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Adsorption of Lead, Chromium, and Copper from aqueous phase using orange peels as low-cost adsorbent

ABSTRACT
[bookmark: _Hlk206359826]Adsorption is a highly effective technique for eliminating toxic metals from the environment. Lead (Pb), Chromium (Cr), and Copper (Cu) are some of the most dangerous and carcinogenic toxic metals that can contaminate water resources. The aim of this work was to evaluate the efficacy of orange peels being a cost-effective adsorbent for the elimination of toxic metals, including lead, chromium, and copper, from wastewater. The orange peels were obtained, cut into pieces, washed, and grounded to powder. Dosages of the orange peels weighed as 1g, 2g, 3g, 4g, and 5g were added to the prepared standard solutions of toxic metals (Pb, Cr and Cu) at varied levels of 1 mg/L, 10 mg/L, 20 mg/L, 30 mg/L, as well as 50 mg/L. The results obtained for the removal efficacy for the toxic metals Pb, Cr, and Cu ranged from 98.77% to 99.81%, 96.72% to 99.58%, and 45.73% to 96.33%, respectively. Langmuir as well as Freundlich isotherms were used to characterize the interactions between the toxic metals and the orange peels as well as the adsorption capacities of each metal. Both the Langmuir and Freundlich isotherm models indicated that orange peels are effectual adsorbents for the elimination of hazardous metals out of the aqueous solutions. Langmuir's adsorption isotherm model yielded the most accurate representation of toxic metal adsorption by the orange peels.  For nearly all of the examined toxic metals, the pH at which the studies were carried out demonstrated very high elimination effectiveness, except copper which encountered low elimination when pH was increasing. Based on our findings, orange peels can be good adsorbent for remediating wastewaters that are contaminated with toxic metals.
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1.0 INTRODUCTION
Water is a necessity and a key resource for all living things to sustain life. Due to rapid industrialization, unplanned urbanization, climate change, and water pollution emanating from industrial effluents and domestic waste, availability of potable and secure drinking water has recently become a major concern, especially in developing and growing countries (Bilal et al., 2022; Wadhawan et al., 2020). The release of several harmful organic and inorganic contaminants into water bodies further contaminates the soil and sediments (Gautam et al., 2016). Efforts are being made to find alternative water supplies, and one prominent solution is the treatment and reuse of industrial wastewater (Mahir et al., 2015).
 The release of harmful heavy metals into the environment constitutes a substantial risk to water quality and aquatic ecosystems, jeopardising human health (Balali-Mood et al., 2021; Türkmen et al., 2022). It is even escalating in specific regions of the world. The contamination of water resources due to heavy metal disposal has increasingly turn into a global interest in recent decades.  It is widely recognized that many metals possess hazardous or detrimental effects on various biological forms.  Several metals that are very harmful to individuals and the environment include chromium, copper, lead, cadmium, zinc, and nickel, among others (Feng and Guo, 2012).   Heavy metals in wastewater induce significant health consequences, including stunted growth and development, cancer, organ impairment, neurological damage, and, in severe instances, mortality.  Exposure to some metals, including mercury and lead, may induce the development of autoimmunity, wherein an individual's immune system assaults its own cells.  This may result in joint disorders such as rheumatoid arthritis, as well as afflictions of the, nervous system, damage to the fetal brain, kidneys as well as the circulatory system (Barakat, 2011). Also, metallic elements, in contrast to organic pollutants, do not decompose in the environment.  This indicates that they can persist in that environment, accumulate within the food chain, and pose significant risks to human health. Chronic lead exposure is associated with neurological disorders and anemia; hexavalent chromium is recognized as a carcinogen; excessive copper intake can adversely affect liver function and lead to gastrointestinal issues (World Health Organization, 2022).
Wastewater can be treated for reuse which would reduce the pressure mounted on freshwater by humans. Traditional heavy metal remediation processes include chemical precipitation, chemical oxidation/reduction, reverse osmosis, ion exchange, electrodialysis, evaporation, ultrafiltration, as well as solvent extraction.  Nevertheless, certain drawbacks of the technologies exist, including elevated costs, sensitive operational circumstances, and the generation of secondary sludge (Feng & Guo, 2012; Mahmoud, 2014a). The procedures are costly and occasionally inefficient, particularly when metals are present in solution at minimal quantities (Feng and Guo, 2012).
The adsorption process has garnered significant concern and emerged as a substitute to traditional methods for removing heavy metals and other contaminants, particularly from wastewaters with low metal concentrations (Mahmoud, 2014b). Activated carbon has without a doubt been the most well-liked and extensively utilized adsorbent in wastewater treatment applications all over the world since its initial introduction as an adsorption method for the removing heavy metals. Activated carbon is still a costly substance even though it is widely used since the better the quality, the more expensive it is (Babel and Kurniawan, 2003). This necessitated the search for alternative, inexpensive and efficient ways of treating wastewater.
[bookmark: _Hlk207135199]Cost-effective adsorbents, such as agricultural waste materials including vegetable and fruit peels, have been increasingly favoured due to their plentiful surface functional groups, resulting in elevated metal adsorption capabilities.  These easily obtainable plant-derived materials, comprising plant fibres and other debris, provide economical and effective sorbents for metal ions.  Employing plant-derived byproducts as metal sorbents is consistent with the ideas of circular bioeconomy and green chemistry, providing cost-effective and environmentally sustainable solutions (Raji et al., 2023). A lot of research regarding the use of by products from agriculture such as cost-effective adsorbent in the elimination of toxic metals from effluent as an alternative to activated carbon has been studied. Amuda et al. (2007) used modified activated coconut shell carbon to remove zinc from industrial wastewater. Etorki et al. (2014) applied fava beans as adsorbent in removing lead cadmium and zinc from aqueous solution. Farrokhzadeh et al. (2013) also used Moringa oleifera to remove manganese (Mn2+), nickel (Ni2+), chromium (Cr2+), chromium (Cr3+) copper (Cu2+), iron (Fe2+) and zinc (Zn2+) from aqueous solution.  Gameli et al. (2022), utilized spent tea to remove lead (Pb2+), cadmium (Cd2+), and mercury (Hg2+) from grey water. Kan-Uge et al. (2023), employed chicken eggshell to remove Mercury, Cadmium and Lead from landfill leachate. The utilization of modified orange peel as a low-cost adsorbent for removing toxic metals have been employed by few researchers (Liang et al., 2011, 2009). A typical recent example is the study conducted by Fatima et al. (2023). In that study, the researchers used Bi-Mg bimetallic nanoparticles incorporated with orange peels to remove cadmium, lead and zinc for wastewater. They concluded that the eco-friendly nanoparticles incorporated with the orange peels is an efficient adsorbent for the removal of heavy metals from wastewater.  However, not much has been done utilizing orange peel alone as a cost-effective adsorbent.
Fruits peel is a low cost and readily available material for preparing bio-sorbents. Orange is one among the fruits that are mostly consumed in the world, about 50.04 million metric tons produced annually. Ghana ranks among the largest citrus producers in Africa, with widespread consumption throughout the nation. In 2017, Ghana's orange production reached 700,000 tons.  Orange peel is prevalent in the soft drink industry and is typically regarded as waste (Sha et al., 2009). The rapid population growth and rising demand for oranges have led to an increase in waste generation from orange peels, which is concerning.  The application of orange peel as an adsorbent for the extraction of toxic metals from industrial wastewater offers significant advantages. It serves as a method for pollution remediation, enhances the value of agricultural waste, and contributes positively to the environment as well as the health of the public (Akinhanmi et al., 2020). Orange peels serve as adsorbents for the elimination of toxic metals out of wastewater due to their composition, which includes lignin, hemicelluloses, cellulose, and pectin (galacturonic acid) (Feng et al., 2011). These elements contain multiple coordinating functional groups, including phenolic and carboxylic acid groups, which are capable of binding heavy metals (Kumar and Raju, 2020). Orange peel possesses a significant surface area for the accumulation of heavy metals.  Orange peel serves as an effective adsorbent owing to its accessibility and economical nature (Feng et al., 2011). This study aims to evaluate the efficacy of orange peels as cost-effective adsorbents for the removal of chromium, lead, and copper from aqueous solutions.  The influence of solution pH on the adsorption of Cr3+, Pb2+, and Cu2+ by orange peel, along with their adsorption isotherms, was assessed.
[bookmark: _Toc111127149][bookmark: _Toc112520416]2.0 MATERIALS AND METHODS
[bookmark: _Toc111127150][bookmark: _Toc112520417]2.1 Adsorbent Preparation
The orange peels for the experiment were obtained from orange sellers in Nyankpala. The peels were repeatedly washed with deionized water to eliminate any dirt and sand.  The items were segmented and subsequently desiccated under sunlight for a duration of three days. The dried peels were pulverized using a mortar and pestle and subsequently sieved through a 100μm mesh sieve, and stored in an airtight container for subsequent analysis. 
[bookmark: _Toc111127151][bookmark: _Toc112520418]2.2 Preparation of stock solutions and aqueous solution for the adsorption experiment
The Spanish Laboratory, Nyankpala Campus of the University for Development Studies in Ghana was the venue for conducting the adsorption experiment. Various masses of the chemicals were accurately weighed in order to prepare stock solutions of chromium (Cr3+), lead (Pb2+), copper (Cu2+). Specifically, 7.69g of chromium nitrate nanohydrate [ Cr (NO3)2.9H2O], 1.59g lead nitrate [Pb (NO3)2], as well as 3.80g copper nitrate trihydrate [Cu (NO3)2.3H2O] were dissolved in deionized water in order to prepare solutions of 1000 mg/L concentrations each of the three toxic metals in the aqueous phase. Molecular weight of [Cr (NO3)2.9H2O] (400.15), [Pb (NO3)2] (331.20) and [Cu (NO3)2.3H2O] (331.21) were computed and divided by atomic mass of Cr (51.996), Pb (207.20) and Cu (63.546), respectively so as to attain the amount of compounds in 1 mg of the toxic metals. Stock solutions were prepared in the Ecological Laboratory at the University of Ghana, Legon. Toxic metal stock solutions of the three toxic metals were prepared in a 1000 ml volumetric flask, kept in 1 liter plastic bottles, transported via VIP bus and retrieved on the next day. The stock solutions were kept in an ice chest with ice to maintain a low temperature during transportation. Serial dilutions were carried out to obtain maximum concentration limits of the toxic metals to achieve the required maximum contamination threshold limits for Cr3+, Pb2+ and Cu2+. The maximum contamination limits for Cr3+, Pb2+ and Cu2+ were 1.0 mg/L, 10.0 mg/L, 20.0 mg/L, 30.0 mg/L and 50.0 mg/L. 
[bookmark: _Toc112520419]2.3 Adsorption Experiment
The adsorption experiment was conducted at the Spanish laboratory of the University for Development Studies, Nyankpala Campus, Ghana. Accurate measurements of the desired grams of orange peel powder were obtained using a Sartorius Analytical Weighing Scale CP 125 S and subsequently transferred to a properly labeled conical flask. A pipette was employed to transfer the specified concentrations of toxic metals (Cr, Pb, and Cu) from each stock solution into a 1000 mL volumetric flask containing distilled water for each metal. One hundred milliliters of the toxic metal were transferred into a properly labeled conical flask containing accurately weighed amounts of orange peel powder (1 g, 2 g, 3 g, 4 g, 5 g).  The mixture was subsequently placed on a rotary orbital shaker and agitated for 60 minutes at 150 rpm. The pH and temperature were precisely measured with a pH meter.  Following a duration of 60 minutes, the samples were extracted from the orbital shaker and subjected to filtration using Whatman’s qualitative filter paper, which has a particle retention size of 125 mm Ø, into 40 ml plastic bottles via glass funnels. The filtered samples (elutes) were transported to the Ecological Laboratory at the University of Ghana for analysis.
[bookmark: _Toc111127154][bookmark: _Toc112520421]2.4 Calculation for adsorption efficiency for chromium, lead and copper by the orange peels
Qe,, which is the amount of toxic metals the adsorbent can hold on its surface at equilibrium conditions was calculated using equation 1 as described in previous study(Ao et al., 2012).
                                                                                                                                         (1)
The percentage removal of the solution was determined using the equation below
% Removal×100                                                                                                                (2)
Where  represents the adsorption capacity,   denotes the initial concentration of the toxic metal,  represents the final concentration of the toxic metal at equilibrium,  denotes the adsorbent dosage and   indicates the volume of the solution.
[bookmark: _Toc111127155][bookmark: _Toc112520422]2.5 Langmuir and Freundlich isotherms  
The Langmuir as well as Freundlich isotherm models are the most commonly employed in adsorption experiments. Mathematically, this can be represented as a linear equation as below.
                                                                                                                               (3)
where (mg/g) denotes the quantity of the adsorbed molecules on the adsorbent surface at any given time,  represents the adsorbable concentration at equilibrium (mg/g), and  indicates the Langmuir constant (L/mg) (Ao et al., 2012). Another application for  is as a separating factor. This will enable us to more clearly define the key components of the Langmuir adsorption isotherm model.  is represented as follows:
                                                                                                                                    (4)
Where   represents the initial concentration of the adsorbate. When  is greater than 1, the adsorption may not be conduction-efficient. It is linear when  =1, permanent when  = 0, and favorable when 0˂ ˂ 1 (Ao et al., 2012). The Freundlich adsorption isotherm form can be represented mathematically as follows:
                                                                                                            (5)
where  represents the adsorption capacity (L/mg) while  denotes the adsorption intensity. The   indicates the heterogeneous nature of the orange peel surface and the relative distribution of energy (Ao et al., 2012).  Adsorption is considered normal if  ˂1, co-operative adsorption is present if  >1, and two-phase partitioning occurs if   = 1 and is independent on the  concentration (Ao et al., 2012). A typical model of the Freundlich adsorption isotherm is give below
   Qe= KF Ce1/n                                                                                                                                        (6)
In this instance, Qe represents the amount of toxic metal eliminated at equilibrium per gram of the adsorbent (mg/g), Ce denotes the amount of adsorbable at equilibrium (mg/L), KF represents the Freundlich isotherm constant (mg/g), and 1/n denotes the intensity adsorption. 
[bookmark: _Toc112520427]3.0 RESULTS AND DISCUSSION 
[bookmark: _Toc112520428]3.1 Adsorption efficiency of the toxic metals onto the orange peels in an aqueous phase
This study describes the potential applications of orange peel as an economic adsorbent for the sequential removal of toxic metal ions in a mono system. The use of low-cost agriculture by-products such as orange peels would significantly contribute to recovering toxic metals from the environment via adsorption processes. The present study employed orange peels to remove toxic metals from aqueous solutions. A significant amount of toxic metals ions were removed from the aqueous phase by using orange peels as the adsorbent.
The concentration of the adsorbents is a significant parameter influencing both removal efficiency and adsorption capacity compared to other studied factors (Ali and Abdel-Satar, 2017). The impact of varying adsorbent doses of orange peel powder on the adsorption of Pb+2 ions from aqueous solutions was investigated. At a room temperature of 25ºC, the adsorbent dosages were varied from 1g to 5g in increments of 1g, alongside initial metal concentrations ranging from 1 mg/L to 50mg/L. This yielded a removal efficiency of Lead (Pb) ranging from 98.77% to 99.81% at the varied dosages of 1g, 2g, 3g, 4g, and 5g as illustrated in Table 1. The removal efficiency of the metal increased with increase in the adsorbent dosages. Which confirms the adsorption study conducted by  Kan-Uge et al. (2023),  The removal efficiency of Pb by chicken eggshells increased with increase in the adsorbent dosages (1g to 8g), also increased from 99.98% to 99.99%.  
[bookmark: _Hlk206408671]Again, Gameli et al. (2022), employed tea waste for removal of Pb ions from grey water. He encountered a removal efficiency of lead from 99.99%-100% with varied adsorbent dosage from 1g-5g. This is attributed to the increased availability of active sites for the adsorption of Pb (II) ions, resulting from the larger surface area associated with a higher dosage of orange peel.  The observed patterns of increased pollutant adsorption with higher sorbent dosage indicate the availability of additional binding sites for adsorption (Akinhanmi et al., 2020). Moreover, an investigation made by Akinhanmi et al. (2020) revealed that the potential functional groups possessed by orange peels are C=O, C–O, and O–H groups. These groups enabled the orange peels for binding the Pb ions. The results depict that orange peel can be utilized as cost-effective adsorbent for removing lead (Pb) from wastewater.
The removal efficiency of chromium (Cr3+) by orange peels in mono-component system at varied grams (1, 2, 3, 4, 5) and varied levels (1.00mg/L, 10.00 mg/L, 20.00 mg/L, 30.00 mg/L and 50.00 mg/L) ranged from 96.72%-99.58% as illustrated in Table 1. Thus, an increase in dosage of the adsorbent from(1g-5g) enhanced the removal efficiency of Cr ions. The higher removal percentage of Cr ions could be accrued to the lignin, cellulose, pectin, hemicellulose and other functional groups content present in the orange peels. An increase in the amount of adsorbent correlates with a rise in the number of active surfaces available for ion interaction between the adsorbent and adsorbate. Moreover, an increased dosage of orange peels enhanced adsorption efficiency by providing a greater number of available functional groups on the adsorbent. The surface of the orange peel is rough and features widely distributed pores, providing numerous binding sites.  The rough surface and extensive pore distribution provide an increased surface area and additional binding sites for toxic metal ions (Wan et al., 2014).  Orange peels exhibit a significant affinity for Cr3+ and other toxic metals, attributable to the presence of phenolic and carboxylic functional groups.  Akinhanmi et al. (2020) conducted a study utilizing orange peels for the removal of cadmium (Cd) ions from aqueous solutions. The study demonstrated a significant increase in the removal efficiency of Cd ions as the adsorbent dosage was raised from 0.01 to 0.04 g. The researchers explained that the rise in the orange peel concentration results in a larger surface area, which makes more active spots available for the adsorption of Cd ions consistent with our study. The increase in sorbent dosage correlates with a greater availability of binding sites for adsorption, as indicated by the observed patterns of enhanced pollutant adsorption.  Chandana et al. (2018) conducted a study on the use of coconut shell for the removal of chromium from aqueous solutions. 
[bookmark: _Toc112496701]Table 1: Adsorption efficiency of the toxic metals by orange peels in the mono system
	Metal
	Adsorbent Dosage(g)
	Initial Conc.(mg/L)
	Final Conc.(mg/L)
	Percentage (%) Removal

	Pb
	1
	1.00
	0.0123
	98.77

	
	2
	10.00
	0.12
	98.80

	
	3
	20.00
	0.14
	99.30

	
	4
	30.00
	0.096
	99.68

	
	5
	50.00
	0.095
	99.81

	Cr
	1
	1.00
	0.0328
	96.72

	
	2
	10.00
	0.23
	97.70

	
	3
	20.00
	0.268
	98.66

	
	4
	30.00
	0.219
	99.27

	
	5
	50.00
	0.21
	99.58

	Cu
	1
	1.00
	0.0451
	95.49

	
	2
	10.00
	0.367
	96.33

	
	3
	20.00
	2.496
	87.52

	
	4
	30.00
	14.346
	52.18

	
	5
	50.00
	27.135
	45.73



The results demonstrated that as the adsorbent dosage increased, the adsorption efficiency also increased, reaching 86% for 0.1 g, 98% for 0.2 g, 98% for 0.3 g, and exceeding 99% for 0.4 g, with varying the initial concentrations from 10 to 30 mg/L, which are consistent with our study. 
[bookmark: _Hlk207137763][bookmark: _Toc112520435][bookmark: _Toc112520444]Moreover, the adsorption efficiency of Copper (Cu) by orange peel adsorbent, at varied levels of 1.00mg/L, 10.00 mg/L, 20.00 mg/L, 30.00 mg/L as well as 50.00 mg/L, ranged from 45.73%-96.33% as indicated in Table 1. Specifically, the removal efficiency of Cu2+ increased from 95.49% to 96.33% at their respective dosages of 1g and 2g, then decreased from 96.33% to 45.73% with the adsorbent dosage increased from 3g to 5g. The initial rise in Cu removal efficiency from 95.49% to 96.33% is attributable to an increase in adsorbent surface area and the availability of additional adsorption sites. This result is consistent with a recent study whereby an increase in the adsorbent dosage (bimetallic nanoparticles) resulted in the removal efficiency of lead, cadmium and zinc. The researchers attributed this increase to the extra availability of active sites on the bimetallic nanoparticles with an increase in the dosage (Fatima et al., 2023). However, it was observed that a further increase in the dosage of the orange peels from 3g to 5g did not improve the removal efficiency of Cu2+ metal ions. The reduction in Cu2+ removal efficiency with increasing adsorbent dose is primarily attributed to the saturation of adsorption sites during the adsorption process, where the aggregation of these sites results in a diminished total surface area of the adsorbent (Lasheen et al., 2012).  Additionally, this may be attributed to the overlap of adsorption sites caused by the overcrowding of adsorbent particles (Mahmoud, 2014b).
3.2 Effect of aqueous phase pH on the adsorption capacity of orange peels
The pH of the solution is a critical parameter in evaluating the adsorption capacity of an adsorbent for the sequestration of metal ions from the aqueous phase (Badessa et al., 2020).  The adsorption of toxic metals by adsorbents is significantly affected by the pH of the solution. This factor influences the surface charge of the adsorbent as well as the ionization and speciation of the adsorbate (Pavan Kumar et al., 2019). Orange peels possess various surface functional groups, predominantly consisting of oxygen groups. An increase in pH of the aqueous phase results in a change in the behaviour of these functional groups. Most functional groups in orange peels are protonated at low pH, existing in a positively charged state.  An increase in pH contributes to the precipitation of insoluble hydrated oxides or hydroxides, thereby reducing the availability of heavy metal ions for sorption.  A decrease in pH leads to an increase in hydrogen ion concentration, which may result in competition for binding sites (Kahraman et al., 2008).


[bookmark: _Toc112496939]Figure 1: Effect of pH on the uptake of Pb2+, Cr3+and Cu2+ ions onto orange peels in the aqueous solution
The study was conducted under different pH for the three toxic metals. The pH range recorded for Pb2+, Cr3+, and Cu2+ were 5.83-6.84, 4.54-6.1 and 4.93-7.38, respectively. The adsorption efficiency of Pb and Cr increased with increase in pH as shown in Fig. 1A and 1B. The maximum removal efficiencies were observed at pH of 6.84 and 6.12 for Pb and Cr with removal efficiencies of 99.81% and 99.58% respectively. The obtained results agree with Qiu et al. (2021) that as the pH of the aqueous solution rises, the functional groups on the surface deprotonate, resulting in an increase in negative charge and enhanced adsorption capacity for heavy metal cations.
The peak adsorption of Cu2+ ions occurred at a pH of 4.93, achieving a removal efficiency of 96.33%. Subsequently, the efficiency declined progressively with increasing pH values, as illustrated in Fig. 1C. The results obtained align with the findings  Kumar and Meikap (2014).  They investigated the adsorption of chromium (VI) using activated carbon derived from coconut shell across a pH range of 1.0 to 9.0. Their results indicated that the adsorption of Cr (VI) decreased with increasing pH, with maximum adsorption occurring at a pH of 1. Also, Hossain et al. (2012)  examined the influence of pH on banana peel. The results indicated that the adsorption capacities of Cu (II) rose from 0.7 mg/g to 1.76 mg/g as the pH increased from 2 to 6.  This occurred due to the presence of free hydrogen ions at a pH below 6.  At low pH, copper ions compete with hydrogen ions for attachment sites on the adsorbent surface, while at high pH, copper ions precipitate in the solution (Ugwu et al., 2020). Again, decrease in adsorption efficiency at high pH from 5.26-7.38 could be due to the formation of soluble hydroxyl complexes (Elsherif et al., 2017).
[bookmark: _Toc112520431]3.3 Langmuir and Freundlich Adsorption Isotherms
The Langmuir isotherm is an empirical model that posits monolayer adsorption, where the thickness of the adsorbed layer consists of a single molecule, and the adsorption process takes place at identical and equivalent localized sites. The Langmuir isotherm model posits that adsorption occurs homogeneously, with each molecule exhibiting uniform sorption activation energy and constant enthalpies (Al-Ghouti and Da’ana, 2020).  The adsorption capacity (Qe) of the toxic metals in the mono experimentation ranged from 0.09877 to 0.9981 mg/g for Pb2+, 0.09672 to 0.9958 mg/g for Cr3+, and 0.09549 to 0.583467 mg/g for Cu2+. Qmax (mg/g), which is the maximum adsorption capacity for the metals in the Langmuir model was 2.56351 mg/g, 9.96 mg/g, and 0.548065 mg/g for Pb2+, Cr3+ and Cu2+ respectively. KL was 3.2687 mg/L for Pb2+, 1.0002 mg/L for Cr3+, and 4.7317 mg/L for Cu2+. The fundamental features of the Langmuir isotherm are elucidated through the equilibrium separation factor RL.  The RL values for adsorption of Pb2+, Cr3+ and Cu2+ were 0.006081, 0.01960, and 0.004209, respectively. The RL for the three toxic metals were found to be in the range 0 < RL< 1, which means they are greater than 0, and less than 1. This indicates orange peels are favorable adsorbents that are conducive in removing Pb, Cr and Cu from the aqueous solution. The Correlation coefficients (R2) for the three metals shows the order of adsorption Cr3+<Cu2+<Pb2+ as illustrated in Fig.3. 


[bookmark: _Toc112496933][bookmark: _Hlk206273614]Figure 2: Langmuir isotherm for the adsorption of lead (A), chromium (B) and Copper (C) onto orange peels in aqueous solution
Contrary to the Langmuir isotherm, Freundlich isotherm assumes the heterogeneity of the adsorbent surface and adsorption capacity correlate with the concentration of the adsorbent (Badessa et al., 2020). This is a partially empirical equation utilized to characterize multi-layer sorption and surface sorption under various non-ideal conditions (Duwiejuah, 2017).  KF (mg/g) values for all the toxic metals in the mono experiments were 4.3606 for Pb, 1.605577 for Cr, and 0.3087166 for Cu 3.260619 (Table 2). The 1/n results obtained from the experiment for the toxic metals in the mono systems for Pb2+, Cr3+ and Cd2+ were 0.8412, 0.52797 and 0.1937 respectively (Table 2). The 1/n values for the three toxic metals obtained herein were less than 1 which indicates that the adsorption by the orange peels were favorable. The values of correlation coefficients (R2) for Freundlich model were 0.8455, 0.4553, as well as 0.4907 for Pb, Cr and Cu respectively, as illustrated in Fig.3. The other of best fit was Cr3+<Cu2+<Pb2+



[bookmark: _Toc112496936]Figure 3: Freundlich isotherm for the adsorption of lead (A), chromium (B) and Copper (C) onto orange peels in aqueous solution
[bookmark: _Hlk207136734][bookmark: _Hlk207137814]It could be seen from table 2 that R2 values for Langmuir isotherm were bigger than the values for Freundlich model, except for Cr which recorded lower value of 0.2164. Additionally, the Langmuir model demonstrates a superior fit to the adsorption data, making it more appropriate for characterizing the relationship between the quantities of Pb, Cr, and Cu ions adsorbed by orange peels. The results obtained herein for the adsorption isotherms, that is, the Langmuir model fitting better than the Freundlich model, are consistent with what previous researchers recently obtained (Abbey et al., 2023; Ballu et al., 2023).


[bookmark: _Toc112496703]Table 2: Adsorption isotherms modelling the results of toxic metals in the mono system
	[bookmark: _Hlk206423267]Metal
	Langmuir Parameters
	
	Freundlich Parameters

	
	Qmax (mg/g)
	KL (mg/L)
	RL
	R2
	
	1/n
	N
	KF (mg/g)
	R2

	Pb
	2.56351
	3.2687
	0.006081
	0.9837
	
	0.8412
	1.1888
	4.3606
	0.8455

	Cr
	9.96
	1.0002
	0.01960
	0.2164
	
	0.5279
	1.8904
	1.6056
	0.4553

	Cu
	0.548065
	4.7317
	0.004209
	0.9771
	
	0.1937
	5.1626
	0.3087
	0.4907



4.0 CONCLUSION
 Adsorption is an effective, cost-efficient, and environmentally sustainable method for the removal of toxic metals from wastewater. The primary objective of this study was to evaluate the efficacy of grounded orange peels as a cost-effective adsorbent for the removal of lead (Pb2+), chromium (Cr3+), and copper (Cu2+) from wastewater. The removal efficiency of toxic metals (Pb2+, Cr3+, and Cu2+) from aqueous solutions using orange peel adsorbent was generally high and effective during the experiment, except for copper, which exhibited a lower removal efficiency. The high removal efficiency of orange peel can be attributed to its content of cellulose, hemicellulose, pectin, and lignin, as well as certain functional groups present in the peels. Factors including solution pH, temperature, and adsorbent dose influence the adsorption of toxic metals. The Langmuir adsorption isotherm provided a superior fit to the experimental data compared to the Freundlich isotherm.  Orange peels can serve as a cost-effective adsorbent for the removal of toxic metals from wastewater, enabling the treated water to be repurposed for various environmental applications.
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