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This study presents the synthesis of activated orange peel, derived from bio-waste (orange peel) and its doping with selenium nano-particles to enhance the adsorption capacity. The synthesized nanocomposite orange peel/Selenium (OP/Se) was applied as adsorbents for the removal of Lead (Pb) and Chromium (Cr) from synthetic waste water as an economical water cleaning technology. Orange peel/Selenium nanocomposite was characterized by X-Ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and Scanning electron microscopy (SEM). Scanning electron microscopy results showed the porous structure of OP/Se nanocomposite and distinct peaks observed in XRD and FTIR spectra depicted the successful synthesis of nanocomposite. Batch experiments were conducted to figure out the effect of different parameters on adsorption of Pb and Cr by using Atomic Absorption Spectroscopy. The maximum adsorption capacity of 99.9% was achieved for both lead and chromium at acidic pH. While at temperature of 60°C the maximum adsorption of 98.3 and 95.9% was found for Pb and Cr respectively. Furthermore the experimental data was examined with Pseudo-first order, first-order and Pseudo-second order kinetic model, as well as Morris Intraparticle diffusion model where the pseudo second order was best fitted which indicated the chemisorption mechanism in adsorption process. The adsorption process followed the Langmuir isotherm model verified that OP/Se nanocomposite was found to be favorable for the process of adsorption. The adsorption thermodynamics indicate that adsorption of heavy metals ions is spontaneous (ΔG° < 0) and the adsorption increases with increase in temperature which means that reaction was endothermic in nature. This study revealed that the synthesized bio-activated nanocomposite was an efficient adsorbent material for the removal of heavy metals from waste water.
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1 INTRODUCTION
Heavy metals are the most hazardous contaminants among all the pollutants found in water and are of major concern because they are non-biodegradable in nature having serious effects on both human and environmental health. Excessive release of heavy metals into the environment has posed a great threat worldwide due to their non-biodegradable and toxic nature even at low concentrations (Gupta et al., 2011). They are introduced naturally (weathering) as well as through anthropogenic activities which include mining, electroplating, smelting, and industrial processes (Nriagu, 1996; Akbar et al., 2006). This situation affects ground and surface water with a number of health problems. Lead can affect nervous system, inhibit enzyme activities and formation of red blood cells even at low concentration (Igwe and Abia, 2007). Several countries release effluents without any prior treatment to surface water (Srivastava and Banik, 2003), making it crucial to remove the hazardous pollutants (Khan et al., 2012).
Treatment technologies for both drinking water and wastewater are one of the most important key concerns for sustaining human well-being. The use of polymer-based synthetic fibres composites started in many applications in 1930 on account of their high specific stiffness and strength (Begum and Islam, 2013; Jagadeesh et al., 2017; Keya et al., 2019). However, the use of synthetic fibres in polymer composites is fading every day for the sake of its excessive processing cost, nonbiodegradability, and non-skin-friendliness behaviour (Mohammed et al., 2015; Sahu and Gupta, 2019; Thyavihalli Girijappa et al., 2019; Sahu and Gupta, 2020). Furthermore, the numerous uses of nonbiodegradable polymer-based synthetic fibres in many engineering applications led to environmental imbalance. Therefore, the development of an eco-friendly and sustainable composite material (i.e., biocomposites) is needed to protect our environment. In this context, the researchers have successfully tried to replace these nonbiodegradable and non-eco-friendly synthetic fibres with natural fibres which can replace these synthetic fibres in many cases.
The traditional waste water treatment technologies have insufficient potential for acceptable elimination of pathogenic microorganisms and a widespread range of hazardous substances and pollutants in wastewater. Cost is an important parameter for comparing the sorbent materials. However the expense of individual sorbents varies depending on the degree of processing required and local availability. Therefore, it is pivotal to introduce advanced water treatment technologies with low energy consumption and higher efficiencies (Libert et al., 2007). In this perspective, different conventional technologies including adsorption (Davarnejad and Panahi, 2016), membrane filtration (Landaburu-Aguirre et al., 2010), solvent extraction (Lertlapwasin et al., 2010), electrochemical treatment (Akbal and Camcı, 2011), chemical precipitation (Fu and Wang, 2011) and ion exchange (Verma and Singh, 2008; Lai et al., 2016) have been used for the removal of heavy metals. But all these technologies are associated with complicated procedure and are too costly to maintain, generally producing toxic sludge (Bhatnagar et al., 2015). Therefore, among all these technologies, adsorption is the most appropriate technology due to its high competence as well as profitable consideration (Gupta et al., 2016). Adsorption is the adhesion of molecules or ions onto solid surface has been documented as efficient method for the removal heavy metals from contaminated water as it is cheap and eco-friendly (Lau et al., 2007; Gavrilescu, 2014).
As the agricultural wastes are available in sufficient quantities in agricultural countries it make possible to use them as a natural adsorbents. They can be effectively used to develop a value-added product with enhanced performance properties (Shaker et al., 2020). Mechanical properties of composite reinforced with fibers enhances strength at the micro level, to reduce cracks and to make it lighter in weight (Ugbolue et al., 2011; Zeeshan et al., 2021).
Agronomic materials include a variety of functional groups, lignin, lipids proteins, hydrocarbons and starch. Adsorbents such as zeolites, activated carbon, polymers, and biomaterials are using on large scale for the treatment of wastewater (Weber and Morris, 1963).
A number of adsorbents including olive cake (Doyurum and Çelik, 2006), bone meal-derived apatite (Yobas et al., 2009), fish scale (Ofudje et al., 2018), tea-industry waste (Cay et al., 2004), orange peel (Biccard et al., 2018), banana peel (Updyke et al., 2012), pomegranate (Jaouali et al., 2018) and corn cob (Buasri et al., 2012) have been reported for their capability to eliminate heavy metals from waste water because they include a variety of functional groups. The use of these waste agricultural by-products has gain great momentum recently as they are simple, freely available, require low cost of production and do not generate secondary pollutants. Ajmal et al. (Ajmal et al., 2000), has used orange peel adsorbent for the removal of nickel. Another study was conducted on the removal of Cr (VI) from wastewater by using rice husk adsorbent (Hong et al., 2003). Pecan shell has been used as an adsorbent for the removal of Zn(II) and Cr(II) from wastewater (Bansode et al., 2003).
Orange peels have been recognized and accepted as an agro-industrial residue from literature, with adsorptive efficiencies and have been used in adsorption process (Anhwange et al., 2009; Rani and Ravindhranath, 2014). It is essentially composed of cellulose, hemi-celluloses, pectin, chlorophyll pigments, lignin and number of other low molecular weight compounds. The orange peels act as a polymer material in the adsorption process which is highly used in the wastewater treatment as adsorbents, because they have high surface areas and active functional groups involved such as oxygen. These functional groups are categorized into acidic or basic which affect the surface charge and ultimately enhance its biosorption capacity (Ayatollahi et al., 2013; Rajoriya and Kaur, 2014).
In contrast to traditional materials, the adsorbents doped with nano-particles show greater adsorption rates and higher competence for the treatment of wastewater (Asfaram et al., 2017). Nano scale iron supported by corn cob and silver oxide/sawdust nanocomposite has been used for the removal of hexavalent chromium from aqueous media (Dobaradaran et al., 2017; Kumari et al., 2018). Another study has reported the removal of copper from contaminated water with sugarcane bagasse derived nano-magnetic adsorbent (Wannahari et al., 2018). Selenium nanoparticles have a high specific surface area and number of different surface active centers which are useful for better adsorption capacities (Belal et al., 2014). In an another study selenium nanoparticles have been used for the adsorption of Hg from fluorescent lamp vapors (Brandstätter et al., 2008) as well as Zn and Cu from synthetic wastewater (Zhang et al., 2011; Le Quéré et al., 2015). Selenium is an essential element because it is important for the process of metabolism. For example, up to 40 µg/day of dietary selenium is essential for human health. Several studies revealed that elemental Se at nano size (Nano-Se) is less toxic as compared to selenite (Zhang et al., 2005; Wang et al., 2007). Nano-Se can serve as an antioxidant with reduced risk of Se toxicity and a potential chemo preventive agent. Another study has reported that nano-Se is a potential selenium source with a prominent characteristic of lower toxicity (Bathe and Zhang, 2004). Because of its semiconducting and photoelectric nature, anti-cancer, free radical scavenging ability and anti-oxidative properties, Se has attracted great attention (Lenz et al., 2008).
This present study deals with the assessment of efficiency and effectiveness of Orange peel and Selenium nanocomposite (OP/Se). Previous studies have not reported the doping of Orange peel as polymer adsorbent with nano-selenium. Therefore, this study focuses on the synthesis of Orange peel/selenium nanocomposite for the removal of heavy metals Lead (Pb) and Chromium (Cr) on a lab scale. Selenium nanoparticles are made as a by-product of the microbial conversion of selenium oxyanions in bioreactors (Sharma et al., 2014) as well in environment (Jain et al., 2016) which provide very easy and efficient solid–liquid separation through simple gravity settling after adsorption of heavy metals (Zheng et al., 2019).
2 MATERIALS AND METHODS
2.1 Synthesis of Activated Orange Peel
Orange peels (OP) samples were collected from local market of Islamabad, Pakistan cut down into pieces, and washed two to three times by using tap water to remove extraneous materials (dirt and sands). After washing these sample materials were dried in the presence of sunlight for 1 week. The dried orange peel samples were crushed to a powder form with the help of grinder. Furthermore, it is subjected to NaOH activation in the ratio of 10:8 (weight/g) OP and NaOH respectively at 100⁰C/200 rpm for 7 h. It was washed by de-ionized water to get neutral pH and treated with Hydrochloric acid (2M) under water bath at 80°C for 25–30 min to remove residual alkali metals in samples. At the end this prepared activated orange peel sample was washed again by using de-ionized water till it became colorless and neutral. Finally, it was dried at 80°C for 4 h (Finkelstein et al., 2014).
2.2 Synthesis of Selenium Nanoparticles
Selenium nanoparticles (SeNPs) were prepared by chemical precipitation/reduction method. Sodium selenite (Na2SeO3) and ascorbic acid (C6H8O6) were used for the preparation of nanoparticles of Selenium where ascorbic acid (C6H8O6) acts as a reducing operator (Bahig and El-Kadi, 2016). Aqueous solution of 17.29 g Na2SeO3 and 8.806 g C6H8O6 were prepared in a ratio of 1:4. After that solution was kept under magnetic stirring at ambient temperature for 30 min. Mixtures were allowed to react with each other in the concentrated form until the color of solution change from colorless to red color where ascorbic acid has reduced the composition of sodium selenite during the reaction (leaving Se particles in the solution) and resulted in red nano-selenium. Finally, when red color appeared then the solution was centrifuged at 3,000 rpm and the Selenium nanoparticles were obtained and dried at 40⁰C.
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2.3 Preparation of Orange Peel/Selenium (OP/Se) Nanocomposite
3 g of activated orange peel was mixed with 7 g of Se nanoparticles, and then mixture was added in 30 ml of distilled water and agitated for half an hour with the help of magnetic stirrer. After that it was shifted to a 50 ml vessel and heated on hot plate with magnetic stirring at 200°C for 24 h, then resulted sample was washed two times using both ethanol and distilled water and dried at 60°C then calcined at 550°C in muffle furnace for 3 h. The obtained product was expressed as OP/Se nanocomposite and placed in a desiccator for further use in experiment.
2.4 Characterization Studies
Characterization studies of sample have been performed through using SEM, XRD and FT-IR. Scanning electron microscopy of samples was carried out at different magnifications in order to study the surface morphology of sample under characterization through using KYKEM6900 (Eindhoven, Netherlands) at the voltage of 30 KV, current 2.7 A, and distance of 10–15 nm. The XRD was carried out through using D8 Advance by Bruker Germany X-ray powder diffraction microscopy (time step 0.1 s, increment 0.02, 2 theta from 10 to 70 nm, voltage 40 KV and current 30 mA) while in order to determine the functional groups on the adsorbent FT-IR (PerkinElmer, Waltham, MA, United States) was performed at an infrared range of 4,000 and 500 cm−1 as wave numbers.
2.5 Batch Adsorption Experiment
The OP/Se nanocomposite was applied as bio-sorbent for the treatment of selected heavy metals (Pb and Cr) by preparing the stock solutions of lead (Pb) and potassium chromate (K2CrO4) in 100 ml distilled water. Working solutions having concentration of 10 and 20 ppm were prepared through dilution of both of the standard solutions (stock). Series of batch experiment were conducted under variable parameters of pH (2, 4, 6, 8), temperature (30°C, 40°C, 50°C, 60°C), initial metal ion concentration (5, 10, 15, 20 ppm) and dose of adsorbent (5, 10, 15, 20 mg) at a shaking speed of 100 rpm (HY-4A CYCLING) and contact time of 90 min. Samples were collected after interval of every15 min and labelled. Each solution pH was settled by using of 1M HCl or 1M NaOH solution. At the end each filtrate was run on Atomic Adsorption Spectrophotometer (AA-7000, SHIMADZU) for examining the quantity of metals adsorbed at conditions for quantification including standard 1,3; 5 ppm solution from 1,000 ppm stock solution; burner height of 7 cm and gas air acetylene has been used at 0.9 PSI pressure and the wavelength between 190 and about 320 nm.
2.6 Adsorption Kinetics
The kinetic models have been applied to fit the experimental data in order to examine the mechanism of adsorption, which controls the process of adsorption. In this research study experimental data was examined with Pseudo-first order, first-order and Pseudo-second order kinetic model, as well as Morris Intraparticle diffusion model.
3 RESULTS
3.1 Characterization of Adsorbent
Scanning electron microscopy (SEM) was used to observe the structural morphology of synthesized adsorbents. It was observed that there is no pore formation and orange peel (OP) has smooth surface before activation (Figure 1A. In Figure 1B pore structure of OP/Se nanocomposite was observed which act as active sites where adsorption takes place. It was also found that it contains irregular intercellular spacing and pores which are formed due to the NaOH activation. Concerning with structural morphology pores formation is a strong evidence for adsorbent to adsorb heavy metals from aqueous solution because the pores present on the surface enhance the contact area during adsorption (Chukwuemeka-Okorie et al., 2018). Another study reported that an internal surface and pores are necessary for an efficient biosorption process (Mangal et al., 2015).
[image: Figure 1]FIGURE 1 | (A) Orange peel before activation and (B) orange peel/selenium nanocomposite.
FT-IR spectra were captured in the frequency range from 400 to 4,000 cm−1 which helps to identify elements involved in structural modification. FTIR spectrum of OP (Figure 2) represents the peak at 3,298 cm−1 indicating the stretching vibration of O-H bond in hydroxyl group. The peak at 2,916 cm−1 and the peak at 1,637 cm−1 is due to–CH and C=O stretching vibrations respectively. While the peaks at 1,223.8 cm−1 and 1,008 cm−1 are related to O-H and C-O vibrations (Androulaki et al., 2018). In contrast OP/Se nanocomposite shows more pronounced peak at 773 cm−1 which is due to the presence of metal (Figure 2). Several studies has also observed metal peak in this region which is closely supported by the reports of Mudhaffar and Hasan (Shoukry et al., 2015) where characteristic strong bands due to C=Se were observed. Moreover other peaks were found to be diminished after doping it with Selenium nanoparticles as metal has occupied the space except for C-O vibrations in OP/Se nanocomposite spectra. These results show the successful formation of OP/Se nanocomposite.
[image: Figure 2]FIGURE 2 | FT-IR spectra of orange peel and orange peel/selenium nanocomposite.
XRD was performed to examine the geometrical features of the synthesized adsorbents (Figure 3). XRD spectra of OP shows broad peak between 14.7⁰ and 24.1⁰ corresponding to phases of (110) and 200) respectively. While relatively sharp peaks were appeared in OP/Se nanocomposite after doping Se nano-particles at 20.9⁰ and 30.4⁰ with respective phases of (100) and (101) in accordance with JCPDS No. 06-0362. The significant change in spectra shows the formation of nanocomposite. OP/Se nanocomposite was found to be crystalline in nature which is an important factor for the adsorption. Addition of activated orange peel results in peak shift from broad (which indicate the highly amorphous structure) to sharp which also confirm the formation of nanocomposite. The development of sharp peaks in the resulted spectrum obtained suggested good crystallinity of Se/OP Nano-composite as according to Ghada and Bahig for effective adsorption crystalline nature of the adsorbent is an important factor (Nuhoglu and Oguz, 2003).
[image: Figure 3]FIGURE 3 | XRD spectra of orange peel and orange peel/selenium nanocomposite.
3.2 Batch Adsorption Experiments
3.2.1 Effect of Solution pH on Adsorption
The pH of waste water is a significant key controlling parameter that governs adsorption of toxic substances from wastewater (Chukwuemeka-Okorie et al., 2018). In this current study an experiment was conducted at different pH i.e. 2, 4, 6, 8 to study the influence of pH on the adsorption of selected heavy metals i.e. Lead and Chromium. Figure 4A represents the gradual increase in the adsorption of chromium at both acidic and basic pH. By increasing the pH up-to 8 the percentage removal also increased gradually (Lenz et al., 2008) but at pH 8.5 precipitation was observed therefore the reaction was stopped and carried out till pH 8 (Liu et al., 2013). However, at pH4 there is a constant adsorption between 60 and 75 min in case of Lead (see Figure 4B). The network of charges of the adsorbate and adsorbent depends on the pH of solution (Luisa et al., 2021). Maximum adsorption efficiency was found to be 99% at acidic pH for both Chromium and Lead. Therefore, acidic medium was found to be better for both Chromium and Lead adsorption. At acidic pH higher protic environment favors the adsorption.
[image: Figure 4]FIGURE 4 | Adsorption efficiency of 10 ppm (A) Chromium and (B) Lead on 10 mg orange peel/selenium nanocomposite as a function of pH.
A research study observed that a decrease of removal may occur with an increase in pH level above pH 8 (Ozalp et al., 2015) because of anionic form of chromium in an aqueous solution being favorable to adsorption because it has a surface containing a large amount of H+ ions due to the acidified pH (Bayramoglu and Arica, 2018). This behavior was verified in the adsorption with the chestnut shell, the highest adsorption was verified at pH 4.5. Similar results were presented for Trapa bispinosa’s peel bio-sorbent chemically treated to enhance adsorption capacity for Pb (II) where acidic medium was best for adsorption (Nie et al., 2015). Bayramoglu and Arica observed that the decrease or increase of biosorption capacity of U (VI) at different pH medium can be recognized to the change in surface characteristics of the adsorbent (Song et al., 2013). Additionally it was examined that the surface characteristics of those adsorbents were composed of different functional groups including hydroxyl, carboxyl, carbonyl, amine, and phosphate groups where electrostatic interactions and ion-exchange are primarily responsible for the process of biosorption.
3.2.2 Effect of Adsorbent Dose
Adsorbent dosage is a key important factor for controlling the availability and accessibility of adsorption sites (Dehghani et al., 2016). In the current study in order to examine the effect and consequence of adsorbent dose, varying doses of adsorbent (5 mg, 10 mg, 15 mg and 20 mg) were used for both Pb and Cr. According to the results shown in Figure 5A,B it is evident that as the adsorbent dose increased the adsorption of metals also increased. This is for the reason that with greater dose of sorbent, more binding sites become available and accessible for both Pb and Cr on the surface of adsorbent, which leads towards the greater removal capability. In general, greater adsorbent dose and lesser Pb and Cr ions concentration boosted and enhance the uptake (Gangadhar et al., 2016). Arica et al. (2018) observed that by increasing the adsorbent dose there is an increase in the available sites on the adsorbent for the uptake of the adsorbate which ultimately lead towards an increase in the adsorption efficiency of adsorbent (Sulyman et al., 2016).
[image: Figure 5]FIGURE 5 | Adsorption efficiency of 10 ppm (A) Chromium and (B) Lead at pH 4 on orange peel/selenium nanocomposite as a function of adsorbent dose.
Gangadhar et al. (Robati et al., 2016), also studied the influence of adsorbent dose for the adsorption of both Malathion and Phorate which showed that adsorption capacity was increased as the amount of adsorbent increased. Increased adsorbent dose will definitely enhance the number of active sites for adsorption and ultimately increase the adsorbent surface area (Jiang et al., 2018).
Therefore, with the support of literature it can be concluded that OP/Se Nano-composite has a unique adsorption capacity because of maximum removal of 99% at the dose of 20 mg (Figure 5A,B).
3.2.3 Effect of Temperature
The temperature is most effective parameter for heavy metal adsorption. In this present study in order to examine and evaluate the effect of temperature on the efficiency of adsorption, varied temperature were used i.e. 30⁰C, 40⁰C, 50⁰C and 60⁰C for both Pb and Cr. The results (Figure 6A,B) showed that by increasing the temperature the adsorption efficiency for metals increases as well. In our present study at higher temperature (60°C), the adsorption capacity of OP/Se nanocomposite increased for both Pb and Cr, may be due to enhancement of inter-reaction between adsorbent and adsorbate leading towards formation of new adsorption sites with large surface area (Rangabhashiyam et al., 2015). There are lower intramolecular energies at higher temperature. Therefore increased temperatures promoted the efficiency of adsorption (Tan et al., 2008). An increasing number of molecules may acquire sufficient energy to undergo an interaction with active site at the surface at an elevated temperature that may increase the kinetic energy and the mobility of metal ions to be adsorbed on adsorbent surface (Akinhanmi et al., 2020).
[image: Figure 6]FIGURE 6 | Adsorption efficiency of 10 ppm (A) Chromium and (B) Lead at PH4 on orange peel/selenium nanocomposite as a function of temperature.
Increase in temperature lead towards increase in the rate of the progression of both Pb and Cr ions from the solution onto the empty sites of OP and weakened the thickness of the surface layer of OP, thus ultimately enhancing the dispersion resistance of adsorbates to adsorbents (Yobas et al., 2009). Due to rise in temperature of the solution the adsorption competence of both the metals on biopolymer (OP/Se nanocomposite) increased indicating that the process was endothermic in nature.
3.2.4 Effect of Adsorbate Concentration
The effect of the concentration of adsorbate was also studied at different time intervals. According to the results (Figure 7A,B) it is evident that with the change in concentration of adsorbate the adsorption was increased by increasing the concentration.
[image: Figure 7]FIGURE 7 | Adsorption efficiency of (A) Chromium and (B) Lead at pH4 on orange peel/selenium nanocomposite as a function of metal concentration.
In another study (Dehghani et al., 2016) examined the effect of concentration where the concentration of sorbate was varied over the range of 10–50 mg/L in the presence of 10 mg of adsorbent. In this research study it was observed that by increasing the concentration of sorbate the adsorption efficiency of phenanthrene was increased (Bayramoglu and Arica, 2018). By increasing the initial concentration of both the metals in the solution, the amount of the metal ions adsorbed onto the adsorbent surface equally increased which could be a consequence of the increase in the number of the molecules of metal ions per unit volume of the solution (Nie et al., 2015).
Therefore 20 ppm adsorbent dose was found to be effective for increased concentration of metals (Cr and Pb) which reveals the efficiency of synthesized OP/Se nanocomposite.
3.3 Adsorption Kinetics
The kinetic models have been applied to fit the experimental data in order to examine the mechanism of adsorption, which controls the process of adsorption. In this research study experimental data was examined with Pseudo-first order, first-order and Pseudo-second order kinetic model, as well as Morris Intraparticle diffusion model.
In general the pseudo-first order kinetic model (Liu et al., 2013) is expressed as Eq. 4
[image: image]
k1 represents the pseudo-first order rate constant (min−1), qt is the amount of solute adsorbed at time t (min) and qe is the amount of solute (mg/g) adsorbed at saturation. The integrated form of this equation is represented as following in Eq. 5;
[image: image]
Plot of log(qe − qt) verses t is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Pseudo First Order kinetic plot of metal adsorption on orange peel/selenium nanocomposite.
The fitness of the Pseudo first order model is not applicable for Lead in comparison to Chromium. Another study reported that pseudo first order was found to be unfit for the adsorption of heavy metals because the values of qe (calculated) disagree with the experimental values of qe (Dongyan et al., 2016). Ofomaja et al. (Ofomaja et al., 2020), also observed similar results for the adsorption of chromium metal.
First-order reaction is a reaction that proceeds at a rate that depends linearly on the concentration of just one reactant. It is represented in following equation;
[image: image]
Figure 9 show the trends kinetic model for chromium and lead which described that the model fits with the chromium adsorption in comparison to lead.
[image: image]
[image: Figure 9]FIGURE 9 | First order kinetic plot of adsorption on orange peel/selenium nanocomposite. The pseudo-second order is represented by the following equation (Asfaram et al., 2015; Li et al., 2015).
While k2 (min/mg) is the pseudo-second order rate constant and qe is the amount adsorbed at equilibrium (mg/g). The plot of t/qt versus t gave straight line for Chromium and Lead with R2 value of 0.93 and 0.99 respectively (Figure 10). The excellent agreement of experimental data to pseudo second order model postulates that adsorption follows the chemisorption mechanism. The fast and efficiency of each material is well suited to the model.
[image: Figure 10]FIGURE 10 | Pseudo second order kinetic plot of metal adsorption on orange peel/selenium nanocomposite.
Intraparticle diffusion model was proposed by Weber and Morris (Weber and Morris, 1963) and it is represented by the following eq;
[image: image]
Where kp represent the Intraparticle diffusion rate constant (mg/g min1/2) and intercept of plot C represents surface adsorption. Figure 11 demonstrates the diffusion model for Chromium and Lead where the value of intercept is greater for both metals depicting the greater contribution of surface adsorption in the rate-limiting step. The plot of qt versus t1/2 does not pass through the origin therefore, Intraparticle diffusion is not only the rate limiting step but also the external mass transfer plays an important role in the adsorption process (Al-Ghouti et al., 2009; Kumar and Gaur, 2011).
[image: Figure 11]FIGURE 11 | Intraparticle diffusion kinetic plot of adsorption on orange peel/selenium nanocomposite.
3.4 Adsorption Isotherms
Two adsorption isotherm models i.e. Langmuir and Freundlich were applied to fit the experimental data in order to examine the relationship between the adsorbate and adsorbent concentrations at equilibrium.
The Langmuir isotherm is generally applied to model monolayer adsorption on homogeneous and energetically uniform surfaces which can be expressed in the form of Eq. 5, (Tee et al., 2009).
[image: image]
In Equation 5 Ka (L mg−1) represents the Langmuir equilibrium adsorption constant i.e. the energy of sorption and qm (mg g−1) is the Langmuir maximum sorption capacity. A linear plot of 1/qe against 1/Ce was plotted (Figure 12A,B). The values of qm and Ka were calculated from the slope and intercept of the graph. The dimensionless constant RL was calculated through the following Eq.
[image: image]
Where C0 represent the initial concentration while Ka represent the Langmuir constant. The value of RL is used to find out whether the adsorption is favorable or not for Langmuir type of adsorption. RL < 1 indicate the favorable adsorption while RL > 1 constitutes an unfavorable adsorption.
[image: Figure 12]FIGURE 12 | Langmuir isotherm plot of adsorption (A) Chromium (B) Lead on OP/Se nanocomposite.
The Freundlich isotherm model is applied in order to determine adsorption intensity of adsorbate surfaces with non-uniform energy distribution. The linear form of Freundlich equation can be written as;
[image: image]
In the above equation n represents the Freundlich constant which is related to the intensity of adsorption while KF (L mg−1) is the Freundlich adsorption constant related to the adsorption capacity. A plot of log qe against log Ce was plotted which gives a straight line. Figure 13A,B and Figure 14A,B represents that the Langmuir adsorption isotherm is well fitted for both Pb and Cr as compared to Freundlich isotherm model (Mehmoud and Halwany, 2014) because it yield a higher correlation coefficient value than Freundlich isotherm model (Al-Mudhaffar and Hasan, 2012). Another study reported that Langmuir isotherm models was applicable for the removal of heavy metals by using Orange peel as an adsorbent (Sheng et al., 2010).
[image: Figure 13]FIGURE 13 | Freundlich isotherm plot of adsorption (A) Chromium (B) Lead on OP/Se nanocomposite.
[image: Figure 14]FIGURE 14 | Linear fitting on the adsorption data of (A) chromium and (B) lead.
3.5 Adsorption Thermodynamics
Thermodynamic parameters of adsorption provide a great deal of information about the type and mechanism of the adsorption process. The Gibbs energy change ΔG° is calculated through:
[image: image]
A negative Gibbs free energy value represents the feasibility and spontaneous nature of the process of adsorption (Din et al., 2014). The distribution constant K can be expressed as;
[image: image]
Where Cad (mg/l) and Ce (mg/l) are the concentration of solute adsorbed at equilibrium and the solute concentration in solution at equilibrium respectively while R is the gas constant with a value of 8.314 J mol−1 K−1, and T represent the absolute temperature in kelvins. The relationship between (ΔG°) and enthalpy change (ΔH°) and entropy change (ΔS°) of adsorption is expressed as:
[image: image]
Substituting Eq. 8 into Eq. 9;
[image: image]
The values of ΔH° and ΔS° are determined from the slope and intercept of the linear plot of (ln K) versus (1/T) represented in Figure 14A,B and Table 1.
TABLE 1 | Thermodynamic parameters for chromium and lead adsorption.
[image: Table 1]A negative value of Gibb’s free energy showed the thermodynamic feasibility and spontaneity of the adsorption process. The positive values of ∆H confirmed the endothermic nature of chromium and lead adsorption Positive values of entropy indicated the increased randomness at the solid-solution interface during the fixation of adsorbate on the active sites of adsorbent. Reddy et al. (2012) applied Moringa oleifera leaves to adsorb Cu2+ and noted that ∆H0 = 12.76 kJ/mol and ∆S0 = 52.6 J/mole-K, claiming that their adsorption was endothermic. They proposed that the positive entropy change was due to the redistribution of energy between adsorbate and adsorbent (Rafatullah et al., 2012). In applying Aspergillus niger to adsorb Cu2+, Dursun (2006) determined that ∆H0 = 28.9 kJ/mol and ∆S0 = 168 J/mole-K. Adsorption in this study was endothermic (Dursun, 2006).
4 CONCLUSION
The present study aimed to use agricultural waste to provide support for the Selenium nanoparticles. The utilization of orange peel was a greener, ecofriendly approach in the synthesis of nanocomposite. Characterization tools confirm the successful synthesis of nanocomposite as witnessed by the clear change in spectra of FTIR and XRD. The batch experiments for the adsorption of metals reveal the successful removal of above 95% for Chromium and Lead. Adsorption capacity was influenced by various factors including pH, temperature and adsorbent dose. Acidic medium was found to be better for the removal of metals. The maximum removal efficiency of 99% was found at the optimum dose and temperature of 20mg and 60⁰C respectively. Furthermore the experimental data was examined with Pseudo-first order, first-order and Pseudo-second order kinetic model, as well as Morris Intraparticle diffusion model where the pseudo second order was best fitted. The adsorption process followed the Langmuir isotherm model verified that OP/Se nanocomposite was found to be favorable for the process of adsorption. The adsorption thermodynamics indicate that adsorption of heavy metals ions is spontaneous (ΔG°<0) and the adsorption increases with increase in temperature so the reaction is endothermic in nature.
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