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Abstract

:

Eggshell and an easily synthesized bionanocomposite of eggshell with Ag-Fe nanoparticles demonstrated to be efficient adsorbent materials for the removal of lead, arsenic, and mercury from water. The natural material and the bionanocomposite were characterized by TEM and XRD. Ag-Fe nanoparticles vary from 1 to 100 nm in size. Equilibrium times of the adsorption systems were achieved between 4 and 8 h. The experimental adsorption data fitted the pseudo-second and Elovich models; therefore, the adsorption of heavy metals ions took place mainly by a chemical process. The adsorption capacity of eggshell in mg/g was 7.01 for As5+, 3.90 for Pb2+, and 1.51 for Hg2+, while the nanocomposite adsorption capacity was 17.7 for As5+, 27.8 for Pb2+ and 15.88 for Hg2+.
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1. Introduction


Heavy metals are one of the most widespread contaminants in water and wastewater [1]. They are toxic and carcinogenic agents. They can be absorbed and accumulated in human body and cause serious health effects like cancer, organ damage, nervous system damage, and in extreme cases, death. The major sources of Pb2+ pollution are exhaust gases of petrol engines, which account for nearly 80% of the total Pb2+ in the air. Soils located near Pb2+ mines may contain up to 0.5% of this metal. Apart from minerals, sources of Pb2+ are pesticides, fertilizer impurities, emissions from mining and smelting operations, while atmospheric pollution from the combustion of fossil fuels [2] are generated in electroplating, electrolysis depositions, conversion coating, and anodizing-cleaning, milling, and etching industries from printed circuit board (PCB) manufacturing [1]. Arsenic (As5+) is poisonous and it is used in herbicides, cattle and sheep dips, as desiccant for cotton crop to facilitate the mechanical harvesting of the crop [2], and wood processing [1]. Major contaminating sources of Hg2+ are: Hg2+ based pesticides, sewage sludge, and atmospheric fall out resulting from the combustion of fossil fuels and industrial processes [2].



On the other hand, egg demand has increased rapidly in past decades; the main egg production is concentrated in 10 countries: China, USA, India, Japan, Mexico, Russia, Brazil, Indonesia, France, and Turkey. Mexico is the number one egg producer in Latin America [3]. The eggshell weighs approximately 10% of the total mass (ca. 60 g) of hen egg, which is transformed into solid waste by food processing and manufacturing plants [4,5]. The hundreds of tons produced every year in Mexico are causing a strong contamination problem. The chemical composition of eggshell is calcium carbonate (94%), magnesium carbonate (1%), calcium phosphate (1%) and organic matter (4%) [6]. Calcium carbonate is one of the most abundant materials found in sedimentary rock in all parts of the earth surface (it makes up to 4% of the earth’s crust). CaCO3 (like calcite) exists in six different forms: three crystalline polymorphs, namely calcite, aragonite, and the metastable vaterite. two hydrated phases (monohydrocalcite CaCO3·H2O and ikaite CaCO3·6H2O), and amorphous calcium carbonate (ACC) [7]. However, by the process known as “biomineralization” it is possible to obtain CaCO3 from eggshell [8]. CaCO3 is stable at atmospheric pressure and temperature, and these minerals affect the chemistry of aquatic systems by regulating pH and alkalinity through dissolution/precipitation equilibrium [9,10]. Moreover, they can govern the mobility and cycling of metal contaminants and radionuclides through ion exchange, adsorption, and co-precipitation reactions [11]. Removal of heavy metals from water has led to numerous investigations mainly because the exposure to them, even at trace levels, is a risk to human health and to ecosystems in general [12]. The adsorption process has come to the forefront as one of the major techniques for heavy metal removal from wastewater. Ahmad et al. [13] used eggshell and coral wastes as low cost sorbents to remove heavy metals Pb2+ Cd2+ and Cu2+. Pettinato et al. [14] used an eggshell membrane to treat an aqueous solution containing Al3+, Fe2+ and Zn2+. Among the available adsorbents, metal oxides (MOs), like iron oxides, are classified as good adsorption materials for heavy metals removal from aqueous systems [15]. The use of metallic oxides has reported good results in the treatment of metals such as lead, arsenic, zinc, nickel and copper [16,17]. Furthermore, metal oxides can combine its magnetic properties with other materials to form composites [15], which can be isolated from water solutions by the application of a magnetic field [18]. Alternatively, silver nanoparticles supported on materials like cellulose [19] or silica [20] have been reported for the adsorption of heavy metals due to their interesting physio-chemical properties, such as, chemical stability, catalytic activity, high adsorption capacity, and their greater dispersion degree [21].



Bimetallic nanomaterials are the combination of two metals at the nanoscale; thus, their performance can be improved because of the metals synergy effects. Usually, the physicochemical properties of bimetallic particles are better than the properties of each metal nanoparticles separately; their structure can be core shell, segregated clusters, nanoalloys or nanoparticles composed of multilayers with alternating layers [22].



A large number of publications and reviews have clearly shown that many types of chemical transformation can be carried out successfully under microwaves (MW) conditions [22,23,24]. Most importantly, microwave processing frequently leads to a dramatically reduction of reaction times, higher yields, less formation of by-products, easier work-up matching with the goal of green chemistry, solvent-free organic transformations, and selectivity of reactions [25,26]. Microwave-assisted fabrication of nanomaterials can increase the crystallinity of the product. Polar solvents have a good potential to adsorb microwaves and convert them to thermal energy, thus accelerating the reactions, as compared to results obtained using conventional heating [27]. In addition, the synthesized material has a more uniform dimension and composition [28]. Therefore, MW was chosen to synthesize the new composite where the matrix is eggshell and the reinforcement with silver and MO nanoparticles. The first ones favor the formation of iron oxides [29] and the second ones give the material magnetic properties that will help to isolate them after being used as adsorbent material.



Herein, we have designed a nanocomposite based on eggshell and nanoparticles of zero valent silver (Ag0) and iron oxides (Fe), to enhance the adsorption capability of eggshell for heavy metals in aqueous solution. Moreover, eggshell and its nanocomposite were characterized by Transmission Electron Microscopy (TEM) and X-ray diffraction (XRD). Adsorption kinetics and isotherms studies were performed to understand the plausible mechanisms of removal of ions Pb2+, As5+ and Hg2+ from aqueous solutions using eggshell and the nanocomposite.




2. Material and Methods


2.1. Eggshell Preparation


Eggshell, collected in bakeries, restaurants, and households, was subjected to a washing treatment with distilled water and brushed to remove organic residuals. It was rinsed, dried (at room temperature for 24 h), and crushed in a mortar. A solution of sodium hypochlorite 1.3% was added to the dried material with constant stirring for one hour. After this time, the material was washed and dried at 50 °C for 24 h. A second grounding process was carried out, this time by a mechanical mill GE motors. By using a stainless-steel sieve set, between 20 and 59 mesh, a fraction of particles was isolated (Mesh 39 ± 1, particles around 0.14 ± 0.008 mm).




2.2. Synthesis of the Nanocomposite [Eggshell/Ag-Fe]


The synthesis of the bionanocomposite was through a redox reaction, where the presence of an oxidizing agent and a reducing agent is necessary as described below. 1 g of dried Eggshell was immersed in 5 mL of aqueous solution of AgNO3 (ACS reagent, =99.0% from Sigma Aldrich) and 10 M FeSO4·7H2O (ACS reagent, =99.0%) for 1 h, with constant stirring at 200 rpm and room temperature (~25 °C). The mixture was exposed to microwave radiation, for three cycles of 5 min, in a conventional microwave oven, Hamilton Beach brand, model HB-P70B20AP–YU. Afterwards, the bionanocomposite (Eggshell/Ag-Fe) was thoroughly washed with ethanol and deionized water. The synthesized composite was dried overnight at 50 °C to evaporate the solvent.




2.3. Characterization of Eggshell and [Eggshell/Ag-Fe]


2.3.1. Transmission Electron Microscopy (TEM)


Images were taken with a JEOL-2100 electron microscope operated at 200 kV with a LaB6 filament, operated with a clear, dark field and selected area diffraction. To remove some nanoparticles from the composite, it was dispersed in a solution of isopropyl alcohol and placed in a sonication bath for 40 min at room temperature.




2.3.2. X-Ray Diffraction (XRD)


The natural material was characterized by a Bruker D8 Germany Powder X-Ray diffraction using Cu–Kα radiation (λ = 1.5418 Å), operated at 40 kV and 30 mA (2θ = 5–50°), scan speed of 8° 2θ per min and scan range 5~80°(2θ) was used for this analysis. The crystalline phase of the eggshell, which is calcium carbonate or calcite (CaCO3) was identified by JCPDS-PDF 05-0586.




2.3.3. Sorption Kinetics


The adsorption of heavy metals was studied by batch experiments at room temperature. 10 mg of adsorption material (Eggshell or [Eggshell/Ag-Fe]) and 20 mL of a solution 10 mg/L of the analyte (Pb2+, As5+, or Hg2+) were in contact and stirring at 200 rpm and room temperature. After a specific time (0.25, 0.5, 1, 2, 4, 6, 8, 12, 16 h) the material was separated by centrifugation. The aqueous portion was analyzed by a Perkin Elmer Analyst 200 atomic absorption spectrometer with deuterium lamp as the bottom corrector and an air-acetylene flame.


   q e  =  (   C o  −  C e   )  ×  V m   



(1)




where Co (mg/L) represents the initial concentration of the analyte in the solution and Ce (mg/L) is the concentration after a specific time of contact. V (L) is the volume of each metal solution and m (g) is the mass of adsorbent.



All kinetic data were analyzed by the following mathematical models: pseudo-first order Equation (2), pseudo-second order Equation (3) [30]. Nonlinear fitting methods were applied by using Origin 8.0 software.



A kinetic model is associated with the term “pseudo” when the concentration of one reactant remains constant, it means that the amount is enough that it appears to have no effect on the reaction rate. However, in adsorption kinetic models, the equation was based on the amount of the analyte adsorbed on the adsorbent material instead of the concentration in the liquid phase [31].



According to the pseudo-first order model proposed by Lagergren [32], adsorption takes place on specific sites and there is no interaction between ions. The energy of adsorption is not dependent on surface coverage. The maximum adsorption capacity corresponds to a saturated monolayer on the adsorbent material surface [33].


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



(2)




where qt (mg/g) is the adsorption at time t (h), qe (mg/g) is the equilibrium adsorption capacity, and k1 (1/h) the adsorption rate constant of first-order sorption.



Pseudo-second order model was introduced by Ho and McKay [34], it suggests that the process takes place by chemisorption.


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



(3)




where k2 (g/mg·h) is the adsorption rate constant.



Second order model, or Elovich model, is widely applied since it describes processes of chemisorption, assuming that the active sites of the sorbent are heterogeneous and therefore exhibit different energies of activation. The process occurs on localized sites and there is interaction between the analyte ions. The energy of adsorption increases linearly with the surface coverage [33].


   q t  =  1 β  ln  (  α β  )  +  1 β  ln t  



(4)




where α (mg/g·h) and β (g/mg) are the initial adsorption rate, and the constant related to the extent of surface coverage.




2.3.4. Sorption Isotherms


A series of colloidal solutions in a range of 1 to 5 mg/L of the metals (As5+, Pb2+ and Hg2+) were prepared, by submerging 1 mg of eggshells in each one; for getting the equilibrium time, the nanocomposite was kept in 25 mL of solution with constant stirring at 200 rpm. Isotherms where analyzed by four different mathematical models: Langmuir Equation (5), Freundlich Equation (6), Sip Equation (7), and Redlich Peterson Equation (8).



Langmuir model considers a chemical adsorption phenomenon [35]. It also considers a thermodynamically homogeneous surface, where only one molecule can be adsorbed on an active site forming a monolayer [36]. The model determines the maximum adsorption capacity of a species on the surface of a solid.


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



(5)




where qe is the amount of adsorbate per gram of adsorbent at equilibrium (mg/g), qm is the maximum adsorption capacity (mg/g), KL is the Langmuir isotherm constant (L/mg) and Ce is the adsorbate concentration in solution at equilibrium [36,37].



Freundlich’s model assumes that the process takes place in multiple layers on a heterogeneous surface and analyzed the exponential distribution of active sites and their energies [38]. This model represents that the adsorption sites have different affinities; therefore, the positions of higher affinity are occupied first, and later, the bonding energy decrease logarithmically by increasing the occupation of adsorption sites [36].


   q e  =  K F   C e  1 / n    



(6)




where KF is the Freundlich isotherm constant describing the adsorption density (mg/g), and n is a correction factor but also the index 1/n is the measure of intensity [38].



The Sip equation includes the isotherm of Langmuir and the Freundlich isotherms considering that the adsorption process at low adsorbate concentrations predicts the Freundlich isotherm, and the monolayer adsorption capacity of Langmuir isotherm at high concentrations [39]. The Sip model is an empirical isotherm equation often expressed as:


   q e  =    q m   K s   C e   1 n      1 +  K s   C e  1 / n      



(7)




where qm is the maximum adsorption capacity (mg/g), Ks is the Sips equilibrium constant (mg/L), and n is the Sips constant. It is assumed that the 1/n should be ≤1 [39].



Redlich–Peterson model proposes a hybrid isotherm with characteristics of both Langmuir and Freundlich isotherms. [39] The three parameters equation is an empirical equation described as shown:


   q e  =    K R   C e    1 +  a R   C e g     



(8)




where KR and aR are Redlich–Peterson constants with the respective units of (L/g) and (mg/L), and g is the Redlich–Peterson exponent (dimensionless) where the value is ≤1. This equation becomes linear at a low surface coverage (g = 0) and reduces to a Langmuir isotherm when g = 1 [39].






3. Results and Discussion


3.1. TEM


Transmission electron microscopy has shown that the iron nanoparticles synthesized can vary from 1 to 100 nm in size (Figure 1a). In most cases excessive borohydride is needed to accelerate the reaction to form nanoparticles, and to stabilize and provide a uniform growth of iron crystals [40]. By incorporating ferrous sulfate into the reaction system, two possibilities may occur: obtaining metallic iron particles or either of the crystalline phases of iron oxide. In Figure 1b the analysis of the interplanar distances of crystalline planes obtained by high resolution transmission electron microscopy indicates the presence of iron oxides because iron is so reactive, and the oxidation process took place as soon as it has contact with air. The presence of silver was confirmed by the diffraction pattern (Figure 1c). Silver can improve the reactivity of iron by changing the electronic properties of its surface [19]. Thus, Ag-Fe nanoparticles were incorporated into the support as can be observed in the TEM images.




3.2. XRD Analysis


The results of XRD for Eggshell are in accordance with those reported for calcite (CaCO3) (Figure 2), implying that this mineral is the major component of the sample, which is also in agreement with previous works [13,41]. The main reflection appeared at 2θ = 29.70 and other peaks at 2θ = 36.30, 39.70, 43.40, 47.30, 47.60, 48.70, 57.60, and 61.60. Those are typical of a rhombohedral structure, hexagonal unit cell, which corresponds to calcite (JCPDS-PDF 05-0586) [42].




3.3. Sorption Kinetics


The contact time is one of the most important factors in the batch sorption process. By this study it is possible to establish the equilibrium time of the process, which means the necessary time for the material to adsorb the analyte to its maximum capacity. In this case, the equilibrium time is established to be applied below in the acquisition of the adsorption isotherms. Moreover, this parameter is important when dealing with practical applications in water treatment processes [43].



Figure 3 illustrates the adsorption kinetic for the adsorption of Pb2+, As5+, and Hg2+ with Eggshell and the nanocomposite. Only the best fitted model can be observed in Figure 3; however, the three mathematical models described above were applied, all parameters are presented in Table 1.



The kinetic data, where Eggshell was used as adsorption material, showed that the adsorption process of the three tested heavy metals ions took place in a similar way. During the first two hours of contact, mass transfer may occur until the equilibrium time is established at 8 h for Pb2+ removal, where a final plateau was reached at this time. The systems of As5+ and Hg2+ followed a similar behavior, but the plateau was not so clearly achieved, it seems like these systems increase continuously. However, the equilibrium time was established at 4 h, since from this time, the adsorption is not significant enough to consider that the contact time should increase. The adsorption rates, from the pseudo-second order model, are 5.18, 6.18, and 5.73 (g/mg·h), which correspond to Pb2+, As5+, and Hg2+, respectively; the highest adsorption values correspond to As5+ and Hg2+, which reach an equilibrium time faster than the other system. The adsorption of As5+ was best described by the Elovich model. Although this model was not the best fit for Pb2+, a comparison of the parameters can be made to obtain more information about the process. The value of the parameter α is higher for Pb2+ and β for As5+. This means that, for As5+, the available adsorption surface is greater and that for Pb2+ the initial absorption rate is higher.



The pseudo-second order model describes the adsorption of Pb2+ onto the natural material Eggshell and onto the composite. Therefore, chemisorption can be considered as the dominant mechanism in both cases. The maximum adsorption capacity was established by the isotherms with the help of the described mathematical models.




3.4. Sorption Isotherms


The adsorption isotherm (Figure 4) represents the relationship between the adsorbed amounts (qe) and the concentration remaining in the solution (Ce). Isotherm equations are employed to quantify the maximum adsorption capacity of the material and analyzed its interaction with the analyte. For this purpose, different mathematical models can be applied. Each one contains certain constant parameters, which express the surface properties, affinity of the adsorbent and other information to evaluate the adsorption capacity of the adsorbent for metal ions. From the plotted graph, the values of R2 were obtained to determine which adsorption model better fits the experimental data. Table 2 shows the calculated results of all parameters of Langmuir, Freundlich, Sip, and Redlich–Peterson models for Pb2+, As5+, and Hg2+ removal.



The theoretical model of Langmuir is often used to establish the maximum adsorption capacity since this model describes the formation of a monolayer onto the surface of the adsorbent material. According to this model, each adsorption site would be occupied until the maximum adsorption capacity (qm) of the material is reached. Based on this model, the adsorption capacity of Eggshell is greater for As5+ than for Pb2+ and Hg2+ (7.01 > 3.90 > 1.51 mg/g). Conversely, there is a larger adsorption capacity in the composite regardless of the analyte. In this case, the composite (Eggshell/Ag-Fe) showed a greater adsorption capacity for Pb2+ than for Hg2+ and As5+ (27.8 > 17.7 > 15.88 mg/g).



The Langmuir isotherm model can also provide information on whether the adsorption was favorable or unfavorable by the equilibrium parameter or dimensionless constant RL, which has been disclosed by the following equation:


   R L  =  1  1 +  K L   C o     



(9)




where KL is the Langmuir constant and Co is the initial adsorbate concentration (mg/L). While 0 < RL < 1 denotes favorable adsorption, RL > 1 is an indication of unfavorable adsorption. RL values are shown in Table 2, they can be observed in the range of 0.026 and 0.839, which points out that the adsorption process is favorable for all the systems.



All the obtained values of 1/n, from Freundlich model, are between 0.1 and 1 indicating favorable adsorption of Pb2+, As5+, and Hg2+ by Eggshell as much as by the composite (Eggshell/Ag-Fe). Although the three isotherm models of Eggshell fit the data well, Redlich–Peterson model exhibited a little better fit for Pb2+ and As5+. The same way Sip is the best model for Hg2+ isotherm. The value of 1/n from this model is 0.46, which means that the isotherm has a behavior like the Langmuir model. For the bionanocomposite (Eggsell/Ag-Fe), Freundlich model fitted best the experimental data for Pb2+ and Redlich–Peterson for Pb2+ and As5+ since those models exhibit an R2 value closer to unity. The R2 value from Freundlich model is close to the value from Redlich–Peterson model; however, the value of the constants aR and KR are above the usual. It means that the model does not present a well adjustment or any that can be considered. The Freundlich model highlights interaction between analyte molecules that leads to the formation of more than one layer on the surface.



In general, the composite showed a higher adsorption capacity to remove any of the three heavy metals tested in the present work compared to the natural material. Table 3 refers to other research focused on the removal by adsorption of these three heavy metals. These studies used other natural materials with and without modifications. The study of Pb2+ removal showed that the natural material Eggshell has a lower adsorption capacity compared to other materials, like coral waste and chestnut shell. Eggshell used by Ahmad et al. [13] had an adsorption capacity over 3.9 mg/g. There are some differences between the present work and the one reported by Ahmad, such as particle size and material washing, it is possible that this treatment generates changes in the surface of the material that influences the adsorption process. In that research, the authors pointed out that the main process is ion exchange between the heavy metal ions and Ca2+ of the calcite in the eggshell. Also, it is important to consider that eggshell is a natural material which chemical composition can change from one region to another. Coral waste is another natural material proved as adsorption material by Ahmad et al., in this case the capacity is lower (1.14 mg/g). Considering other kind of materials, like nanoscale zero valent iron or bottom ash, the adsorption capacity of our composite [Eggshell/Ag-Fe] is in between the values obtained for those materials (32.8 > 27.8 > 20.0 mg/g).



For As5+ removal, the adsorption capacity of the natural material eggshell is close to the value established by Chammui et al. for Leonardite char [44]. Although this value is low compared to the capacities of the other materials described in the table, the composite [EGGSHELL/Ag-Fe] showed a capacity above Biochar sewage sludge proved by Agrafioti et al. [45]. Other materials proved to be better adsorbent materials with greater capacities, like MIL-53(Fe) or MOF-808. However, they need a more complex synthesis method to be developed [46,47,48].



The adsorption capacity of Eggshell to remove Hg2+ is the lowest (1.51 mg/g), but the composite increases its capacity to exceed that reported for other natural materials, such as natural clay [49] and natural mandarin peel (MP) pretreated with NaOH (MNa) [50]. The natural material (Eggshell) has a capacity close to MP. However, the treated MP (MNa—MC) exhibited higher values of 23.3 and 34.8 mg/g, respectively. Another natural material is bamboo leaf powder proposed by Mondal et al. with an adsorption capacity of 27.1 mg/g, although this material was modified with sodium dodecyl sulfate and Triton X-100 solution.



While it is true that some of the materials have a higher adsorption capacity than those studied in this work, their capacity also exceeds to other natural and synthetic materials. Therefore, it is possible to consider the eggshell and its bionanocomposite as potential efficient, low cost, and environmentally friendly adsorbent material.
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Table 3. Adsorption capacity of various materials for the removal of lead, mercury, and arsenic.
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	Reference
	Material or Composite
	Heavy Metal
	Adsorption Capacity (mg/g)





	This work
	Eggshell-[Eggshell/Ag-Fe]
	Pb2+
	3.9–27.8



	[13]
	Eggshell-coral waste
	Pb2+
	4.7–1.14



	[51]
	nano-scale zero valent iron
	Pb2+
	32.8



	[52]
	Bottom ash
	Pb2+
	20.0



	[53]
	Chestnut shell
	Pb2+
	8.29



	This work
	Eggshell-[Eggshell/Ag-Fe]
	As5+
	7.01–17.7



	[47]
	MIL-53(Fe)
	As5+
	21.3



	[44]
	Leonardite char
	As5+
	8.40



	[45]
	Biochar sewage sludge
	As5+
	13.4



	[48]
	MOF-808
	As5+
	24.8



	This work
	Eggshell-[Eggshell/Ag-Fe]
	Hg2+
	1.51–15.9



	[50]
	MP-MNa-MC
	Hg2+
	19.0–23.3–34.8



	[54]
	Bamboo leaf powder
	Hg2+
	27.1



	[55]
	Natural clay
	Hg2+
	9.70










4. Conclusions


The utilization of eggshell as adsorbent material is an ecofriendly proposition. It is a way of reducing waste and, at the same time, an absorbent material for heavy metals removal from water. Hen eggshell is a material chemically composed by calcium carbonate in the form of calcite. It is a useful material for the removal of lead, arsenic and mercury by a chemical adsorption process onto heterogeneous surface. The adsorption capacity of Eggshell in mg/g was 7.01 for As5+, 3.90 for Pb2+, and 1.51 for Hg2+, while the bionanocomposite [Eggshell/Ag-Fe] capacity was 17.7 for As5+, 27.8 for Pb2+, and 15.88 for Hg2+. Based on correlation coefficient values, the experimental data follows Freundlich, Sip, and Redlich–Peterson isotherms. Adsorption process is favorable for all the systems according to the RL parameter and the 1/n value from Freundlich equation. Factors such as pH, temperature, adsorbent dose, and particle size should be investigated. Nonetheless, the results from this study provide a better understanding of the adsorption process by a low-cost and renewable material, with the possibility of forming a composite with the bimetallic nanoparticles of silver and iron that increase their potential as an adsorbent material for the removal of heavy metals from water.
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Figure 1. Micrograph of the composite (a), high resolution micrograph of the composite (b), and diffraction pattern of the composite (c). 
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Figure 2. X-ray diffraction (XRD) patterns of eggshell. 
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Figure 3. Kinetic of (a) Eggshell and the (b) nanocomposite for Pb, As, and Hg removal (The symbols represent experimental data while lines are the best-fit mathematical model according to R2). 
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Figure 4. Isotherms of (a) Eggshell and the (b) nanocomposite for Pb2+ As5+ and Hg2+ removal (The symbols represent experimental data while lines are the best-fit mathematical model according to R2). 
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Table 1. Values of the characteristic parameters of kinetics models and correlation coefficients for Pb2+ As5+ and Hg2+.






Table 1. Values of the characteristic parameters of kinetics models and correlation coefficients for Pb2+ As5+ and Hg2+.





	
Adsoprtion Material

	
Metals

	
Equilibrium Time (h)

	
Pseudo-First Order

	
Pseudo-Second Order

	
Elovich




	
qe (mg/g)

	
k1 (1/h)

	
R2

	
qe (mg/g)

	
k2 (g/mg·h)

	
R2

	
α

	
β

	
R2






	
Eggshell

	
As5+

	
4

	
0.532

	
2.30

	
0.764

	
0.565

	
6.18

	
0.916

	
24.17

	
14.45

	
0.959




	
Pb2+

	
8

	
0.601

	
2.07

	
0.847

	
0.637

	
5.18

	
0.949

	
27.3

	
12.9

	
0.891




	
Hg2+

	
4

	
0.562

	
2.31

	
0.958

	
0.599

	
5.73

	
0.943

	
23.78

	
13.49

	
0.967




	
[Eggshell/Ag-Fe]

	
As5+

	
4

	
1.53

	
6.82

	
0.515

	
1.57

	
10.21

	
0.895

	
26.9

	
13.8

	
0.945




	
Pb2+

	
4

	
1.59

	
4.01

	
0.936

	
1.65

	
4.58

	
0.964

	
127.3

	
8.37

	
0.738




	
Hg2+

	
4

	
1.48

	
7.45

	
0.804

	
1.51

	
11.83

	
0.804

	
37.7

	
14.6

	
0.955








Experimental data in Supplementary Information Table S1.
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Table 2. Parameters of isotherms model for Pb2+ As5+ and Hg2+ onto Eggshell and composite.
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Parameters

	
Eggshell

	
[Eggshell/Ag-Fe]




	
Pb2+

	
As5+

	
Hg2+

	
Pb2+

	
As5+

	
Hg2+






	
Langmuir

	
qm (mg/g)

	
3.9

	
7.01

	
1.51

	
27.8

	
17.7

	
15.88




	
KL (L/mg)

	
2.07

	
1.07

	
7.41

	
3.83 × 10−2

	
7.19 × 10−2

	
6.99 × 10−2




	
RL

	
0.088

	
0.157

	
0.0263

	
0.839

	
0.735

	
0.741




	
R2

	
0.99

	
0.932

	
0.885

	
0.968

	
0.935

	
0.943




	
Freundlich

	
1/n

	
0.365

	
0.437

	
0.206

	
0.899

	
0.875

	
0.872




	
KF

	
2.37

	
3.4

	
1.25

	
1.06

	
1.195

	
1.05




	
R2

	
0.922

	
0.844

	
0.949

	
0.97

	
0.929

	
0.939




	
Sip

	
qm (mg/g)

	
3.87

	
5.41

	
2.16

	
112.6

	
14.54

	
14.42




	
KS

	
2.12

	
2.73

	
1.48

	
9.42

	
0.191

	
0.219




	
1/n

	
0.999

	
0.518

	
0.46

	
1.11

	
0.419

	
1.503




	
R2

	
0.989

	
0.975

	
0.97

	
0.827

	
0.955

	
0.951




	
* R-P

	
aR (L/mg)

	
1.84

	
0.256

	
27.52

	
1545.3

	
4.07

	
4.83




	
KR (L/g)

	
7.52

	
4.89

	
36.4

	
1641.7

	
1.126

	
0.989




	
g

	
0.983

	
0.819

	
0.848

	
0.101

	
11.3

	
7.77




	
R2

	
0.999

	
0.977

	
0.964

	
0.967

	
0.966

	
0.958








* Redlich-Peterson. Experimental data inSupplementary Information Table S2.
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