Journal of Chemistry
Volume 2019 (2019), Article ID 7129014, 7 pages
https://doi.org/10.1155/2019/7129014
Research Article
Adsorptive Applications of Montmorillonite Clay for the Removal of Ag(I) and Cu(II) from Aqueous Medium
Naser M. Alandis,1 Waffa Mekhamer,1 Omar Aldayel,2 Jameel A. A. Hefne,3 and Manawwer Alam1
1Department of Chemistry, College of Science, King Saud University, P.O. Box 2455, Riyadh 11451,  Saudi Arabia
2King Abdulaziz City for Science and Technology, P. O. Box 6086, Riyadh 11442,  Saudi Arabia
3King Abdullah City for Atomic and Renewable Energy, P. O. Box 2022, Riyadh 11451,  Saudi Arabia
Correspondence should be addressed to Manawwer Alam; maalam@ksu.edu.sa
Received 13 February 2019; Accepted 17 May 2019; Published 23 June 2019
Academic Editor: Yuangen Yang
Copyright © 2019 Naser M. Alandis et al.  This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Abstract. 
The present work aims to investigate the ability of Saudi clay containing montmorillonite to remove Ag(I) and Cu(II) ions from aqueous solutions for waste water purification. The effect of pH, adsorbent mass, metal concentration, and contact time on the removal process has been investigated. The batch method was applied, using solution metal concentrations ranging from 40 to 2000 mg/L. Adsorption percentage and distribution coefficients (Kd) were determined as a function of metal concentration. pH 6 was found to be optimal for the adsorption. Adsorption reached equilibrium in 5 min for both Ag(I) and Cu(II) ions. The study on adsorption’s kinetic characteristics showed the adsorption process of these metal ions was of pseudo-second-order. Furthermore, the adsorption rate of Ag(I) was higher than that of Cu(II), and their adsorption appeared to follow the Langmuir isotherm. From the equilibrium studies, it was observed that the selectivity of Ag(I) was higher than that of Cu(II). The results showed that Saudi clay has the potential to be a suitable adsorbent for Ag(I) and Cu(II) removal from aqueous solutions compared with other adsorbents.

1. Introduction
Industrial waste discharge can cause serious water and soil pollution [1, 2]. Metals, such as copper (Cu), chromium (Cr), silver (Ag), cadmium (Cd), mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn), are considered to be hazardous to the environment, when they are present in insufficient distribution and abundance [3–11]. Ag is a useful raw material in many industries. Significant quantities of silver are present in the effluents discharged from such industries, and the removal of this toxic element from wastewaters is an important concern for protection of living organisms [12]. Copper electroplating and industrial cooling water systems are one of the main sources of copper-containing waste streams in industries [13, 14]. Copper concentrations range between 20 and 2200 mg/L, and US EPA suggested 1.3 mg/L as the copper maximum contaminant level. Copper can exist in the form of Cu(0), Cu(I), and Cu(II), but in the aqueous solution, the main species of concern is Cu(II) [15]. Organic and inorganic matters in the aqueous solution are easily bonded to Cu(II) depending on the pH of the solution. Aquatic life is seriously affected by these Cu(II) species. Natural water sources are also affected to a level of becoming unsuitable for public use [3, 13, 14, 16].
For over the years, a number of technologies have been developed to remove heavy metal ions from aqueous solutions [17–20]. These methods include electrochemical methods, membrane filtration, chemical precipitation, ion exchange, and adsorption [21–24]. The adsorption treatment has attracted much consideration in the past decades due to its cost-effectiveness, high efficiency, environmental compatibility, and ease of operation [25–30]. Clay acts as a natural scavenger of pollutants in nature by which it plays an important role in the environment. It takes up cations and anions through either ion exchange or adsorption or both. Clays invariably contain exchangeable cations and anions held to the surface and hence are strong candidates as adsorbents for the removal of heavy metals from waste waters [31, 32]. Clays actually are excellent adsorbent materials due to their large specific surface area, chemical and mechanical stability, layered structure, high cation-exchange capacity, etc. [32]. The removal of heavy metals using different types of clays is reported in some earlier studies [32–36]. In the north of Jeddah, Saudi Arabia, a clay containing montmorillonite has been selected as the candidate of backfill material for heavy metal adsorption. In this present work, we studied the adsorption of Cu(II) and Ag(I) onto this clay for four objectives: (1) the effect of contact time, (2) the influence of pH, (3) the effect of clay’s mass, and (4) the adsorption properties and mechanisms of Cu(II) and Ag(I) ions.
2. Experimental
2.1. Materials
Silver nitrate (AgNO3) and copper nitrate (Cu(NO3)2·3H2O) were used as sources of ions. 0.1 N HCl and 0.1 N NaOH were used to carry out pH adjustments. Ultrapure water was used to prepare all Ag(I) and Cu(II) solutions. The clay from Khulays region, north of Jeddah, Saudi Arabia, was collected and grinded in the laboratory and used without any chemical treatment.
2.2. Characterization of the Clay Sample
The clay sample was characterized by X-ray diffraction (XRD) in an earlier study [37]. The main components are montmorillonite (35.22%), mica (22.8%), kaolinite (13.33%), quartz (8.57%), feldspars (6.66%), and ilmenite (5.71%). The remaining components are dolomite (3.81%) and gypsum (3.89%). The X-ray florescence (XRF) data of the sample lead to the following structural formula of montmorillonite:
The ions in bold font represent the exchangeable ions. The first bracket is for silica tetrahedral, and the second is for aluminum or ferric octahedral.
2.3. Adsorption Experiment
The adsorption process was carried out in a batch reactor. Standard metal solutions ranging from 40 to 2000 mg/L were prepared by diluting the stock solutions. 0.5 g of the clay sample was mixed with 50 mL of the metal solution. The mixture was shaken at 162 rpm stirring rate and 298 K for 1 h followed by centrifugation. Afterward, the metal concentration of the remaining in the supernatant was analyzed by using a PerkinElmer Optima optical emission spectrometer (5300 DV ICP). The adsorption percent and distribution coefficients (Kd) [38, 39] were calculated using the following equations:where Ci is the initial concentration of metal ions (mg/L), Ce is the concentration of metal ions at equilibrium (mg/L), V is the initial volume of metal ions in the solution (mL), and m is the dry weight of biomass used (g). The adsorbed amount (qe) by the clay sample during the series of batch adsorptions was determined using the following equation:
2.4. Kinetic Studies
The kinetic runs were carried out using a 200 mg/L solution of silver and copper. 50 mL of each solution was added in a flask with 0.5 g of the clay sample. Flasks were kept in a shaker at a speed of 162 rpm and 298 K. The kinetic experimental data were observed, when each flask was removed from the shaker at various contact times (5–300 min), the solution was filtered, and aqueous-phase cations were analyzed by optical emission spectroscopy. All runs were carried out twice.
The adsorption capacity is normally controlled by pH of the system, which also has effects on surface properties of the adsorbent and ionic forms of metal ions in the solution. The influence of pH in the range of 2–8 was studied keeping all other parameters constant (metal ion concentration = 500 mg/L; stirring speed = 162 rpm; contact time = 1 h; clay mass = 0.5 g; temperature = 25°C). Dilute concentrations of NaOH and HCl solutions were used to adjust the pH of the metal solution after the addition of the clay.
The adsorption percent (%) of metal ions on the raw clay sample was studied for different clay masses (0.1–5 g/50 mL metal ion solutions) for a metal ion concentration of 500 mg/L with 162 rpm stirring speed at 25°C for one hour.
3. Results and Discussion
3.1. Characterization of the Clay Sample
The BET (Brunauer, Emmett, and Teller) equation was applied to calculate the specific surface area of the clay sample. The resulted surface area observed was SNB = 69 m2/g−1. Particle size analysis of the clay sample was also carried out using Zetasizer (Nano S ZEN 1600, Malvern). The particle size distribution for 74.7% of the clay sample was 1445 nm, 18.9% was 344 nm, and 6.3% was 5387 nm. Microstructure image of the clay sample is shown in Figure 1. It was obtained by SEM (Philips XL30S-FEG). The sample was gold-coated before SEM analysis. Irregular porous surface shown by the image indicates a relatively high surface area. The BET surface area results support these observations.


	
		
	

Figure 1: SEM image of the clay sample.


3.2. Kinetics of Adsorption
To determine the time required for adsorption to reach equilibrium, the contact time between the adsorbent and the adsorbate was varied from 5 to 300 min, the initial concentration of Cu(II) and Ag(I) was fixed at 200 mg/L, and the clay in dispersion concentration was at 10 g/L. The adsorbed amount of Cu(II) and Ag(I) per gram of clay was evaluated using the method of residues (equation (4)). Figure 2 shows the plot of these quantities vs. contact time. The slopes reflect the initial adsorption rates of Ag(I) and Cu(II) were very fast and then plateau values were reached within 15 min. The adsorption rate of the clay seemed to be very satisfactory. Minimum energy consumption and short adsorption time make Saudi clay an efficient adsorbent for Cu(II) and Ag(I). A contact time of 1 h was chosen for further experiments. The pseudo-second-order equation and pseudo-first-order Lagergren models were applied for Cu(II) and Ag(I) kinetics. Lagergren’s pseudo-first-order model is generally expressed aswhere qt and qe (mg/g) are the adsorption capacity at time t and equilibrium, respectively, and k1 is the Lagergren rate constant of pseudo-first-order adsorption (min−1). Plotting log(qe − qt) vs. t should give a linear relationship with slope qe and with intercept k1. The pseudo-second-order model is expressed aswhere k2 is the pseudo-second-order adsorption rate constant (g/mg·min). The rates of adsorptions of Ag(I) and Cu(II) onto the clay surface were evaluated for these models. From the linear plots of t/qt vs. t, k2 and qe can be determined from the slope and intercept [40]. The plots of ln(qe − qt) vs. t for the Lagergren first-order model (not shown here) do not fit with the model. Table 1 shows the calculated results of the first-order rate equation with low correlation coefficients values, showing bad quality of linearization. Furthermore, the qe value acquired by this method is contrasted with the experimental value, which means that adsorption of Ag(I) and Cu(II) onto clay is not a pseudo-first-order process. Figure 3 represents the linearized form of pseudo-second-order model in which the values of correlation coefficients were all extremely high (R2 = 1) compared to those of the pseudo-first-order model (Table 1). Besides, the calculated qe values agreed very well with experimental data, which suggests that the pseudo-second-order model is more likely to predict kinetic behavior of adsorption of Ag(I) and Cu(II) with chemical sorption being the rate-controlling step [40]. Comparing the adsorption rate constants of Ag(I) and Cu(II), it was found that Ag(I) was adsorbed by the clay sample faster than the adsorption of Cu(II).


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
			
			
			
				
					
					
					
				
			
		
		
			
				
			
			
				
			
				
					
					
					
					
				
			
		
	

Figure 2: Effect of contact time on Ag+ and Cu++ adsorption onto Saudi clay, at metal concentration = 200 mg/L, temperature = 25°C, and clay mass = 10 g/L.


Table 1: Adsorption rate constants of Ag+ and Cu++ adsorption onto clay derived from the pseudo-first-order and pseudo-second-order kinetic models.
	

	 	Pseudo-first-order	Pseudo-second-order
	qe(mg/g)	k1 (min−1)	R2	qe (mg/g)	k2 (g/mg·min)	R2
	

	Ag+	0.377	0.914	0.197	19.70	3.67	1
	Cu++	0.200	1.600	0.002	10.68	0.119	1
	





	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
	
	
		
			
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
				
			
		
	
	
		
			
				
				
			
		
	
	
		
			
				
				
			
		
	
	
		
			
				
				
			
		
	
	
		
			
				
				
			
		
	
	
		
			
				
				
				
			
		
	
	
		
			
				
				
				
			
		
	
	
		
			
				
				
				
			
		
	
	
		
			
				
				
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
			
		
	
	
		
			
				
				
				
				
			
		
	
	
		
			
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
		
			
				
					
						
						
						
					
				
			
			
		
		
			
				
					
						
						
						
						
					
				
			
			
			
		
	

Figure 3: Pseudo-second-order adsorption kinetics of Ag+ and Cu++ on the clay surface.


3.3. Effects of Clay Mass
Adsorbent mass is an important parameter that determines the capacity of an adsorbent for a given initial concentration of the adsorbate. The clay mass effect was studied on Ag(I) and Cu(II) ion removal from aqueous solutions by changing the amount of clay from 0.1 to 5 g/50 mL while keeping other parameters constant (pH = 6; metal concentration = 500 mg/L; temperature = 298 K; contact time = 1 hour). The effect of clay mass on adsorption of Ag(I) and Cu(II) is shown in Figure 4. The percent adsorption of Ag(I) and Cu(II) increased from 14.2 to 82.6% and from 0.02 to 80%, respectively, for clay mass of 0.1 and 5.0 g. As dosage increased, adsorbent capacity increased due to availability of more binding sites.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
				
				
				
			
		
		
			
			
				
			
				
				
				
				
			
		
	

Figure 4: Effect of clay mass on the adsorption percentage.


3.4. Effects of pH
The solution’s pH plays an important role in determining the rate of surface reactions. The variation in adsorption capacity in a pH range is largely due to influence of pH on adsorption characteristics of the clay surface. Figure 5 shows the effect of pH on the adsorbed amount of Ag(I) and Cu(II) onto the clay surface. For Cu(II), the adsorbed amount increased from 33.3 to 49.87 mg as the pH increased from 2 to 8, but for Ag(I), it was weakly influenced by the pH. The increase in Cu(II) removal as the pH increased can be explained by surface sites and by decreased positive charge, which results in a lower repulsion on the basis of decreased competition between protons and positively charged copper ions at the adsorbing metal ion [41]. This indicated that adsorption capacity of the adsorbent is clearly pH dependent.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
				
			
			
			
				
				
				
			
		
		
			
				
			
			
				
			
				
				
				
				
			
		
	

Figure 5: Effect of pH on Ag+ and Cu++ removal by Saudi clay at initial metal concentration concentration = 500 mg/L and clay mass = 10 g/L.


3.5. Adsorption Isotherm
The adsorption of Ag(I) and Cu(II) onto the clay sample as a function of their concentrations was studied at 298 K. The metal concentrations were varied from 40 to 2000 mg/L while keeping all other parameters constant. Figure 6 shows the adsorption of Ag(I) and Cu(II) as a function of metal ion concentration at 298 K. The percentage of adsorption decreases with increasing metal concentration in aqueous solutions. This may be because at lower concentrations almost all ions were adsorbed very quickly, but further increases in initial metal ion concentrations led to saturation of the clay surface. Figure 7 illustrates the distribution coefficient (Kd) as a function of metal ion concentrations. Decreasing metal ion concentrations led to increasing Kd values. A high Kd value represents a high clay affinity with the metal and indicates a low mobility, while a low Kd value indicates a high mobility through the clay surface. These results indicate increasing metal concentrations in the aqueous solution causing energetically less favorable sites to become involved. The heavy metal uptake is attributed to dissimilar mechanisms of ion-exchange processes and to the adsorption process. During the ion-exchange process, metal ions had to move through pores of clay mass. The maximal exchange levels attained were 92.13% for Ag(I) and 92% for Cu(II).


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
		
		
		
	
	
	
		
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 6: Adsorption of Ag+ and Cu++ by the Saudi clay sample as a function of initial concentration.




	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
				
				
			
			
				
				
				
			
		
		
			
				
				
					
			
			
				
				
				
				
			
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	

Figure 7: Distribution coefficient of Ag+ and Cu++ on Saudi clay as a function of initial concentration.


The equilibrium data for Ag(I) and Cu(II) over concentrations ranging from 40 to 2000 mg/L have been correlated with the well-known Langmuir isotherm model, which is represented mathematically as follows:where qe and KL are Langmuir constants. They are related to maximum sorption capacity and sorption energy, respectively. KL represents enthalpy of sorption and should vary with temperature, and maximum sorption capacity (qm) represents monolayer coverage of the sorbent with the sorbate.
The Freundlich adsorption isotherms were also applied to removal of Ag(I) and Cu(II) on the clay sample:where KF and n are Freundlich constants that are related to adsorption capacity and adsorption intensity, respectively.
Figure 8 displays linear plots of Ce/qe vs. Ce at 298 K. The values of qm and KL were determined for the Langmuir isotherm from experimental data by linear regression. For the Freundlich isotherm, values of KF and n were obtained similarly (Table 2). The correlation coefficients R2 indicate that the Langmuir isotherm fitted adsorption data of Ag(I) and Cu(II) on the clay surface better than the Freundlich isotherm. It appears that the adsorbed amount (qe) of Ag(I) and Cu(II) was 63.29 and 32.36 mg/g, respectively. The ionic radii of the metal ions can explain this result. Indeed, it is reported that the amount of uptake of cations from the solution was related to the ionic radii [41–43]. When the ionic radius increases (or the hydrated radius decreases), the removal of metal from the solution increases. For example, Ag (ionic radius = 1.26 Å; hydrated radius = 2.12 Å) shows a higher adsorbed amount, while copper (ionic radius = 72 pm; hydrated radius = 295 pm) shows low adsorbed amount. The elements with lower ionic radius will compete faster for exchange sites on the clay surface than those with higher ionic radius. The higher charge of an ion means lower ionic radius, and hence, the charge of an ion can influence its ability to adsorb on the adsorbent surface [44]. The ionic radii of Ag(I) and Cu(II) are 1.26 and 0.71 Å, respectively [45]. Therefore, it will be expected that Cu(II) must be adsorbed more than Ag(I), but in this work, the contrary took place. The adsorbed amount of Ag(I) and Cu(II) was 63.29 and 32.36 mg/g, respectively. The relative selectivity of metal cations can be explained according to the Lewis hard-soft acid-base (HSAB) principle. Hard Lewis acids prefer to react or complex with hard Lewis bases, and in the same manner, soft acids prefer soft bases [44]. The term “hard” indicates high electronegativity, low polarizability, and small radius, and the term “soft” implies the opposite. Hard Lewis acids include Li(I), Na(I), Mg(II), Ca(II), and Sr(II), while soft Lewis acids include Ag(I), As(I), Hg(II), and Pd(II). Borderline metals include Fe(I), Co(I), Ni(II), and Cu(II). Water is considered a very hard base, whilst clay minerals behave as soft bases; thus, in our study, clay showed a preference to Ag(I), relative to Cu(II).


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
			
				
				
			
			
				
				
				
			
		
		
			
				
				
					
			
			
				
				
				
				
			
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 8: Linearized Langmuir isotherm models for Ag+ and Cu++ adsorption by the Saudi clay at 298 K (clay mass 10 g/L and shaking time 2 h).


Table 2: Langmuir and Freundlich parameters obtained from the plots of Ag+ and Cu++ adsorption onto Saudi clay at 298 K.
	

	 	Langmuir	Freundlich
	

	Metals	qm (mg/g)	KL	R2	KF	n	R2
	Ag+	63.29	0.0078	0.98	2.39	2.1	0.93
	Cu++	32.36	0.0176	0.98	5.44	4.46	0.32
	



3.6. Comparison of Ag(I) and Cu(II) Adsorption with Different Adsorbents
In Table 3, the maximum adsorption capacity of Saudi clay for Ag(I) and Cu(II) has been compared to other adsorbents. The adsorption values obtained for the Ag(I) and Cu(II) ions onto Saudi clay in this study were found to be comparable and higher than those of many corresponding adsorbents reported in previous works (Table 3). Economically, the adsorbent and its treatment cost are an important issue and must be considered when selecting an adsorbent. In this work, Saudi clay was used without any chemical treatment; therefore, it could especially be considered a potential adsorbent for Ag(I) and Cu(II) removal from aqueous solutions comparing with other adsorbents.
Table 3: Comparison of adsorption capacity of Saudi clay with other adsorbents reported in previous works.
	

	Adsorbent	Maximum adsorbed amount (mg/g)	References
	Ag+	Cu++
	

	Zeolite	33.2	—	[12]
	Activated carbon	—	25	[46]
	Peat	10.8	6.2	[10]
	Spent activated carbon	—	13	[33]
	Red mud	—	5.3	[34]
	Expanded perlite	0	8.62	[45]
	Natural zeolite	—	8.69	[31]
	Clay	—	12.84	[11]
	Shells of wheat	—	17.42	[8]
	Bulgarian clay	—	3.11	[25]
	Expanded perlite	0.8	0.18	[4]
	Saudi clay	63.2	32.36	This work
	



4. Conclusions
This study clearly suggests that Saudi clay could be considered an active adsorbent for treatment of wastewater containing Ag(I) and Cu(II) ions. The adsorption process is dependent on numerous factors such as solution pH, initial metal concentration, contact time, and adsorbent mass. The isotherm study indicates that adsorption data interrelated well with the Langmuir isotherm model. The kinetic data followed the pseudo-second-order kinetic model better than the pseudo-first-order kinetic model. The adsorption capacity of Saudi clay for Ag(I) and Cu(II) removal from aqueous solutions was very higher than that of other adsorbents.
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
The authors declare that there are no conflicts of interest regarding the publication of this article.
Acknowledgments
This project was supported by Deanship of Scientific Research, College of Science Research Centre, King Saud University.
References
	A. A. Alqadami, M. Naushad, Z. A. Alothman, and A. A. Ghfar, “Novel metal-organic framework (MOF) based composite material for the sequestration of U(VI) and Th(IV) metal ions from aqueous environment,” ACS Applied Materials & Interfaces, vol. 9, no. 41, pp. 36026–36037, 2017.
	S. Lin and R. S. Juang, “Heavy metal removal from water by sorption using surfactant-modified montmorillonite,” Journal of Hazardous Materials, vol. 92, no. 3, pp. 315–326, 2002.
	M. Naushad, Z. A. ALOthman, M. R. Awual, S. M. Alfadul, and T. Ahamad, “Adsorption of rose Bengal dye from aqueous solution by amberlite Ira-938 resin: kinetics, isotherms, and thermodynamic studies,” Desalination and Water Treatment, vol. 57, no. 29, pp. 13527–13533, 2016.
	A. K. Bhattacharya, S. N. Mandal, and S. K. Das, “Adsorption of Zn(II) from aqueous solution by using different adsorbents,” Chemical Engineering Journal, vol. 123, no. 1-2, pp. 43–51, 2006.
	M. Naushad, “Surfactant assisted nano-composite cation exchanger: development, characterization and applications for the removal of toxic Pb2+ from aqueous medium,” Chemical Engineering Journal, vol. 235, pp. 100–108, 2014.
	T. Mathialagan and T. Viraraghavan, “Adsorption of cadmium from aqueous solutions by perlite,” Journal of Hazardous Materials, vol. 94, no. 3, pp. 291–303, 2002.
	M. Naushad, T. Ahamad, G. Sharma et al., “Synthesis and characterization of a new starch/SnO2 nanocomposite for efficient adsorption of toxic Hg2+ metal ion,” Chemical Engineering Journal, vol. 300, pp. 306–316, 2016.
	H. Aydına, Y. Buluta, and A. Ç. Yerlikay, “Removal of copper(II) from aqueous solution by adsorption onto low-cost adsorbents,” Journal of Environmental Management, vol. 87, pp. 37–45, 2008.
	M. Naushad, A. Mittal, M. Rathore, and V. Gupta, “Ion-exchange kinetic studies for Cd(II), Co(II), Cu(II), and Pb(II) metal ions over a composite cation exchanger,” Desalination and Water Treatment, vol. 54, no. 10, pp. 2883–2890, 2015.
	P. Hanzlík, J. Jehlička, Z. Weishauptová, and O. Šebek, “Adsorption of copper, cadmium and silver from aqueous solutions onto natural carbonaceous materials,” Plant Soil Environmental, vol. 50, pp. 257–264, 2004.
	O. Khazali, R. Abu-El-Halawa, and K. Al-Sou’od, “Removal of copper(II) from aqueous solution by Jordanian pottery materials,” Journal of Hazardous Materials, vol. 139, no. 1, pp. 67–71, 2007.
	M. Akgül, A. Karabakan, O. Acar, and Y. Yürüm, “Removal of silver(I) from aqueous solutions with clinoptilolite,” Microporous and Mesoporous Materials, vol. 94, no. 1–3, pp. 99–104, 2006.
	M. Naushad, S. Vasudevan, G. Sharma, A. Kumar, and Z. A. ALOthman, “Adsorption kinetics, isotherms, and thermodynamic studies for Hg2+adsorption from aqueous medium using alizarin red-S-loaded amberlite IRA-400 resin,” Desalination and Water Treatment, vol. 57, no. 39, pp. 18551–18559, 2016.
	M. Naushad, T. Ahamad, B. M. Al-Maswari, A. A. Alqadami, and S. M. Alshehri, “Nickel ferrite bearing nitrogen-doped mesoporous carbon as efficient adsorbent for the removal of highly toxic metal ion from aqueous medium,” Chemical Engineering Journal, vol. 330, pp. 1351–1360, 2017.
	F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, Inter Science Publishers, New York, NY, USA, 1980.
	S. Hasan, T. K. Ghosh, D. S. Viswanath, and V. M. Boddu, “Dispersion of chitosan on perlite for enhancement of copper(II) adsorption capacity,” Journal of Hazardous Materials, vol. 152, no. 2, pp. 826–837, 2008.
	E. Álvarez-Ayus and A. García-Sánchez, “Removal of heavy metals from waste waters by natural and Na-exchanged bentonites,” Clays Clay Minerals, vol. 51, pp. 475–480, 2003.
	M. A. Shaker, “Thermodynamic profile of some heavy metal ions adsorption onto biomaterial surfaces,” American Journal of Applied Sciences, vol. 4, no. 8, pp. 605–612, 2007.
	S. Basha, Z. V. P. Murthy, and B. Jha, “Sorption of Hg(II) onto Carica papaya: experimental studies and design of batch sorber,” Chemical Engineering Journal, vol. 147, no. 2-3, pp. 226–234, 2009.
	Q. Fan, Z. Li, H. Zhao, Z. Jia, J. Xu, and W. Wu, “Adsorption of Pb(II) on palygorskite from aqueous solution: effects of pH, ionic strength and temperature,” Applied Clay Science, vol. 45, no. 3, pp. 111–116, 2009.
	Q.-Q. Zhang, Y.-J. Zhu, J. Wu, Y.-T. Shao, A.-Y. Cai, and L.-Y. Dong, “Ultralong hydroxyapatite nanowire-based filter paper for high-performance water purification,” ACS Applied Materials & Interfaces, vol. 11, no. 4, pp. 4288–4301, 2019.
	A. G. El Samrani, B. S. Lartiges, and F. Villiéras, “Chemical coagulation of combined sewer overflow: heavy metal removal and treatment optimization,” Water Research, vol. 42, pp. 951–960, 2008.
	A. A. Alqadami, M. Naushad, M. A. Abdalla et al., “Efficient removal of toxic metal ions from wastewater using a recyclable nanocomposite: a study of adsorption parameters and interaction mechanism,” Journal of Cleaner Production, vol. 156, pp. 426–436, 2017.
	M. Naushad, T. Ahamad, Z. A. AlOthman, and A. H. Al-Muhtaseb, “Green and eco-friendly nanocomposite for the removal of toxic Hg(II) metal ion from aqueous environment: adsorption kinetics & isotherm modelling,” Journal of Molecular Liquids, vol. 279, pp. 1–8, 2019.
	M. Ulmanu, E. Marañón, Y. Fernández, L. Castrillón, I. Anger, and D. Dumitriu, “Removal of copper and cadmium ions from diluted aqueous solutions by low cost and waste material adsorbents,” Water, Air, and Soil Pollution, vol. 142, no. 1–4, pp. 357–373, 2003.
	M. K. Uddin, S. S. Ahmed, and M. Naushad, “A mini update on fluoride adsorption from aqueous medium using clay materials,” Desalination and Water Treatment, vol. 145, pp. 232–248, 2019.
	H. Ghassabzadeh, A. Mohadespour, M. Torab-Mostaedi, P. Zaheri, M. G. Maragheh, and H. Taheri, “Adsorption of Ag, Cu and Hg from aqueous solutions using expanded perlite,” Journal of Hazardous Materials, vol. 177, no. 1–3, pp. 950–955, 2010.
	A. Mittal, M. Naushad, G. Sharma, Z. A. ALothman, S. M. Wabaidur, and M. Alam, “Fabrication of MWCNTs/ThO2nanocomposite and its adsorption behavior for the removal of Pb(II) metal from aqueous medium,” Desalination and Water Treatment, vol. 57, no. 46, pp. 21863–21869, 2016.
	A. A. Alqadami, M. Naushad, Z. A. Alothman, and T. Ahamad, “Adsorptive performance of MOF nanocomposite for methylene blue and malachite green dyes: kinetics, isotherm and mechanism,” Journal of Environmental Management, vol. 223, pp. 29–36, 2018.
	K. G. Bhattacharya and S. S. Gupta, “Kaolinite and montmorillonite as adsorbents for Fe(III), Co(II) and Ni(II) in aqueous medium,” Applied Clay Science, vol. 41, pp. 1–9, 2008.
	E. Erdem, N. Karapinar, and R. Donat, “The removal of heavy metal cations by natural zeolites,” Journal of Colloid and Interface Science, vol. 280, no. 2, pp. 309–314, 2004.
	A. A. El-Bayaa, N. A. Badawy, and E. A. AlKhalik, “Effect of ionic strength on the adsorption of copper and chromium ions by vermiculite pure clay mineral,” Journal of Hazardous Materials, vol. 170, no. 2-3, pp. 1204–1209, 2009.
	C.-H. Weng, C.-Z. Tsai, S.-H. Chu, and Y. C. Sharma, “Adsorption characteristics of copper(II) onto spent activated clay,” Separation and Purification Technology, vol. 54, no. 2, pp. 187–197, 2007.
	H. Nadaroglu, E. Kalkan, and N. Demir, “Removal of copper from aqueous solution using red mud,” Desalination, vol. 251, pp. 90–95, 2009.
	S. Aljlil and F. Alsewailem, “Saudi Arabian clays for lead removal in wastewater,” Applied Clay Science, vol. 42, no. 3-4, pp. 671–674, 2009.
	H. H. Zhu and Y. Xue, “Kinetic and isothermal studies of lead ion adsorption onto bentonite,” Applied Clay Science, vol. 40, pp. 171–178, 2008.
	W. K. Mekhamer, “The colloidal stability of raw bentonite deformed mechanically by ultrasound,” Journal of Saudi Chemical Society, vol. 14, no. 3, pp. 301–306, 2010.
	S. A. Khan, U. R. Riaz-ur-Rehman, and M. A. Khan, “Adsorption of chromium(III), chromium(VI) and silver(I) on bentonite,” Waste Management, vol. 15, no. 4, pp. 271–282, 1995.
	W. S. W. Ngah and M. A. K. M. Hanafiah, “Adsorption of copper on rubber (Hevea brasiliensis) leaf powder: kinetic, equilibrium and thermodynamic studies,” Biochemical Engineering Journal, vol. 39, no. 3, pp. 521–530, 2008.
	Y.-S. Ho, “Selection of optimum sorption isotherm,” Carbon, vol. 42, no. 10, pp. 2115-2116, 2004.
	A. B. Albadarin, M. N. Collins, M. Naushad, S. Shirazian, G. Walker, and C. Mangwandi, “Activated lignin-chitosan extruded blends for efficient adsorption of methylene blue,” Chemical Engineering Journal, vol. 307, pp. 264–272, 2017.
	R. Sánchez-Hernández, I. Padilla, S. López-Andrés, and A. López-Delgado, “Al-waste-based zeolite adsorbent used for the removal of ammonium from aqueous solutions,” International Journal of Chemical Engineering, vol. 2018, Article ID 1256197, 11 pages, 2018.
	R. C. Weast and D. R. Lide, CRC Handbook of Chemistry and Physics, CRC, Boca Raton, FL, USA, 70th edition, 1989.
	Z. A. AL-Othman, R. Ali, and M. Naushad, “Hexavalent chromium removal from aqueous medium by activated carbon prepared from peanut shell: adsorption kinetics, equilibrium and thermodynamic studies,” Chemical Engineering Journal, vol. 184, pp. 238–247, 2012.
	A. Sarı, M. Tuzen, D. Cıtak, and M. Soylak, “Adsorption characteristics of Cu(II) and Pb(II) onto expanded perlite from aqueous solution,” Journal Hazardous Materials, vol. 148, pp. 387–394, 2007.
	P.K. Baskaran, B.R. Venkatraman, M. Hema, and S. Arivoli, “Adsorption studies of copper ion by low cost activated carbon,” Journal of Chemical and Pharmaceutical Research, vol. 2, pp. 642–655, 2010.


EPUB/Navigation/nav.xhtml


		

			

		  1. Introduction

		  2. Experimental

		  3. Results and Discussion

		  4. Conclusions

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




