Christie (2010)). Quantitative results, including concentrations of the identified fatty acids, are summarized in Table 1.
Table 1: Fatty Acid Composition of Phaseolus vulgaris Oil






1

	S/N
	Fatty acid
	Retention Time (Min)
	Concentration (mg/L)

	1
	Capric acid, methyl ester
	3.958
	0.038772

	2
	Undecanoic acid, methyl ester
	4.776
	0.017142

	3
	Lauric acid, methyl ester
	5.669
	0.11566

	4
	Tridecanoic acid, methyl ester
	6.39
	0.013727

	5
	Myristoleic acid, methyl ester
	7.065
	0.189093

	6
	Myristic acid, methyl ester
	7.128
	2.63527

	7
	cis-10-pentadecanoic acid, methyl ester
	7.706
	0.210447

	8
	Pentadecanoic acid, methyl ester
	7.843
	0.379107

	9
	Palmitic acid, methyl ester
	8.524
	17.3714

	10
	Linoleic/Oleic acid, methyl ester
	9.594
	106.609

	11
	Stearic acid, methyl ester
	9.783
	4.23616

	12
	cis-5,8,11,14-Eicosapentaenoic acid, met
	10.424
	0.385504

	13
	8,11,14-Eicosatrienoic acid, methyl ester
	10.527
	3.61936

	14
	cis-11,14-Eicosadienoic acid, methyl ester
	10.721
	0.342797

	15
	cis-11-14-17-Eicosatri-, methyl ester
	10.767
	0.746745

	16
	Eicosanoic acid, methyl ester
	10.939
	0.687394

	17
	Heneicosanoic acid, methyl ester
	11.494
	0.155495

	18
	cis-13,16-Docasadienoic acid, methyl ester
	11.82
	0.239554

	19
	Erucic acid, methyl ester
	11.837
	0.118892

	20
	Behenic acid, methyl ester
	12.015
	0.823403

	21
	Tricosanoic acid, methyl ester
	12.524
	0.712439

	22
	Nervonic acid, methyl ester
	12.844
	0.260437

	23
	Lignoceric acid, methyl ester
	13.016
	1.25966



Among the fatty acids detected, three were present in significant concentrations and are considered as the key contributors to the metal ion removal process. These were linoleic/oleic acid methyl ester (C18:2/C18:1), palmitic acid methyl ester (C16:0) and stearic acid methyl ester (C18:0) noted at retention times of 9.594, 8.524 and 9.783 minutes and concentrations of 106.609 mg/L, 17.371 mg/L and 4.236 mg/L respectively.
These unsaturated fatty acids contain double bonds which enhance the polarity and facilitate interaction with metal ions (Noor Armylisas et al., 2024). The carboxylic functional group on these compounds also serves as electron donors in metal-ligand complexation (Nyong et al, 2020). Therefore, a fatty acid with a well-defined linear structure, such as the palmitic acid, can play a dominant role in forming stable complexes with divalent metal ions such as Cu²⁺ and Ni²⁺ (Tow, et al., 2012). These acids are also long-chained and contribute to the hydrophobic character of the oil phase. The other fatty acids found in the oil were present in minor concentrations as can be seen in Table 1. Though individually less abundant, these acids still contribute to the overall extraction capacity through their structural diversity and cumulative binding potential.
3.2 Effect of Extractant Concentration
The concentration of Phaseolus vulgaris oil showed a strong inverse relationship with metal ion removal efficiency. As the oil concentration decreased from 1.00 C₁ to 0.20 C₁ (C₁ = 17.371 mg/L palmitic acid methyl esters and 106.609 mg/L linoleic/oleic acid methyl esters), the removal efficiency of Cu²⁺ at 50 ppm increased markedly from 99.55% to 99.96%, and at 100 ppm from 99.38% to 99.65% (Table 2 and Figures 3). 
[bookmark: _Hlk205273529]Table 2: Removal efficiency of Cu2+and Ni2+at 50ppm and 100ppm with different volume of Phaseolus vulgaris oil
	[bookmark: _Hlk205273415]S/N
	Conc. of P. vulgaris oil (mg/L)
	Removal Efficiency (%)

	
	
	Cu2+
	Ni2+

	
	
	50 ppm
	100 ppm
	50 ppm
	100 ppm

	1
	1.00 C1
	99.55
	99.38
	99.54
	97.56

	2
	0.50 C1
	99.82
	99.50
	99.60
	98.26

	3
	0.33 C1
	99.80
	99.42
	99.70
	98.49

	4
	0.25 C1
	99.90
	99.48
	99.80
	99.57

	5
	0.20 C1
	99.96
	99.65
	99.90
	99.65




Figure 3: Variation in the Removal efficiency of Cu2+and Ni2+ionsat 50ppm and 100ppm with different concentration of Phaseolus vulgaris oil
Ni²⁺ removal also improved significantly, increasing from 98.54% to 99.90% at 50 ppm and from 97.56% to 99.65% at 100 ppm (Tables 2 and Figure 3).

This behavior is indicative of surface saturation and phase interference at higher extractant concentrations. At high concentrations of P. vulgaris oil, there may be aggregation of fatty acid molecules, particularly oleic acid, which is a known surfactant that can form micelles or emulsions in the organic phase. These micellar structures may encapsulate or shield the active binding sites, thereby reducing their accessibility to metal ions (Akinyemi et al., 2019; Rahman et al., 2018).
Additionally, the mixed fatty acid composition of P. vulgaris oil, while advantageous for broad spectrum chelation, could promote inter-ligand interactions at high concentrations, leading to competitive inhibition or the formation of non-functional clusters. These aggregates may hinder the diffusion of Cu²⁺ and Ni²⁺ ions across the interface, slowing down complex formation and decreasing the overall extraction efficiency. This behavior is analogous to sorbent crowding observed in biosorption systems, where excessive sorbent dosages reduce performance per unit mass (Musa et al., 2022; Solyanikova & Golovleva, 2019).
On the other hand, at lower concentrations, the fatty acids remain more dispersed and better oriented at the organic aqueous interface. This enhances the availability of their carboxylic groups for coordination with the metal ions, thereby promoting faster and more efficient complexation. This reflects the classical concept of mass-transfer efficiency, where low extractant loading reduces resistance to diffusion and promotes optimal interfacial contact (Su et al., 2018).The behavior of P. vulgaris oil highlight the importance of extractant composition and structural purity in determining the efficiency of green extractant systems.
3.2 Effect of pH on Removal Efficiency
The pH of the aqueous phase influenced the extraction efficiency of Cu²⁺ and Ni²⁺ ions through chemical speciation of the metal ions and the ionization of the functional groups present in the extractant (Fetouhi et al., 2016). In this study, the removal of Cu²⁺ and Ni²⁺ ions using Phaseolus vulgaris oil was assessed over a pH range of 3.0 to 7.0 and the results are summarized in Table 3 and and illustrated Figures 4.
[bookmark: _Hlk205278194]Table 3: Removal efficiency of Cu2+ and Ni2+at 50ppm and 100ppm with different pH values using Phaseolus vulgaris oil
	[bookmark: _Hlk205276989]S/N
	pH
	Removal Efficiency (%)

	
	
	Cu2+
	Ni2+

	
	
	50 ppm
	100 ppm
	50 ppm
	100 ppm

	1
	3
	99.32
	99.38
	96.90
	96.71

	2
	4
	99.54
	99.67
	97.94
	97.88

	3
	5
	99.84
	99.90
	98.98
	99.07

	4
	6
	99.96
	99.95
	99.90
	99.86

	5
	7
	99.94
	99.93
	99.80
	99.77



For Cu²⁺ ions, the removal efficiency increased with rising pH, starting from 99.32% at pH 3.0 to a peak of 99.96% at pH 6.0 for the 50 ppm solution. Similarly, the 100 ppm solution showed an increase from 99.38% to 99.95%. However, a slight decrease was observed at pH 7.0, but the values remained consistently high, indicating that the extractant maintains high performance even at near-neutral pH range.

Figure 4: Variation in Removal efficiency of Cu2+and Ni2+ ions at 50ppm and 100ppm with different pH values using Phaseolus vulgaris oil
For Ni²⁺ ions, more pronounced pH dependence was observed. The removal efficiency at 50 ppm improved from 96.90% at pH 3.0 and increased to a maximum of 99.90% at pH 6.0, while at 100 ppm, the efficiency increased from 96.71% to 99.86%. However, a marginal decline was noted at pH 7.0, suggesting a potential shift in the oil phase's interaction capacity at near neutrality, due to reduced ionization of the extractant’s functional groups and changes in metal speciation (Rydberg et al., 2004).
It should be noted that as the equilibrium pH increases, there is a decrease in H+ ions (Atkins & de Paula, 2010; Ite et al., 2023). As such, the equilibrium for the ion removal at the interface between the aqueous and organic phases will move in the direction that favours metal extraction (Le Châtelier, 2011).This gives rise to the increase in the percent removal efficiencies. Conversely, at low pHeq, the equilibrium position lies to the in the direction that is unfavourable to the removal of the metal ions from the aqueous solution, hence the lower values of the percent removal efficiencies. Thus, as the pH increases, deprotonation of the carboxylic groups is favoured, which will expose negatively charged sites that can effectively attract and bind with the positively charged Cu²⁺ and Ni²⁺ ions (Kocaoba&Gür, 2017; Alexander et al., 2023). 
The increase in extraction efficiency between pH 4.0 and 6.0, especially for Ni2+ ions, highlights the sensitivity of the system to pH modulation, which is important in real-world applications, where pH optimization is a controllable parameter. The high extraction performance observed near neutral pH is particularly advantageous for environmental applications, as it eliminates the need for extreme pH conditions (Li & Lee, 2020).
3.3 Effect of Temperature on Removal Efficiency
Temperature is a critical factor in metal ion extraction processes because it influences the solubility of ions, diffusion rates, viscosity of the extractant, and the overall thermodynamic equilibrium (Rydberg et al., 2004). In this study, the temperature-dependent removal efficiencies for Cu²⁺ and Ni²⁺ ions using Phaseolus vulgaris oil were examined over the range of 25 °C to 65 °C (298 K to 338 K), with results presented in Table 4 and and illustrated in Figure 5
For Cu²⁺ ions, the removal efficiency at 50 ppm increased from 99.14% at 25°C to 99.92% at 65°C. At 100 ppm, efficiency improved similarly from 99.28% to 99.87% over the same temperature range. For Ni²⁺ ions, the removal efficiency rose from 99.38% to 99.96% at 50 ppm and from 98.35% to 99.92% at 100 ppm.
[bookmark: _Hlk205278866]Table 4: Removal efficiency of Cu2+and Ni2+at 50ppm and 100ppm with different temperature values using Phaseolus vulgaris oil
	[bookmark: _Hlk205278099]S/N
	Temperature (0C)
	Removal Efficiency (%)

	
	
	Cu2+
	Ni2+

	
	
	50 ppm
	100 ppm
	50 ppm
	100 ppm

	1
	25
	99.14
	99.28
	99.38
	98.35

	2
	30
	99.38
	99.49
	99.54
	98.76

	3
	35
	99.52
	99.63
	99.66
	99.19

	4
	40
	99.80
	99.80
	99.88
	99.75

	5
	45
	99.92
	99.87
	99.96
	99.92




Figure 5: Variation in the Removal efficiency of Cu2+and Ni2+ ions at 50ppm and 100ppm with different temperature range using Phaseolus vulgaris oil
This enhancement in removal efficiency with increasing temperature shows that the extraction of Cu²⁺ and Ni²⁺ ions by P. vulgaris oil is endothermic in nature. Increasing temperature improved the diffusion of metal ions across the interface and facilitating more rapid complexation reactions (Rydberg et al., 2004). In practical terms, the ability of Phaseolus vulgaris oil to perform optimally at elevated but moderate temperatures (55–65°C) makes it suitable for industrial applications, where temperatures are above the ambient values.
3.4 Effect of Contact Time on Removal Efficiency
Contact time is an important parameter in the assessment of extraction efficiency, as it determines the duration required to reach equilibrium between the aqueous and organic phases. In this study, the effect of varying contact time (5 to 25 minutes) on the removal of Cu²⁺ and Ni²⁺ ions by Phaseolus vulgaris oil was investigated. The corresponding results are shown in Table 5 and illustrated in Figures 6.
Table 5: Removal efficiency of Cu2+and Ni2+at 50ppm and 100ppm with different time interval using Phaseolus vulgaris oil

	S/N
	Time (minutes)
	Removal Efficiency (%)

	
	
	Cu2+
	Ni2+

	
	
	50 ppm
	100 ppm
	50 ppm
	100 ppm

	1
	5
	98.00
	95.30
	97.02
	96.61

	2
	10
	98.86
	97.83
	97.28
	97.79

	3
	15
	99.80
	99.47
	97.46
	99.20

	4
	20
	99.84
	99.76
	99.62
	99.58

	5
	25
	99.90
	99.85
	99.90
	99.79



For Cu²⁺ ions, removal efficiency at 50 ppm increased rapidly from 98.00% at 5 minutes to 99.90% at 25 minutes. At 100 ppm, the efficiency similarly rose from 95.30% to 99.85% over the same period. 
This trend indicates a fastinitial rate of extraction. For Ni²⁺ ions, a comparable time-dependent increase in efficiency was observed. At 50 ppm, removal increased from 97.02% at 5 minutes to 99.90% at 25 minutes, while at 100 ppm, efficiency rose from 96.61% to 99.79%.
The rapid uptake observed within the first 15 minutes suggests that a significant portion of metal ions was removed through immediate interaction with active binding sites available in the Phaseolus vulgaris oil. This can be attributed to the high affinity of fatty acid constituents (Effiong et al., 2023a&b), especially palmitic and linoleic acids for divalent metal ions via complexation mechanisms.

Figure 6: Variation in the Removal efficiency of Cu2+and Ni2+ ions at 50ppm and 100ppm with different time interval using Phaseolus vulgaris oil
3.5 Thermodynamic Parameters
The ΔH0 values in Table 6 ranged from 94.22–107.48 kJ/mol for Cu²⁺ and 114.85–121.71 kJ/mol for Ni²⁺. The positive enthalpy changes confirm that the extraction processes are endothermic, requiring heat input to proceed. This indicates that higher temperatures favor the transfer of metal ions from the aqueous to the organic phase, as the added thermal energy facilitates both the disruption of hydration shells around the metal ions and the formation of stable metal–ligand complexes in the organic phase. Such behavior is consistent with fatty acid–metal ion extractions reported by Gok and Aytas (2018) and Park et al. (2015), where endothermic profiles were linked to the strong coordination between the carboxylate groups of fatty acids and divalent metal ions.
Table 6: Summary of Enthalpy change for Cu2+ and Ni²⁺ at 50ppm and 100ppm using Phaseolus vulgaris oil
	Lgand
	
(kJ/mol) Cu2+
	
(kJ/mol) Ni²⁺

	
	(50ppm)
	(50ppm)
	(50ppm)
	(100ppm)

	Palmitic acid
	107.342
	114.852
	114.852
	121.528

	Linoleic/Oleic acid
	107.479
	114.971
	114.971
	121.706


The higher ΔH0 values observed for Ni²⁺ compared to Cu²⁺ can be attributed to the greater hydration energy of Ni²⁺, which has a smaller ionic radius and a stronger electrostatic field, leading to a more tightly bound hydration sphere (El-Hefny, 2010). Consequently, more energy is required to dehydrate Ni²⁺ before it can interact effectively with the extractant molecules in the organic phase. This greater energy demand for Ni²⁺ extraction has also been reported in other solvent extraction studies involving long-chain carboxylic acids, where the dehydration step was identified as a major contributor to the overall enthalpy change (Matsumoto et al., 2014).
Thermodynamically, the magnitude of ΔH0 values (>40 kJ/mol) also supports the inference that the extraction proceeds primarily through chemical binding. This aligns with the proposed mechanism in which deprotonated fatty acid groups form coordination bonds with the metal ions in the organic phase, producing stable, neutral complexes that are soluble in the oil matrix (Matsumoto et al., 2014).
The ΔSO values were also positive, ranging from 118.37–181.12 J·mol⁻¹·K⁻¹ for Cu²⁺ and 182.87–226.68 J·mol⁻¹·K⁻¹ for Ni²⁺ (Table 7). Positive entropy changes indicate that the extraction process is accompanied by an increase in disorder within the system. This increased randomness is primarily attributed to the release of coordinated water molecules from the hydration shells of the metal ions during complexation, which frees solvent molecules into the bulk phase and disrupts the ordered structure at the solid–liquid interface (Matsumoto et al., 2014).
Table 7: Summary of Entropy change for Cu2+ and Ni2+ at 50ppm and 100 ppm using Phaseolus vulgaris oil
	Lgand
	
(J/mol. K)
	
(J/mol. K)

	
	(50ppm)
	(100ppm)
	(50ppm)
	(100ppm)

	Palmitic acid
	181.117
	144.216
	209.105
	226.680

	Linoleic/Oleic acid
	154.889
	118.366
	182.867
	200.830


The higher ΔS0 values for Ni²⁺ compared to Cu²⁺ suggest a more substantial reorganization of the system, likely due to the stronger and more tightly bound hydration sphere of Ni²⁺, which, upon dehydration, releases a greater number of water molecules into the surrounding phase. This observation is consistent with earlier studies on biosorption and solvent extraction systems, where elevated ΔS0 values were linked to both ligand deprotonation and the liberation of solvated species during metal ion binding (Gok&Aytas, 2018; Park et al., 2015).
From a thermodynamic standpoint, the magnitude and sign of ΔS0 further support an entropy-drivenextraction mechanism. In such systems, the increase in disorder can act as a major driving force for complex formation, complementing the endothermic nature of the process. This dual enthalpic and entropic contribution enhances the overall feasibility of extraction at higher temperatures.
The ΔG0 values (Table 8 for Cu²⁺; Table 9 for Ni²⁺) were positive for all temperatures, ranging from 45.81–61.32 kJ·mol⁻¹for Cu²⁺ and43.62–61.52 kJ·mol⁻¹ for Ni²⁺, confirming that the extraction processes are non-spontaneous under the studied conditions. Positive ΔG0 values indicate that external energy input is required for the reaction to proceed, which is consistent with the positive ΔH0 values obtained, reflecting the endothermic nature of the process.
Table 8: Thermodynamic Summary on Gibbs free energy for Cu2+ at 50 ppm and 100 ppm using Phaseolus vulgaris oil
	S/N
	Temperature (K)
	
(50 ppm)
Ligand
	
(100 ppm)
Ligand

	
	
	Palmitic acid
	Linoleic/Oleic acid
	Palmitic acid
	Linoleic/Oleic acid

	1
	298
	53.362
	61.315
	51.621
	59.505

	2
	308
	51.158
	59.383
	49.358
	57.506

	3
	318
	50.192
	58.684
	48.182
	56.589

	4
	328
	48.075
	56.790
	46.724
	55.357

	5
	338
	45.810
	54.830
	45.804
	54.739


A clear decreasing trend in ΔG0 with increasing temperature was observed for both metal ions. This trend suggests that the driving force for extraction improves at elevated temperatures, reducing the free energy barrier and thus enhancing the likelihood of successful complex formation in the organic phase. This behavior aligns with the thermodynamic profiles reported for plant-oil-based extraction systems by Xie et al. (2019), where higher temperatures increased molecular motion, improved phase contact, and facilitated ligand–metal interactions.
Table 9: Thermodynamic Summary on Gibbs free energy for Ni2+ at 50 ppm and 100 ppm using Phaseolus vulgaris oil
	S/N
	Temperature (K)
	
(50 ppm)
Ligand
	
(100 ppm)
Ligand

	
	
	Palmitic acid
	Linoleic/Oleic acid
	Palmitic acid
	Linoleic/Oleic acid

	1
	298
	52.318
	60.259
	53.636
	61.521

	2
	308
	50.166
	58.374
	51.582
	59.731

	3
	318
	49.047
	57.521
	50.204
	58.611

	4
	328
	46.473
	55.175
	47.264
	55.898

	5
	338
	43.622
	52.629
	44.360
	53.295


Interestingly, the ΔG0 values for Ni²⁺ at comparable temperatures were slightly lower than those for Cu²⁺, particularly at higher temperatures. This implies that despite the higher enthalpic cost associated with Ni²⁺ dehydration, the corresponding increase in entropy (ΔS0) contributes significantly to lowering the free energy requirement at elevated temperatures. This enthalpy–entropy compensation effect has been reported in similar fatty acid–metal ion extractions, where the entropy gains from water release offsets the energy needed for dehydration and complexation (Matsumoto et al., 2014; Gok&Aytas, 2018).

4.0 Conclusion
This study demonstrated the remarkable potential of Phaseolus vulgaris (common bean) oil as a green and biodegradable extractant for the removal of copper (Cu²⁺) and nickel (Ni²⁺) ions from aqueous solutions. Gas chromatographic profiling confirmed that the oil is composed predominantly of linoleic/oleic and palmitic acids, whose carboxyl and hydrocarbon groups provided abundant active sites for metal ion coordination. These natural fatty acids not only facilitated efficient binding of divalent cations but also contributed to the stability of the organic phase, making the oil a suitable candidate for sustainable extraction applications.
The extraction experiments revealed consistently high removal efficiencies, often exceeding 98.5% under a wide range of operational conditions, including variations in concentration, pH, temperature, and contact time. A notable finding was that reduced oil concentrations enhanced the removal efficiency, suggesting that excessive extractant loading could hinder the diffusion of ions at the interface and limit the accessibility of functional groups. This observation underscores the importance of optimizing extractant dosage for achieving maximum performance at minimal cost, which is essential for industrial-scale applications.
The influence of pH and temperature provided further insights into the extraction process. Optimal performance occurred at pH values between 5 and 6, a range consistent with the ionization of fatty acid functional groups and reduced electrostatic repulsion between the extractant and the metal ions. Similarly, rising temperatures increased removal efficiency, implying improved ion mobility and enhanced interaction at the oil water interface. These findings align with previous reports on plant-derived oils and fatty acids, further validating the role of natural extractants in metal recovery.
Thermodynamic assessments indicated that while the process was feasible, it did not always display spontaneous behavior, pointing to a combined mechanism of interfacial complexation and diffusion. The positive enthalpy changes observed in some cases suggested endothermic contributions, while the entropy values highlighted increased molecular disorder during extraction. Together, these insights provide a mechanistic understanding of how fatty acid–metal interactions drive the separation process.
Although Phaseolus vulgaris seed oil is biodegradable, its stability and potential for reuse after metal ion loading are important for practical applications. Preliminary observations indicate that the oil maintains its extraction efficiency over multiple cycles, suggesting that it could be recycled and applied at an industrial scale, enhancing both sustainability and cost-effectiveness in wastewater treatment.
Overall, this research establishes P. vulgaris oil as a promising alternative to conventional petroleum-based solvents. It is biodegradable, non-toxic, widely available, and cost-effective, offering an eco-friendly solution for metal ion removal. Beyond laboratory-scale validation, the findings provide a foundation for scaling up to pilot and industrial levels, where the dual benefits of environmental safety and high performance are urgently needed. By aligning with global sustainability frameworks, wastewater treatment goals, and regulatory limits such as those set by the U.S. Environmental Protection Agency, the use of P. vulgaris oil can contribute to cleaner water resources, reduced ecological risks, and healthier communities.
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Cu at 50ppm	1	0.5	0.3300000000000034	0.25	0.2	99.55	99.75	99.82	99.9	99.960000000000022	Cu at 100ppm	1	0.5	0.3300000000000034	0.25	0.2	99.38	99.4	99.45	99.6	99.649999999999991	Conc. of  P. vulgaris oil (mg/L)

Removal efficiency (%)



Ni at 50ppm	1	0.5	0.3300000000000024	0.25	0.2	98.54	99.1	99.7	99.8	99.9	Ni at 100ppm	1	0.5	0.3300000000000024	0.25	0.2	97.56	98.26	98.490000000000023	99.57	99.649999999999991	Conc. of  P. vulgaris oil (mg/L)

Removal efficiency (%)



Cu at 50ppm	3	4	5	6	7	99.32	99.54	99.84	99.960000000000022	99.940000000000026	Cu at 100ppm	3	4	5	6	7	99.38	99.669999999999987	99.9	99.95	99.93	pH

Removal efficiency (%)



Ni at 50ppm	3	4	5	6	7	96.9	97.940000000000026	98.98	99.9	99.8	Ni at 100ppm	3	4	5	6	7	96.710000000000022	97.88	99.07	99.86	99.77	pH

Removal efficiency (%)



Cu at 50ppm	25	35	45	55	65	99.14	99.38	99.52	99.8	99.92	Cu at 100ppm	25	35	45	55	65	99.28	99.490000000000023	99.63	99.8	99.86999999999999	Temperature (0C)

Removal efficiency (%)



Ni at50ppm	25	35	45	55	65	99.38	99.54	99.66	99.88	99.960000000000022	Ni at 100ppm	25	35	45	55	65	98.35	98.76	99.19	99.75	99.92	Temperature (0C)

Removal efficiency (%)



Cu at 50ppm	5	10	15	20	25	98	98.86	99.8	99.84	99.9	Cu at 100ppm	5	10	15	20	25	95.3	97.83	99.47	99.76	99.85	Time (min)

Removal efficiency (%)



Ni at 50ppm	5	10	15	20	25	97.02	97.28	97.460000000000022	99.61999999999999	99.9	Ni at 100ppm	5	10	15	20	25	96.51	97.79	99.2	99.58	99.79	Time (min)

Removal efficiency (%)
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