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Abstract

:

The aquatic environment is continuously being polluted by heavy metals released from industrial, domestic, agricultural, and medical applications. It is difficult to remove heavy metals, as they are nonbiodegradable. Heavy metals cause genotoxicity and serious carcinogenic disorders. Various conventional methods have been used for the removal of heavy metals, but these are time-consuming and not economical, so green methods, being economical, are preferred over conventional methods. Adsorption, being effective, environmentally friendly, and cheap, is often preferred. The present investigation investigated the adsorption efficiency of agrowaste-based biosorbents for removal of Pb(II) ion from the synthetic wastewater. Mixed biomass of banana peel and potato peels was used to create biosorbents. The biosorbents were characterized in terms of structural and surface morphology by SEM, while functional groups were analyzed by FT-IR and XRD analysis. The adsorption of Pb(II) was studied by a batch method, and various experimental parameters were studied. Optimum conditions for the removal of lead were pH = 5, concentration = 10 ppm, adsorbent dosage = 1.0 g, and contact time = 2 h. Kinetic modelling studies showed that the adsorption of Pb(II) ions followed a pseudo-second-order mechanism, and the Langmuir isotherm model was found to fit well for this study. Highlights: Synthesis of biosorbents (mixed biomass of potato peel and banana peel, biochar, TiO2 nanocomposites). Characterization of prepared biosorbents (SEM, XRD, FT-IR). Optimized parameters (pH, initial concentration, adsorbent dosage, and contact time) for removal of pollutant.
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1. Introduction


Water is a fundamental component of human life. Its chemical properties and dissolving ability are enhanced by its structural polarity and hydrogen bonding. This essential resource is continuously being polluted with various contaminants. Heavy metals are one of the most important threats to our environment. Leathermaking, electroplating, tannin, battery manufacturing, mining, and smelting are major sources of the discharge of heavy metals which contaminate water [1]. Heavy metals are often found in excess levels in ecosystems and are extremely toxic, ranked among highly lethal metals [2]. Among these trace metals, Cu2+, Pb2+, Hg2+, Zn2+, Cd2+, Cr6+, Ni2+, and As3+ have been considered as pollutants in the contaminated water. Small amounts of these metals can greatly injure the human body, affecting the central brain, kidney, and liver. Central nervous system disorders can in turn lead to coma and death. Also, lead poisoning in lower concentrations may cause anemia and produce lining on gums. The permitted safety level for Pb+2 content in drinking water is no more than 0.01 mg/L [3,4]. Heavy metals are conventionally treated through ion exchange, precipitation, membrane processes, adsorption with activated carbon oxidation, and reduction [5]. However, these techniques result in the generation of secondary pollutants, incomplete removal of metal ions, high operational cost, low selectivity, high consumption of reagents and energy [6]. Furthermore, it has been reported that some of these techniques are generally incapable of meeting the discharged standard limits for the concentration of heavy metals, with results in the range of 0.1–3 mg/L [7]. Biosorption of metals to the surface of an adsorbent involves the mechanism of either physical binding (electrostatic or Van der Waals forces) or chemical linkage (covalent or ionic bonding) between the adsorbate and adsorbent. Biosorption is more economical and less effective for health than many of the latest techniques, which is why it has become a focus of attention among researchers [8]. The phenomenon of biosorption depends on the metal and properties of the cell surface. Several researchers have reported the functional groups of biomasses and revealed biosorption mechanisms, including biosorption of metals. The significance of group present in biosorbent for a certain pollutant depends on different factors such as several active sites, the chemical state of those sites, and affinity between sites. Adsorbents must have accessible sites, strong binding with the pollutant, large surface area, and a porous structure to remove contaminants in little time [9]. Many agricultural waste-based adsorbents have been found useful in removing heavy metals from industrial wastewater, such as orange peel [9,10,11], almond shell [12], chestnut [13], corncobs [14], sugarcane bagasse [15], pomegranate peel [16], peanut shell [17], apricot stone [18], and many others. In this study, we used a 1:1 mixture of banana and potato peels for adsorption of selective heavy metals on a batch scale from wastewater, because these peels are excessively available from local households, canteens, and juice shops. Many active functional groups are present in banana and potato peels; hence, they are effective for the biosorption of heavy metals.



Potato (Solanum tuberosum) peels contain vitamins, starch, nonstarch polysaccharides, protein, acid-soluble/insoluble lignin, lipids, and ash. They have been reported as adsorbents for removal of Cu(II) and Cr(VI) [19]; As3+ and Pb2+ [20]; and Ni(II), Cu(II), Co(II), Cd(II), Fe(II), La(III), and Pb(II) [21]. Banana (Musa acuminate) peels have an affinity for heavy metal adsorption because of various potential groups such as amino, alkoxy hydroxyl, and carbonyl groups [22] Peels of banana have been reported as adsorbents for Cr(VI) ions [23], Pb(II) [24], Cd(II) [25], Fe(II) ions [26], and Cr(VI) and Mn(II) [27]. In the present research, a mixture of both banana and potato peels was used for adsorption of Pb(II) on the batch scale, and different operational parameters were investigated.



Biochar is a material that contains an abundant amount of carbon and is gained from biomass. It is interesting because it has availability in excess, wide surface area, a large amount of functional groups present on the surface area, a possible conversion process, and ecofriendly behavior [28]. Synthesis of functional biochar of enhanced surface characteristics has drawn great attention but is a great challenge for the development of adsorption processes. Two main factors that greatly affect biochar’s surface properties are biomass type and carbonization [29]. In the present study, banana peel and potato peel were used as agrowaste that was further pyrolyzed into biochar.



Nanotechnologies are a group of methods for treating matter; their main focus is to obtain materials with enhanced characteristics. Nanoparticles play an essential role in many applications. In particular, there have been many studies related to nanoparticles of titanium dioxide. Titanium dioxide nanoparticles have been synthesized and studied since the 20th century. They have been considered for uses including air purification, and specifically the reduction of sulfur oxides, nitrogen oxides, carbon monoxide, aromatic hydrocarbons and polycondensed aromatic hydrocarbons, and volatile organic compounds emitted from plasters and paints in adjacent environments [30].



Nanocomposite materials have an exceptionally large surface-to-volume ratio because of their nanosize and the activity of their surfaces. By charging nanoparticles to the appropriate matrix, the properties of the obtained polymer nanocomposites are improved, e.g., thermal stability, mechanical properties, and electrical conductivity [31,32]. Therefore, nanomaterials have played a supporting role in improving the mechanical properties of barrier food packaging materials and developing structures for active and smart packaging applications. Bionanocomposites are a particular type of material distinguished by having one very fine dimension of at most a few nanometers. Moreover, nanocomposites have gained a great deal of attention in engineering and polymer science [33].



The present work aimed to compare the adsorption capacity (mg/g) of mixed biomass of potato peel and banana peel, the biochar of the prepared biomass, and TiO2/agrowaste-based biochar nanocomposites (which were made by using Psidium guajava leaf extract for preparation of nanoparticles and potato and banana peel as a matrix) and investigate the factors affecting adsorption capacity.



Parameters including contact time, pH, initial concentration, and adsorbent dosage were studied. The kinetic data and equilibrium of biosorption were tested using isotherm models (Langmuir and Freundlich) and two kinetic models (pseudo-first-order and pseudo-second-order).




2. Material and Methods


2.1. Pollutant


The synthetic polluted solutions of desired concentrations of Pb(II) were prepared by dissolving Pb(NO3)2 in deionized water. The reagents used were of analytical grade. A total of 1.5984 g of Pb(NO3)2 was dissolved in 1000 mL of deionized water to give a concentration of 1000 mg/L of Pb2+ ion in solution. From the 1000 mg/L stock solution, 10 mL was diluted to 100 mL, which gave a 100 mg/L (100 ppm) working solution. Experimental solutions of desired concentrations were then obtained by successive dilutions. The initial pH measurements were conducted with a pH instrument and were calibrated using buffer solutions with known pH values. The pH of the synthetic contaminated water was modified by the addition of dilute NaOH and HCl solutions.




2.2. Biosorbent


Three biosorbents were made for comparative study.



Peels of Musa acuminata and Solanum tuberosum were collected from a local market and household waste. They were washed properly and rinsed with deionized water to remove all dust particles and then dried in sunlight for a week. The dried peels were then ground to fine powder, and the agrowaste was further ground to a particle size of ~0.5 mm. The resulting particles were stored in hermetic plastic bags for further use [34].



Prepared biomass was pyrolyzed at 550 °C for 2 h at a heating rate of 2 °C min−1 [35]



To prepare TiO2 nanocomposites, first, titanium dioxide nanoparticles were prepared by a green synthesis method using titanium tetraisopropoxide (TTIP) and extract of guava leaves [36]. Fifty milligrams of biochar was sonicated with ethanol, and then titanium dioxide nanoparticles were added into the dispersed biochar. The developed dispersed mixture was ultrasonicated for 3 h, followed by drying at moderate conditions to remove the solvent. After drying, the prepared nanocomposite was deposited on a petri dish and subjected to microwave irradiation for 2 min to give better exfoliation [37].





3. Characterization of Adsorbent


The surface functional groups on the biosorbent sample were identified by FT-IR spectrophotometry, while SEM was used to identify the surface morphology and X-ray diffraction (XRD) was used to determine the crystalline structure and orientation of the biosorbent.



3.1. FT-IR Spectroscopy


The molecular fingerprint of the materials was examined through Fourier transform infrared spectroscopy, which allows close examination of a sample’s chemical composition.



3.1.1. FT-IR Analysis of TiO2 NPs


FT-IR spectra of TiO2 are shown in Figure 1a. Peaks were present at 498 to 550 cm−1; these peaks correspond to O-Ti-O and Ti-O bending vibrations and are present in the fingerprint region of the spectra. No peaks were observed in the functional group because there was no functional group present in the prepared sample. A broad peak present at 1621.69 cm−1 showed a Ti-OH stretching vibration [38].




3.1.2. FT-IR Analysis of Biochar


Spectra shown in Figure 1b confirmed the presence of abundant surface functional groups such as carboxyl and hydroxyl, which greatly enhanced the adsorption performance. A conjugated (Hibbert’s) ketone C=O band at 1699 cm−1 might have been derived from lignin demethylation of an aromatic methoxy group. The absorption bands at 1704–1612 cm−1 were assigned to C–O/C=O stretching vibrations of aromatic rings of lignin, while those at 2925–1375 cm−1 were assigned to the bending vibration of CH3 and CH2 [39,40].




3.1.3. FT-IR Analysis of TiO2 NCs


After combining biochar with TiO2 NPs, an increase in the relative peak intensity at about 512.32 cm−1 was observed for TiO2 NCs, which is often used for confirmation of vibrations of Ti-O. The bands at 2925–1375 cm−1 correspond to the bending vibration of CH3 and CH2. Spectra are shown in Figure 1c.





3.2. Scanning Electron Microscopy (SEM) Analysis


Biocomposites are particularly sensitive to imaging techniques that are carried out to describe them, as they are deformable and sensitive materials. SEM micrographs of bare and lead-loaded mixed biomass, biochar, and TiO2 NC are shown in Figure 2. Figure 2a–c shows the bulky and smooth morphology of the bare biosorbents. However, Figure 2d–f indicates the presence of fine spherical nanostructures. By the simple comparison of the SEM images of the loaded and unloaded biosorbents, it is clearly shown that Pb(II) was adsorbed on the surface of biosorbents.




3.3. XRD Analysis of TiO2 NP


The results of X-ray diffraction of TiO2 NP are given in Figure 3. Strong diffraction peaks were present at 2theta values of 25.19°, 36.82°, 37.65°, 38.44°, 47.92°, 53.73°, 54.93°, and 61.96°; they were associated with planes (011), (013), (004), (112), (020), (015), (121), and (024). These peaks are characteristic of TiO2.The X-ray diffraction pattern at 25.19° and 36.82° indicated that all peaks observed for TiO2 were under the standard spectrum (JCPDS no.: 88-1175 and 84-1286). This diffraction pattern shows that diffraction peak intensity increased with increasing particle size [41]. The average particle size was calculated by using the Scherrer formula, which is given as:


  D = K  λ  β cos θ    



(1)




where K is a constant, λ is the wavelength of radiation, and β is the full-width half maximum. The average particle size of TiO2 was found to be 11.73 nm. The lattice parameters were a = 3.78 Å and c = 9.53 Å, and the system was tetragonal. The XRD pattern of TiO2 NPs is shown in Figure 3.




3.4. UV Analysis of TiO2 Nanoparticles (TiO2 NP)


Synthesis of nanoparticles was confirmed by a UV/visible spectroscopy peak of maximum absorption observed between 290 and 310 nm. A maximum adsorption peak was observed at 295 nm. The results agreed with already reported literature, where the peak was observed at 310 nm [42]. The UV spectrum is shown in Figure 4.





4. Results and Discussion


A batch adsorption experiment was conducted to optimize the parameters. The efficiency of lead removal was examined by different parameters. The amount of lead removal was calculated using the following formula:


  q =    (   C i  −  C e   )  v    C i    × m  



(2)




where Ci and Ce are the lead concentrations (mg/L) initially and at a given time, V is the volume of solution (L), and m is the mass of the adsorbent (g).



4.1. Effect of pH on Lead Adsorption


pH affects the process of adsorption; indeed, it is the most important parameter. Adsorption varies because of change in the pH of a solution. This variation in adsorption results in variation of uptake capacity of lead, as the pH of the solution may affect the functional groups present on the surface of adsorbents. Charges on the surface of adsorbents were regulated by the pH of the solution through deprotonation and protonation of functional groups present on the surface.



In the solution, removal efficiency generally decreased as pH increased, and maximum removal efficiency for lead was observed at a pH of 5. Said maximum removal efficiency of lead was observed to be 91.4634 mg/g with TiO2 NCs. The maximum uptake in mg/g of lead for each adsorbent was as follows: 91.4634 (TiO2 NCs) ˃ 85.9146 (biochar) ˃ 79.2073 (biomass).



Different adsorbents showed a comparable binding pattern for lead. The adsorbent surface became negatively charged. This was responsible for electrostatic interaction between the adsorbent surface and the metals, which resulted in efficient removal of heavy metals.



The effect of pH on the adsorption of lead by biomass of banana peel and potato peel, biochar, and TiO2 NCs was investigated. The pH range of 1.0–10 was studied to evaluate the optimum pH, while other variables were kept constant (amount of adsorbent = 0.1 g, temperature = 35 °C, shaking speed = 120 rpm, and concentration = 100 ppm). The effect of pH on adsorption of lead by using biomass, biochar, and TiO2 NC is shown in Figure 5a.




4.2. Effect of Initial Concentration on Lead Adsorption


Initial concentration is responsible for overcoming all barriers for mass transfer of particles between the solid and liquid phases. The effect of initial concentration on adsorption for the elimination of lead from liquid solution was evaluated in this study using different adsorbents. The solution concentration of lead was varied from 10 to 100 ppm. A pH of 5 was maintained for lead solution. Adsorbent dosage was 0.1 g. The results illustrated that the percentage of lead removed decreased as initial concentration increased [43]. As the amount of adsorbent was the same, the competition was negligible at low concentrations but became prominent with the increase in concentration of adsorbate molecules. In simple words, the number of adsorption sites was limited at high solution concentrations, which hindered the further uptake, and hence, diffusion, and with it the percentage of lead removed, decreased.



The maximum removal efficiency of lead, 90.742 mg/g, was observed at 10 ppm with TiO2 NCs. The maximum uptake in mg/g of lead at 10 ppm for each adsorbent was as follows: 90.742 (TiO2 NCs) ˃ 83.2797 (biochar) ˃ 73.578 (biomass). It was demonstrated that percentage of removal increased with the decrease in initial concentration. This pattern might be due to the reason that at low initial concentration, there was a large number of active sites and adsorbate molecules that bound lead ions independently, and so the process of adsorption was fast. However, when the concentration was high, there were fewer binder sites as compared to the number of adsorbate molecules. The process of adsorption depends on the active sites present on the surface of the adsorbent. There was a limited number of active sites for the adsorption of lead on each adsorbate; the active sites became saturated at a certain concentration, and hence the percentage of removal decreased once concentration increased to the saturation point and there were no more active sites for the loading of heavy metals [44]. The effect of initial concentration on the adsorption of lead with biomass, biochar, and TiO2 NCs is shown in Figure 5b.




4.3. Effect of Contact Time on Lead Adsorption


Contact time is a vital factor in the process of adsorption. Over time, more interaction occurs between adsorbent and adsorbate molecules, and so the adsorption rate is increased. In the present work, the effect of contact time on the adsorption of lead with comparable biosorbents was studied with a distinct time interval over a range from 15 to 120 min. The concentration of heavy metals solution was kept at 100 ppm. The percentage of lead removed increased as time increased until equilibrium was achieved. Different studies have revealed that most of heavy metals are removed by the adsorption process within two hours, as equilibrium is attained at 120 min.



At the start of the process, there was a higher concentration gradient between the biosorbents and lead ions that sped up the process. When the adsorption process started, a large number of binding sites were available. As time passed, functional groups present on the surface of the adsorbent took part in process of adsorption of heavy metals until equilibrium was achieved. The percentage of removal increased with an increase in contact time but becomes constant after attaining equilibrium. After equilibrium, the adsorption process may slow down because of the contribution of other processes, e.g., complexation, saturation of binding sites, and microprecipitation. As equilibrium was achieved, no more lead ions were further adsorbed by increasing contact time because there were no vacant sites available. Therefore, contact time for the adsorption process was optimized. The adsorption process was rapid within the first 2 h because of the availability of empty adsorption sites at the initial stage. As time passed, adsorption sites became saturated, and equilibrium was attained.



The uptake of both adsorbates increased rapidly at the beginning. The maximum adsorption capacity of more than 80% was achieved within 2 h. This behavior may have been due to the large number of vacant sites available at the beginning. Adsorption then slowed down until the attainment of equilibrium [45]. The effect of contact time on adsorption of lead by using biomass, biochar, and TiO2 NCs is shown in Figure 5c. The maximum uptake in mg/g of lead for each adsorbent was as follows: 89.2621 (TiO2 NCs) ˃ 83.8276 (biochar) ˃ 78.963 (biomass).




4.4. Effect of Adsorbent Dosage on Lead Adsorption


Lead adsorption efficiency as a function of adsorbent dosage was studied. The adsorbent dosage was kept in between 0.05 and 0.1 g, while other studied parameters (pH, contact time, and initial ion concentration) were kept optimum, the temperature was maintained at 25 °C, and the agitation speed was kept at 200 rpm. The removal efficiency increased as the dosage of biosorbents was increased. This was expected, because more binding sites were available for lead ions when the dose of biosorbents was high. These observations described that lead adsorption in the wastewater is related to available binding sites. Adsorbents with more surface area were more efficient for removing lead, as they had more binding sites. Moreover, at precise adsorbent dosage, an adsorption peak was seen.



It was observed that the percentage of lead removed increased with the dosage of absorbent. Maximum removal was achieved when 0.1 g of absorbent was used for adsorption in 100 ppm solution of lead. The mechanism of composite adsorption may be due to Van der Waals forces between the surface of the adsorbent and the heavy metals or to electrostatic attraction between the charged surface of the adsorbent and the heavy metals.



The maximum removal efficiency of lead was observed at 93.506 mg/g with TiO2 NCs. Maximum uptake in mg/g of lead for each adsorbent was as follows: 93.506 (TiO2 NCs) ˃ 88.621 (biochar) ˃ 80.876 (biomass).



The effect of adsorbent dosage on the adsorption of lead by using biomass, biochar, and TiO2 NCs is shown in Figure 5d.





5. Comparison among Different Adsorbents


The efficiency of the three adsorbents at removing lead from liquid solution was shown in the order of TiO2 NCs > biochar > biomass. A comparison of the uptake capacity of the three adsorbents is shown in Figure 6.



The uptake capacity of prepared biosorbents can also be compared with some reported biosorbents from the literature. A list of some reported agrowaste with the potential to be applied as biosorbents to remove heavy metals from aqueous solutions is presented in Table 1 that can also be compared with the results of the present work.




6. Adsorption Kinetics


To evaluate the potential rate-controlling step and kinetic mechanism of Pb(II) biosorption on biomass, biochar, and TiO2 nanocomposites, the pseudo-first-order equation of Laguerre and pseudo-second-order equation of Ho and McKay [54] were investigated. The pseudo-first-order model depends only on the several adsorbate molecules present in an aqueous solution at a definite time. However, the pseudo-second-order model describes that lead ions are present in said aqueous solution as well as the many free active sites present on the surface of the adsorbent.



6.1. Pseudo-First-Order Model


The equation of the pseudo-first-order regression model for adsorption was stated as follows:


  log  (  q e − q t  )  = log  (  q e  )  −  (    k 1   0.2303    )  t  



(3)




where qe (mg/g) is the amount of lead; qt (mg/g) is the amount of lead that is adsorbed on the biomass at equilibrium state, t is the time to achieve equilibrium, and k1 (min−1) represents the rate constant for the pseudo-first-order reaction equation. The pseudo-first-order regression model presumes that the rate of adsorption and the unoccupied sites of lead are proportional to each other. The intercept and slopes of the plot of the graph between the values of log(qe − q) time(t) were used for the calculation of the pseudo-first-order rate constant k1 and the capacity for the equilibrium adsorption. On comparison between the pseudo-first-order and pseudo-second-order models, it was found that the value of R2 for the former was less than that of the latter, so the pseudo-first-order model was not well fitted.



Relatively lower R2 values were obtained for the pseudo-first-order model for lead: 0.9638 for biomass, 0.8477 for biochar, and 0.961 for nanocomposite. The theoretically calculated qe (mg/g) did not agree well with experimentally calculated qexp. The value of the correlation coefficient was lower than 1 and most often equal to 0.8. This proved that it was not precise to use this model to conclude the adsorption kinetics of lead by the adsorbents biomass, biochar, and TiO2 nanocomposite.




6.2. Pseudo-Second-Order Model


The data of adsorption kinetics were again studied by a pseudo-second-order kinetic model, which presumes that sorption rate depends on adsorption capacity, i.e., that the square of the unoccupied sites is proportional to the sorption rate. It is shown as:


   t q  =  1  k 2 q e 2   +  t  q e    



(4)




where k2 is the equilibrium rate constant (g/mg/min). The slopes and intercepts of plots of t/q versus t were used to calculate the pseudo-second-order rate constant k2 and qe.



Comparison between the pseudo-first- and -second regression models in regard to the kinetic parameters revealed that lead adsorption on the biomass of potato peel and banana peel, biochar, and TiO2 nanocomposites was better fitted with pseudo-second-order kinetics than pseudo-first-order. The qe value obtained from the pseudo-second-order model was close to conformation with the experimental data, while the value of qe evaluated from contrasting kinetic models did not comply with the experimental value. This shows that the pseudo-first-order model was not satisfactory to explain the mechanism of Pb(II) biosorption. Evaluation of kinetic data showed that R2 values for the pseudo-first- and -second-order models were high (>0.96) but qcal did not match qexp to a great extent [55]. Comparison of the values obtained from psudo first order and pseudo second order given in Table 2 and their graphical representation is in Figure 7a,b.





7. Equilibrium Modelling


The adsorption isotherms of lead from concentrations of 10 to 100 ppm were studied with a fixed pH of 5 and an adsorbent dose of 0.1 g. Freundlich and Langmuir adsorption isotherms were used to define the relationship between the adsorbent and adsorbate molecules in aqueous solution. When there was a changing balance in adsorbate concentration in a large volume of solution with that of boundary, sorption equilibrium was established. To develop the equilibrium data, the primary concentration of lead changed. The quantity of adsorbent was kept constant. To obtain equilibrium data, the initial concentration of lead was changed, whereas the number of biosorbents was kept constant. A contact time of 24 h was used to ensure the equilibrium condition of sorption.



7.1. Langmuir Isotherm


Generally, the Langmuir isotherm equation is written as:


     C i    q e   =  1  q m a x   +  1  b   q m a x    C e   



(5)




where



Ce is equilibrium concentration, qe is equilibrium adsorption capacity, b is slope, and 1/qmax is the intercept obtained from the regression equation.



The Langmuir isotherm revealed that the surfaces of the biosorbent and lead had equal sites with the same energy. According to this model, adsorbate molecules do not interact with each other, only with the site. Adsorption is restricted to a monolayer. It is assumed that once a lead ion adsorbs with a site, no more adsorption occurs, and when equilibrium is achieved, a monolayer appears [56].



The linear equation of the Langmuir isotherm is written as:


     C e    q e   =  1  X m   K L +    C e    X m    



(6)




where



Ce is equilibrium concentration, qe is the amount of lead adsorbed at equilibrium, and



Xm and KL are Langmuir constants obtained by using the linearized Langmuir equation and Langmuir parameters. A comparison of linear plot of the Langmuir isotherm model and Freundlich model for adsorption of lead is presented in Figure 8 which represents a plot of Ce/qe (g/L) versus Ce (mg/L) under various concentrations of lead sorption by biomass, biochar, and TiO2 nanocomposites. Most of the points on this graph were out of linearity. The obtained R2 values were 0.9016 for biomass, 0.5188 for biochar, and 0.6641 for nanocomposite for lead. The R2 values obtained with the Freundlich model were greater than those obtained with the Langmuir model, which suggests the nonapplicability of this model in interpreting sorption equilibrium data [57].




7.2. Freundlich Isotherm


The Freundlich isotherm equation is generally written as:


Qe = K Ce 1/n



(7)







It presumes monolayer adsorption distribution of active sites that are energetically heterogeneous, followed by interaction between biosorbents and adsorbed lead. The Freundlich isotherm equation is a mathematical expression that describes the adsorption of solute from an adsorbate solution to an adsorbent [58].



The linear equation for the Freundlich isotherm is


Log qe = log Kf + (1/n) log Ce



(8)




where



qe (mg/g) is the quantity of lead adsorbed by specified amount of adsorbent at equilibrium, Ce (mg/L) is the equilibrium concentration, Kf is the intercept constant obtained from the regression equation, and 1/n = the slope constant obtained from the regression equation [59]. Compared to the Langmuir isotherm plot, this showed more linearity. The Freundlich model is better equipped to model lead sorption on the studied adsorbents than the Langmuir model.The value of R2 was near to unity in Freundlich model (0.9795 for biomass, 0.9592 for biochar, and 0.958 for TiO2 nanocomposite), which was a result of the higher correlation coefficient displayed by this model. The Freundlich isotherm was thus proven to be the best suited, and the equilibrium sorption information was well interpreted. Comparison of the values obtained Langmuir and Freundlich model is given in Table 3.





8. Conclusions


In the present research work, the adsorption efficiency of biomass, biochar, and biochar-based TiO2 nanocomposites for lead was compared. Among these, the synthesized novel nanocomposites proved very effective for the removal of heavy metals. In the present research, potato peel and banana peel were dried and then ground to make biomass. The prepared biomass was then pyrolyzed to make biochar. Leaves of Psidium guajava were utilized to prepare TiO2 nanoparticles by using titanium precursors. The prepared biochar was then sonicated with the TiO2 NPs to make nanocomposites for better adsorption of heavy metals. Several parameters, such as initial concentration of heavy metals, pH, contact time, and dosage rate, were optimized. The percentage of removal of heavy metals was investigated. The maximum removal of lead was at pH 5. Lead removal decreased when lead concentration was increased, while it increased as dosage rate and contact time were increased. Uptake capacity of heavy metals from aqueous solution was in order of biomass ˂ biochar ˂ TiO2 nanocomposites. Among them, the NCs were confirmed to have the maximum uptake capacity. The Freundlich model better explained the adsorption process of heavy metals as compared to the Langmuir model, as R2 for the Freundlich isotherm was higher than that for the Langmuir isotherm.
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Figure 1. FT-IR spectra of (a) TiO2 NP; (b) biochar; (c) TiO2 nanocomposite. 






Figure 1. FT-IR spectra of (a) TiO2 NP; (b) biochar; (c) TiO2 nanocomposite.
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Figure 2. SEM micrographs: (a) bare biomass; (b) bare biochar; (c) bare TiO2 NCs; (d) lead-loaded biomass; (e) lead-loaded biochar; (f) lead-loaded TiO2 NCs. 
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Figure 3. XRD pattern of TiO2 NPs. 
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Figure 4. UV spectra of TiO2 NPs. 
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Figure 5. (a) Effect of pH; (b) effect of concentration; (c) effect of contact time; (d) effect of adsorbent dosage. 
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Figure 6. Comparison of adsorption efficiency by adsorbents. 
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Figure 7. (a) Pseudo-first-order graph; (b) pseudo-second-order graph. 
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Figure 8. (a) Langmuir isotherm; (b) Freundlich isotherm for the adsorption of lead. 
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Table 1. List of reported agrowaste with the potential to be applied as biosorbents to remove heavy metals from aqueous solutions.
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	Adsorbents
	Heavy Metals
	Maximum Adsorption

Capacity (m mol g−1)





	Olive waste
	Cd
	0.0655 [46]



	Orange peel
	Cd
	0.335 [42]



	Orange bark
	Cd
	0.3101 [46]



	Rice hull
	Ni, Cd, Cu, Zn, Pb
	0.085, 0.125, 0.93, 0.17, 0.2 [47]



	Yellow passion-fruit shell
	Cr
	0.732–1.637 [48]



	Sugar beet pulp (Beta vulgaris)
	Cu, Zn
	0.309, 0.356 [49,50]



	Carrot residues
	Cu
	0.937 [51]



	Grapefruit peel
	Cd
	0.24 [52]



	Lemon peel
	Cd, Mn, Pb
	0.46, 0.43, 0.869 [53]



	Lemon resin
	Mn, Pb
	0.429, 0.869 [53]
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Table 2. Comparison of pseudo-first- and -second-order models.
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Adsorbate

	
Adsorbents

	
Pseudo-First-Order

	

	
Pseudo-Second-Order

	




	
qe

	
K1ad

	
R2

	
qexp

	
qe

	
K2ad

	
R2




	
(mg/g)

	
(min−1)

	
(mg/g)

	
(mg/g)

	
(mg/gmin)






	
Lead

	
Biomass

	
14.561

	
−0.004

	
0.963

	
51.671

	
56.497

	
0.003

	
0.9863




	
Biochar

	
32.055

	
−0.0053

	
0.847

	
68.237

	
70.921

	
4.426

	
0.9878




	
TiO2 NC

	
21.892

	
−0.005

	
0.961

	
76.751

	
82.644

	
0.0025

	
0.9949
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Table 3. Comparison of Langmuir and Freundlich Models.
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Adsorbate

	
Adsorbents

	
Langmuir Model

	

	
Experimental Value

	
Freundlich Model




	
Xm

	
KL

	
R2

	

	
qe

(mg/g)

	
1/n

	
KF

(mg/g)

	
R2




	
(mg/g)

	
(L/mg)






	
Lead

	
Biomass

	
20.96

	
0.02

	
0.90

	
14.66

	
7.84

	
0.53

	
−2.22

	
0.97




	
Biochar

	
67.11

	
0.009

	
0.51

	
31.21

	
13.48

	
0.71

	
−2.26

	
0.95




	
TiO2 NC

	
200

	
0.007

	
0.66

	
63.85

	
47.72

	
0.87

	
0.69

	
0.95
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