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Abstract

:

Lead-acid batteries are commonly used as power sources for critical operations in the world. They find application in air-traffic control towers, uninterruptible power supplies (UPS), railroad crossings, military installations, hospitals, and weapons systems. Lead-acid batteries are also known as automotive batteries and industrial batteries. Lead-acid batteries consist of large amounts of lead, sulphuric acid, and plastics. The acid is tremendously irritant and a carrier for soluble information. The lead must control because of a range of adverse health effects. Thus, a collectible system that is easily accessible for waste batteries is needed. In this paper, a sustainable model is proposed for the leaching of lead-acid battery slag. The aim is to optimize the leaching of lead-acid batteries slag with natural materials. The leaching characteristic of the lead smelting slag produced using sepiolite and illite. A 23 full factorial design model is used to investigate the combination of the effect of variable factors.
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1. Introduction


Batteries are used as the most common energy storage equipment. They are the earliest class of rechargeable batteries. Lead storage batteries are known as lead-acid batteries too. They are still used as the most effective energy density solution, being an inexpensive, simple to manufacture technology. Lead-acid batteries find wide application as electronic systems, security systems, energy support systems, storage and support units in renewable energy production, as well as and existing and newly developed different systems.



The essential primary material for lead-acid batteries is sulphuric acid and large amounts of lead. The acid is immensely irritant and is also a suitable carrier for soluble lead metal. Lead is a highly toxic metal that produces health effects in young children, significantly influencing the brain and nervous system development. Exposure to excessive lead levels in the long-term can increase the risk of high blood pressure and kidney damage [1,2].



As well as significant growth for the automotive industry, the rapid increase in other sectors and technologies has strongly driven the use of batteries. Lead-acid batteries are used widely because of their low cost [3,4,5]. The lead-acid battery has the advantages of high cost performance, large capacity, high power, long life, safety, and reliability. It is currently the world’s most significant production and most versatile battery, and it is also the chemical battery with the largest market share and the broadest range of applications. The battery, especially in applications such as starting and large-scale energy storage, is still hard to replace with other new batteries.



Lead-acid batteries have relatively low prices and have comparative advantages such as mature technology, excellent high and low-temperature performance, stability and reliability, high safety, good resource reutilization, and prominent market competitive advantages. Therefore, in the global market, lead-acid batteries occupy a dominant position. In recent years, through the continuous technology introduction, digestion, and absorption of the industry and the investment and construction of factories in Turkey by countries such as Europe, the United States, Japan, and South Korea, the manufacturing technology of the leading products of lead-acid batteries in Turkey has approached the advanced international level.



Data show that China’s lead-acid battery production accounts for about 45% of the world’s total, followed by the United States, which accounts for about 32%, Japan ranks third, accounting for nearly 13%, in addition to Germany, and so on [6]. In Turkey, an estimated 12.5 million batteries were sold in 2018. The old ones were collected with the deposit application [7].



When waste lead-acid batteries are disposed of at random or are stored unlawfully, they can cause the contamination of air, soil, surface water, and groundwater by leaching their toxic components. This waste causes dispersed high lead levels and lead-contaminated sulfuric acid to the environment from deformed and broken batteries [8].



The recovery of waste lead acid batteries is essential for managing lead input to the environment and meeting the market’s lead demand in a more energy and cost-effective manner than primary production. As a critical producer of lead acid batteries for the Middle Eastern and Eastern European market, Turkey seems to meet 22–52% of its total lead demand by waste lead acid battery recovery [9].



Batteries are properly collected from the consumer at the end of their life. Then, they are separated according to various and recycled. The recycling process for the recovery of component materials from lead-acid batteries can be based on physical, chemical, and thermal treatment. The batteries are mechanically crushed to separate the acid and metallic parts. The lead component is smelted and refined from molten slags. The refining process is meant to produce lead of high purity by electrolysis or by precipitation, making a new lead battery (Figure 1) [10,11].



A hierarchy of waste management is the prevention of waste produced at source followed by minimization, reuse, recycling, and energy recovery. Wastes with waste management are converted to conventional and new products [12,13,14].



Adsorption technology has been used as one of the most practical methods. A sorbent must be eco-friendly, cost effective, industrially viable, and efficient for a wide range of concentrations of different pollutants metals. Owing to their high content of aluminum, iron, magnesium, and calcium, sepiolite and illite have been suggested as cheap natural adsorbents for heavy metal removal. Adsorption characteristics suggested the heterogeneous nature of the adsorbent surface sites concerning the energy of adsorption [15].



In this paper, a sustainable model is proposed for the leaching lead-acid battery slag. The aim is to optimize the leaching of lead-acid batteries slag with natural materials. The leaching characteristic of the lead smelting slag produced using sepiolite and illite. A 23 full factorial design model is used to investigate the combination of the effect of variable factors. The full factorial design, which accounted for all factor interactions, is an elaborate approach. The optimization of the leaching behavior has studied the impact of three factors. The variables are the adsorbent type (illite and sepiolite), adsorbent dosage (10% and 30%), and leachate solution (The Toxicity Characteristic Leaching Test (TCLP) and The German Leaching Test (DIN)), levels, namely low and high.



The main and interaction effects have been studied using the Analysis of Variance (ANOVA), an F-test, and the student’s t-test. A regression model according to data has been proposed. In the present system’s behavior, the most significant factor is the interaction of adsorbent type – leachate solution.



This study’s novelty is that full factorial design was applied to optimize process parameters for lead removal from lead smelting slag using natural sepiolite and illite.



The lead smelting slag dumps represent long term sources of metal pollutants, particularly of Pb, to local ground and surface waters. For that reason, this study focuses on the safe disposal and leaching behavior of the lead smelting slag using natural materials. Such research is also important in case of using waste as secondary raw materials for the production of materials placed in the environment [16].



This study’s main motivation is to investigate the possibility of sepiolite and illite, which are natural materials that are abundant and inexpensive as an adsorbent for lead removal by using a factorial design.




2. Materials and Methods


2.1. Materials


Characterization of Chemical Properties of Lead Smelting Slag


Lead smelting slag was obtained from AKUDER, which produces in Istanbul. Standard methods have been used to prepare a leaching solution from industrial waste. The Toxicity Characteristic Leaching Test (TCLP; US EPA Method 1311) (18 h, pH 5.0 buffer HOAc/NaOAc; 20/1; 30 rpm) and DIN 38414-S4 (24 h; distilled water; 10/1; 30 rpm) prepared conforms to the standards set by American Chemical Society (ACS Washington, DC, USA) (24 h; distilled water; 10) and are preferred the most commonly. The pH is measured and a glass fiber filter filters the leaching solution. The leaching solution is used in the experiments [17]. The operation criteria of TCLP and DIN38414-S4 are presented in Table 1.



Natural clays are widely used as adsorbents because of their low cost, abundance, high clay, adsorption, and ion exchange capacity. The adsorption ability of clays is highly dependent on the net negative charge in their structure. Due to this negative charge, clay minerals are gaining the ability to adsorb positively charged species. The adsorption capacity depends on a high surface area and porous structure [18,19,20].



Sepiolite, also known as a hydrated magnesium silicate, is a soft white natural clay mineral that belongs to a group of layered silicates. The typical chemical formula is Si12Mg8O30(OH)4(OH2)4·8H2O. It has various specifications because of the fibrous structure, high surface area, activity, crystal morphology and composition, and porosity. Sepiolite has the highest surface area (BET), about 300 m2/g, in other clay minerals with a high density of silanol groups (-SiOH). These properties are frequently used in various catalytic, absorbent, and rheological applications [21,22].



Illite contains more potassium than other clay minerals. The chemical formula is (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]. Illites are known as micaceous clay minerals. The chemical composition of the illite varies depending on the micas that they are formed. Illite, any of a group of mica-type clay minerals widely distributed in marine shales and related sediments. Illite contains more water and less potassium than true micas, but it has a micalike sheet structure and is poorly crystallized [23,24,25].



The leaching solution is used in the experiments. The natural materials as sepiolite and illite are collected from Eskişehir and Samsun in Turkey.



They are sieved into different fractions. The samples are sheerly washed with deionized water. The chemical composition of leaching smelting slag, sepiolite, and illite is presented in Table 2.





2.2. Experimental Procedure


A study was performed to analyze the effects of leaching and pollutants from lead smelting slag samples. The experiments were confirmed in the reactor containing adsorbent dosage (10% and 30%), adsorbent type (sepiolite and illite), and leachate solution (Toxicity Characteristic Leaching Procedure (TCLP) and The German Leaching Test (DIN)).



Firstly, the lead smelting slag was added into leaching solutions (TCLP and DIN), placed in an Erlenmeyer flask under atmospheric pressure and mixed in a magnetic stirrer water bath (Figure 2). At the end of the leaching, the slurry was filtered with a filter and acidified with HNO3 to reduce the pH. The lead concentration in the filtered solution was designed using the atomic absorption spectrophotometer (UNICAM model 929).



The lead smelting slag was mixed sepiolite and illite (10% and 30%) to investigate adsorbents’ effects. The samples were added into leaching solutions (TCLP and DIN) placed in an Erlenmeyer flask under atmospheric pressure and mixed in a magnetic stirrer water bath. After the leaching process, the slurry was filtered with a filter and acidified with HNO3 to reduce the pH. The filtered solution’s metal concentration was determined by using the atomic absorption spectrophotometer (UNICAM model 929).




2.3. Factorial Design


The experimental factors such as leachate solution, adsorbent type, and adsorbent dosage were studied in the adsorption process. However, empirical studies are time-consuming and high-priced. Therefore, to minimize the number of experiments, time, cost of the process studied a factorial design [26,27,28].



A full factorial design is commonly used to find the relationship between the essential experimental factors’ primary and interaction effects [29]. A mathematical model that shows the impact of the experimental factors on the reaction yield is found using this analysis method. This model helps to analyze the main and interaction effects of factors [29,30,31]. A full factorial design is a widely used experimental design with each factor at two levels (low and high). It takes into investigating the relationship between the levels of factors during the experiment. If k factors each at two-levels are chosen, the 2k full factorial design is studied. In our work, the present study optimized the adsorption of lead removal from lead smelting slag on sepiolite and illite materials, using a 23 full factorial design model. Table 3 illustrated the high and low levels of the experimental factors such as leachate solution, adsorbent type and adsorbent dosage to the 23 factorial designs. The levels of the experimental factors were coded as −1 (low) and +1 (high).The low and high levels for the factors were decided according to previous studies. The effects of factors and their interaction on the response have been studied [32,33,34].





3. Results


A design matrix of three factors has been described. To avoid systematic mistakes, the experiments were conducted randomly.For such a design matrix, the 23 = 8 experiments were required combinations of A*B-*C The experimental design matrix in coded variables and the results were illustrated in Table 4. The signs in the interaction columns are the signs that result when multiplying the main effect columns in the interaction of interest. A factor effect is that the average response depends on the high level at the factor’s low level. Using Equation (1), calculate the main effect of a factor’s high and low levels [35]. Informal analysis using the main effects plot can be powerful.


   E i  =  1   2  k − 1       ∑  j = 1    2 k      c  i , j    Y j     



(1)




where k is the number of factors, i is the which effect you are calculating, j is the number of runs you are considering and c is the coded value.



A linear mathematical model is created in the full factorial design to illustrate the influence and interaction between the measured response parameters (Y) [36]. The mathematical model showing the relationships between experimental data is described in the regression model and obtained from Equation (2) [32].


  Y =  β 0  +  β 1  A +  β 2  B +  β 3  C +  β  12    A   B  +  β  13    A   C  +  β  23    B   C  +  β  123    A   BC   



(2)




where Y is the predicted reaction efficiency. The constant term is β0. The respective effect coefficient is β and A, B, C, stands for adsorbent type, leachate solution, and adsorbent dosage, respectively. Y = f(X) equation for removing lead is given in Equation (3).


   Y = 25.474 − 15.759    A  − 11.409    B  + 10.649    C  + 15.96    AB  − 5.234    AC     − 5.309    BC  + 5.734    AB    



(3)







The Student’s t-test has calculated the regression model’s coefficients to analyze their influence on the reaction efficiency [37]. The regression coefficients, the effects, t-values and p-values are shown in Table 5.



In the statistical analysis of experimental data, it is essential to assume that the data is in the normal distribution. When the data distribution is normal, the normal probability plot shows that points fall reasonably close to a straight line. The normality of the data can be surveyed by plotting the normal probability plot of the residuals.



The residuals are the difference between the observed and the fitted from the regression. Figure 3a is the normal probability plot. Figure 3b plots the residuals versus the fitted values, and it could be seen that the experimental points are reasonably aligned, suggesting normal distribution. Figure 3d is a plot of the residuals versus the observation orders. The residuals appear to be randomly scattered about zero.



The main effects of low and high levels of adsorbent type, leachate solution, and adsorbent dosage are shown in Figure 4. From Figure 4, we can see a change from low to high levels of experimental factors. This indicates that the high level of adsorbent type and leachate solution negatively affects the adsorbent dosage positively impacting the reaction efficiency.



These results indicate that leaching of lead metal ions decreased as the level of sepiolite and illite increased. Moreover, these results show that in general, sepiolite is more effective than illite. The enhancement of lead removal with increasing adsorbent dosage can be attributed to the fact that increasing the amount of adsorbent provides more binding sites (increased surface area) for the adsorption of lead ions onto the sepiolite and illite, leading to an increase in the interaction between adsorbent and lead ions. On the surface of the sepiolite the oxidized functional groups are present as SiO2, MgO and Al2O3. The surface of silica has a high affinity towards lead ions. This behavior may be explained based on the higher number of available sorbent sites for lead ions binding [38,39].



When the main effect is the effect of one of the independent factors on the dependent factor, an interaction effect is an influential experimental factor that differs depending on the second experimental factor. An interaction among two factors can be explained as the effect of a factor on the response depending on the other factor [31,40,41,42,43,44,45,46,47].



In Figure 5, the lines on the graphs are not parallel. In these cases, there is interaction, and we can decide on its significance from the two factors ANOVA.



The interaction plot for lead removal efficiency shows the significant interactions between the adsorbent type and the adsorbent dosage and between the leachate solution and the adsorbent dosage. However, the interaction between the adsorbent type and the leachate solution is the most vital.



Student’s t-test was employed to find the relative importance of individual parameters and their interaction and the results are illustrated in Pareto chart. A Pareto chart is concluded which of these variables and interactions are most significant. Pareto charts (Figure 6) are illustrated which variables have the most effective cumulative effect on the results. Figure 6 shows the Pareto chart of standardized effects at (p-value) p = 0.05. The values of main effects and interaction effects are higher than 2.31. The main effects A, B, C, and the interactions AB, AC, BC, and ABC that exceed the reference line are significant, according to Figure 6.



The normal probability plot is used to see individual data items that don’t fit a normal distribution. If a plotted effect doesn’t provide this line, this effect is thought to be “significant”. According to Figure 7, the main effects A,B,C, and the interactions A, B, AC, BC, and ABC are significant statistically. Since A, B, AC and BC lie on the left-hand side, the line hurts the model. The interaction of adsorbent type (A) appears to have an enormous effect because it lies furthest from the line.



A multi-vari chart is a graphical representation of the relationships between factors and response. Use a multi-vari chart to present variance data analysis in a graphic form, especially in the preliminary stages of data analysis to view data, possible relationships, and root causes for variation. Figure 8 shows the low level of adsorbent type (sepiolite) performs better than the high level of adsorbent type (illite). Figure 8 shows that the DIN method is more effective on the results than the TCLP method. Moreover, there is evidence that the effect of dosage is more pronounced in sepiolite with DIN.



The removal of lead as a function of the adsorbent type and leachate solution is given in Figure 9a. Figure 9a shows that the lead removal decreased with changing the adsorbent type from sepiolite to illite and changing the leachate solution from DIN to TCLP. This means that sepiolite may be employed as an ion-exchanger to remove lead due to its cation-exchange capacity [38]. The TCLP provided more acidic conditions for the lead smelting slag than the DIN [48].



The removal of lead as a function of the adsorbent type and the adsorbent dosage is given in Figure 9b. It shows that the lead removal increased with the adsorbent dosage from 10% to 30%. This is because increasing the adsorbent dosage can be attributed to the increased surface area and adsorption sites of the adsorbent [49].



The removal of lead as a function of the leachate solution and the adsorbent dosage is given in Figure 9c. This implies that DIN is effective in the adsorption of lead as the dosage increased till a dosage of about 30%.




4. Conclusions


The poor management of solid waste collection and disposal may lead to leachate pollution of surface water or groundwater. Lead-acid battery waste can discharge acid into waterways and soil, posing a threat to human health. The waste lead storage battery is the most important recyclable lead material. Because lead is toxic to the soil, water and humans, the recycling and management of waste lead-acid batteries has become a significant challenge and is capturing much public attention.



In this work, experimental tests of the leaching of lead-acid batteries of lead were reported. This study aimed to investigate the adsorption of lead removal from lead smelting slag on sepiolite and illite materials. A full factorial design creates experimental points using all the possible combinations of the levels of the factors in each complete trial or replication of the experiments. For this purpose, a 23 full factorial design (three factors, at two levels) was employed to evaluate the importance and interactions of adsorbent type, leachate solution, and adsorbent dosage.



Based on these results, sepiolite is a more effective adsorbent than illite. The illite has a negative effect for lead removal. When the effect of the factors is negative, removal efficiency decreases as the factors are changed from low to high levels (as seen from adsorbent type and leachate solution). The highest removal efficiency was about 93.65% at adsorbent type (A); sepiolite, leachate solution(B); DIN, and adsorbent dosage 30 g/L batch conditions. The lowest removal efficiency was found as about 0.14% at adsorbent type (A); illite, leachate solution(B); DIN, and adsorbent dosage 10 g/L, for batch conditions [50]. The experimental design results also indicated that the leachate solution and adsorbent type are essential in lead removal.



TCLP and DIN were applied and leachate was obtained for lead smelting slag. Metal concentrations in the TCLP leachate were significantly higher than the metal concentrations in the DIN leachate. This is due to the pH difference between the applied extraction fluids and the final leachate pHs. The pH of the TCLP extraction fluid was around 4.93 ±0.05. Therefore, the TCLP provided more acidic conditions for the lead smelting slag than the DIN [48].



The results of the present study suggest that sepiolite effective adsorbents for the lead released from slag. The results obtained in this study are significant in evaluating the contribution to the literature.
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Figure 1. Conventional waste batteries recycling process. 
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Figure 2. Schematic representation of the experimental studies. 
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Figure 3. (a) Normal Probability Plot (b) Versus Fits (c) Histogram (d) Versus Order for Removal Efficiency. 
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Figure 4. Main effects plot for reaction yield R (%): (a) adsorbent type, (b) leachate solution and, (c) adsorbent dosage. 
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Figure 5. Interaction effects plot: (a) adsorbent type*leachate solution, (b) adsorbenttype*adsorbent dosage and (c) leachate solution*adsorbent dosage. 
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Figure 6. Pareto chart for lead removal. 
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Figure 7. Normal probability plot of standardized effects. 
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Figure 8. Multi-Vari Chart plot for lead removal efficiency of lead smelting slag. 
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Figure 9. Response surface for lead removal interaction effects plot (a) adsorbent type*leachate solution, (b) adsorbent type*adsorbent dosage and (c) leachate solution*adsorbent dosage. 
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Table 1. Operation criteria of TCLP and DIN 38414-S4.
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	Operation Criteria
	TCLP
	DIN38414-S4





	Extraction Fluid
	Acetic acid solution
	Distilled water



	pH
	4.93 ± 0.05
	-



	Liquid to solid ratio
	20:1
	10:1



	Extraction period
	18 h at 30 rpm
	24 h at 30 rpm



	Temperature
	Room temperature
	Room temperature
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Table 2. The chemical composition (wt. %) of lead smelting slag, sepiolite, and illite.
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	Lead Smelting Slag
	Sepiolite
	Illite





	SiO2

Fe2O3

Al2O3

TiO2

CaO

SO3

K2O

MgO

Na2O

Mn2O3

PbO-PbS

LOI

Others
	15.41

40.77

3.01

0.24

2.08

0.61

0.46

0.42

5.35

0.46

11.50

6.32

13.37
	53.47

0.16

0.19

-

0.71

-

-

23.55

-

-

-

-

21.92
	76.90

1.50

12.00

0.20

0.80

-

4.00

<0.10

1.20

-

-

-

3.30
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Table 3. The Low and High Levels of experimental factors in the 23 full factorial design.
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	Factor
	Low Level (−1)
	High Level (+1)





	Adsorbent type (A)
	Sepiolite
	Illite



	Leachate solution (B)
	DIN
	TCLP



	Adsorbent dosage (%) (C)
	10
	30
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Table 4. Design matrix in coded and the experimental responses.






Table 4. Design matrix in coded and the experimental responses.





	
Experiment

	
A

	
B

	
C

	
Removal Efficiency (%)




	
Trial 1

	
Trial 2






	
1

	
−1

	
−1

	
−1

	
40.80

	
42.56




	
2

	
1

	
−1

	
−1

	
0.14

	
0.20




	
3

	
−1

	
1

	
−1

	
8.03

	
10.01




	
4

	
1

	
1

	
−1

	
9.41

	
7.45




	
5

	
−1

	
−1

	
1

	
94.71

	
96.36




	
6

	
1

	
−1

	
1

	
11.85

	
8.45




	
7

	
−1

	
1

	
1

	
17.58

	
19.82




	
8

	
1

	
1

	
1

	
18.01

	
22.21
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Table 5. Estimated Effects and Coefficients for Lead Release.
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	Term
	Effect
	Coef
	SE Coef
	T
	P





	Constant
	
	25.474
	0.432
	58.95
	0.000



	Adsorbent Type
	−31.519
	−15.759
	0.432
	−36.47
	0.000



	Leachate solution
	−22.819
	−11.409
	0.432
	−26.40
	0.000



	Adsorbent Dosage
	21.299
	10.649
	0.432
	24.64
	0.000



	Adsorbent Type*Leachate Solution
	31.929
	15.964
	0.432
	36.94
	0.000



	Adsorbent Type*Adsorbent Dosage
	−10.469
	−5.234
	0.432
	−12.11
	0.000



	Leachate solution*Adsorbent Dosage
	−10.619
	−5.309
	0.432
	−12.29
	0.000



	Adsorbent Type*Leachate solution*Adsorbent Dosage
	11.469
	5.734
	0.432
	13.27
	0.000







S = 1.72850, R-Sq = 99.82%, R-Sq(pred) = 99.29%, R-Sq(adj) = 99.67%.
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