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Abstract

:

The screening and treatment of acid mine drainage (AMD) using Na2FeO4 was explored. Elemental composition was performed, using an Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) for the raw and treated AMD. The AMD samples were collected from three different sampling sites:(Raw Tailing Water 1 (RTW1), Raw Tailing Water 2 (RTW2) and Raw Tailing Water 3 (RTW3)) in Pretoria, South Africa, with acidic pH ranging between 2.50 and 3.13. Total dissolved solids and the electrical conductivity of AMD samples ranged between 960 and 1000 mg L−1, 226 and 263 µS. cm−1, respectively. The final pH of treated water samples increased up to ≥9.5 after treatment with sodium ferrate (VI) (Na2FeO4). Liquid Na2FeO4 was quantitatively produced through a wet oxidation method and was fully characterized, using Fourier Transform Infra-Red (FTIR), X-ray Diffraction spectroscopy (XRD) and UV-Vis instruments. Na2FeO4 showed dual functions by removing metals and raising the pH of the treated water. Concentrations of most trace elements did not comply with WHO and DWAF guideline standards in raw AMD while after treatment with Na2FeO4, the concentrations were below guidelines for domestic and irrigation purposes.
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1. Introduction


Acid mine drainage (AMD) is normally generated when mining wastewaters come in contact with oxygenated water. This AMD severely impacts the ecosystem through the leaching process of heavy metals, free acids and sulphate into ground and surface water [1]. AMD also continues long after mining activities have stopped, and the consequences can last indefinitely followed by high clean-up costs. In some situations, it is not possible to perform its remediation with recent technologies. However, abandoned mine drainage seems to be a global environmental issue [2,3]. The most known effective methods for AMD treatment are passive and active. The passive method employs unprocessed materials, such as compost and limestone, under gravity flow conditions in engineered basins including wetlands, limestone beds, ponds, and bioreactors. The active method employs dosage, using chemicals, such as alkali and alkaline earth metal hydroxides and oxidants (salts), and ongoing energy input for mixing and aeration in conventional wastewater treatment unit process [4]. A hybrid system also exists that combines both passive and active approaches within the same treatment unit to remove trace and heavy metals. However, a quick abiotic Mn removal requires pH > 9, which is not achievable in a passive treatment and is relatively expensive in an active treatment [4,5]. Therefore, the abiotic oxidation of reduced Mn is a common concern in AMD treatment, both from active and passive perspectives. A spontaneous removal of Fe and Al through the oxidation of Fe and precipitation of metal hydroxides is a relatively straightforward process. Ferrate (VI) ion (FeO42−) is a coagulant and oxidant of increasing interest in environmental studies [4,6], that can have advantages in AMD treatment. For instance, FeO42- presents a high oxidation potential (+2.20 V) in an acidic medium [4]. It quickly oxidizes Mn and implies the in-situ generation of ferric hydroxides that may support the coagulation process [4,7,8]. The FeO42− ion was also indicated to not directly generate halogenated by-products in common natural waterways [4,9,10]. There are three known procedures for preparing different ferrate salts. Firstly, ferrate (VI) ion can be synthesized through an electrochemical technique using an iron-based anode in a strongly alkaline medium [11,12,13]. Secondly, ferrate (VI) salt can be synthesized through a wet oxidation method, which integrates the oxidation of iron sources, such as ferric chloride or ferrous sulphate by hypochlorite (OCl−) ions in an alkaline solution [14,15]. Lastly, it can be produced using a dry oxidation or thermal method [16] or solid-phase reaction method at room temperature [17]. To the best of our knowledge, there has not been a direct examination of the effectiveness of FeO42- ions for the treatment of AMD. Most prior and preliminary works have focused on ferrate applications in wastewater [18,19,20,21], drinking water [4,22,23], oxidation of mine tailing and preventing acid drainage from uranium mill tailings [24], preliminary studies of ferrate treatment of metals in AMD [25], and TOC removal of surface water using ferrate (VI) [26]. However, this study aimed at conducting a preliminary treatment of synthetic AMD, using ferrate (VI) salt prepared through a wet oxidation method, assessment of metal concentrations in real AMD samples and their removal using sodium ferrate (VI) (Na2FeO4) without using energy in a single mixing and dosing unit.




2. Methodology


2.1. Water Sampling Process and Guidelines


Water samples with different pH values were taken from three sampling locations (RTW1, RTW2 and RTW3), where RTW1: Raw Tailing Water sampling site 1, RTW2: Raw Tailing Water sampling site 2 and RTW3: Raw Tailing Water sampling site 3 located in Princess Goldmine Dump, Johannesburg. Princess Goldmine Dump is located in the southwest and west of Johannesburg, Gauteng Province in South Africa. The gold is contained within the conglomerates of the Witwatersrand Supergroup and the gold-bearing reefs also contain minerals such as pyrite, traces of silver, and other metals [27]. Clear pictures showing anthropogenic activities occurring in these sampling site areas are indicated in Figure 1.



At least three water samples were collected from the above-mentioned sampling sites and kept in 500 mL bottles. After the sampling process, some physical parameters of water, such as temperature, TDS, EC, and pH, were immediately recorded. The samples were then transferred to the laboratory in a cooler box and kept in the refrigerator at 4 °C after the addition of 2 mL of concentrated HNO3. The pH values recorded from three sampling sites varied between 2.50 and 3.13 (Table 1) and were below the South African National Standards (SANS) 241-2015 and pH guidelines for drinking water compiled by World Health Organization (WHO). The bioavailability and speciation of metals in environmental matrices highly depend on physical parameters, especially the pH of water. The pH values of less than 4 generally increase the toxicity of most metals through the dissolution process. Electrical conductivity values of water samples exceeded SANS 241-2015 and were lower than the WHO guidelines. TDS of water collected from RTW2 fitted into SANS241-2015 guidelines; there are no WHO guidelines for TDS for drinking water as shown in Table 1.



The discussion of the results was performed concerning the current South African National Standards (SANS) [28] and WHO guidelines of drinking water [29] presented in Table 2.




2.2. Chemicals and Reagents


Liquid chemicals (AR grades)—sodium hypochlorite (15% m/v as Cl2), NaOH (47% m/m) and ferric chloride (43% m/m)—were purchased from NCP Chlorchem Pvt. Ltd., Johannesburg, South Africa and used without further purification. Ferrate salt standard, potassium ferrate (K2FeO4) (containing FeO42- ions) was ordered from American Elements Company, Los Angeles, United States of America.




2.3. Preparation of Liquid Sodium Ferrate (VI)


Liquid Na2FeO4 was produced, using the wet oxidation method developed by Ockerman and Schreyer [14] and Thompson et al. [30] with some modifications. This method was selected because dry oxidation and electrochemical methods [31,32] presented some drawbacks in the previous studies, due to complex reaction steps and safety concerns involved [33,34]. Hence, modifications were performed to check if Na2FeO4 could be generated using only liquid reagents to enhance the yield and stability of the product. Some optimum conditions developed by Sun et al. [3] for preparing the liquid Na2FeO4 were also revised and considered in this study. The mixing proportions of the reagents were 10:5:1 (v:v:v) for NaOCl(aq), NaOH(aq) and FeCl3(aq), respectively. An amount of 60 mL of NaOCl(aq) and 30 mL of NaOH(aq) was mixed into a 100 mL beaker placed in the ice bath, and 6 mL of liquid FeCl3(aq) was slowly added into the mixture with mild stirring. The ice bath was meant to quench the excess heat generated from an exothermic reaction, although the product is not stable at high temperatures. The mixture was gently heated at 25 °C for 10 min to speed up the reaction of the production of Na2FeO4. The low temperature was applied to avoid degradation of both hypochlorite ions and ferrate ions, which were produced. The basic chemical reaction for the preparation of Na2FeO4 [35,36] is shown in Equation (1):


2 FeCl3(aq) + 3 NaOCl(aq) + 10 NaOH(aq) → 2 Na2FeO4(aq) + 9 NaCl(aq) + 5 H2O(l)



(1)







The product obtained exhibited a reddish-purple color, which is very similar to the one obtained in the literature [3]. The solution was centrifuged to remove impurities, and the supernatant liquid was collected for further analysis. The liquid sodium ferrate (VI) solution produced was characterized and quantified, using UV-Visible (UV-Vis) spectroscopy. By using the freeze-drying process, the liquid sodium ferrate was frozen at −70 °C and dried overnight; a solid Na2FeO4 was then obtained and characterized, using X-ray diffraction (XRD) and Fourier transform-infrared (FT-IR) spectroscopy. More details on its storage and stability might be found in Munyengabe and Zvinowanda [37].




2.4. Characterization and Quantification of Sodium Ferrate (VI) Using UV-Vis Spectroscopy


A stock solution of 100 mg L−1 (as FeO42−) was prepared by dissolving 16.52 mg of K2FeO4 as a standard in 100 mL of ultrapure water. Working solutions were prepared (from 0 to 50 mg L−1), and their absorbances were measured at λmax = 505 nm [38] on UV-Vis spectroscopy Cary 60 (Agilent Technologies) as shown in Figure 2. The correlation coefficient was R2 = 0.9955.



Sodium ferrate (VI) with the chemical formula of Na2FeO4 was successfully produced and quantified with the concentration of 12.40 g L−1 or 0.10 M (as FeO42−) (reading on UV-Vis: 0.0124 g L−1 multiplied by a dilution factor: 1000). The concentration was determined to evaluate the effectiveness of the method, and it was found to be higher than some concentrations obtained in the literature using other methods [36]. This confirmed that sodium hypochlorite has oxidized all iron sources (liquid ferric chloride). For instance, Cui et al. [39] used the microwave method (dry oxidation method) to prepare sodium ferrate with solid Fe3O4(s) as an iron source in the reaction, and the calculated concentration was 1.41 g L−1. Batarseh, Reinhart and Daly [36] also synthesized sodium ferrate using the wet oxidation method, and the resulting concentration was 2.00 g L−1 as Fe. Currently, Laksono and Kim [40] synthesized sodium ferrate, using the wet oxidation method to remove 2-bromophenol from environmental matrices. Ferric chloride and sodium hydroxide were in solid states, and the resulting concentration of ferrate was 42.00 g L−1 as Fe. However, quantifying the sodium ferrate in this study was the main purpose of this project, which is treating acid mine drainage using sodium ferrate (VI) with a known concentration and checking the effectiveness of the method.



2.4.1. Characterization of Sodium Ferrate (VI) Using FT-IR


To characterize the sodium ferrate (VI) produced using the FT-IR spectroscopy technique, a portion of the liquid sodium ferrate (VI) synthesized was frozen under −70 °C and dried, using a vacuum dryer overnight. The FT-IR spectrum of NaFeO4 showing various IR absorption peaks (functional groups) is shown in Figure 3. For similarity reasons, the literature was checked, and the results showed that the chemical shifts of peaks can depend on many factors or parameters, such as drying temperatures, reaction time, composition, concentration, and states of the reactants. This means that if ferric/ferrous sulphate or nitrate compounds are used as an iron source, these sulphate and nitrate ions coexist with the ferrate and cause interference, which impacts on chemical shifts of the functional groups. However, the peaks of sodium ferrate obtained between 600 and 900 cm−1 in this study were very similar to the peaks found by El Maghraoui et al. [31], Lei et al. [17] and El Maghraoui et al. [32].



The stretching vibration characteristic peaks of the Fe–O bond in ferrate were obtained at around 700 cm−1, 769 cm−1, 879 cm−1 and confirmed the presence of the Fe-O bond in the crystals, which is sodium ferrate (VI) salt. The small difference in chemical shifts of functional groups of the product of this study compared with the literature could be caused by the conditions of production and crystallization. Moreover, the peaks observed in 1908, 1632 and 1443 cm−1 should be assigned to the characteristic peaks of the C-O bond stretching vibration, which could be caused by the CO2 in the air [41]. The peaks obtained between 2400 and 4000 cm−1 are ascribed to the H-O bond from water [16,42]. Additionally, the visibility and the sharpness of the peaks also can confirm the high purity of the product.




2.4.2. Characterization Using an X-ray Diffraction (XRD) Spectroscopy


Before XRD analysis, both the reference and the prepared samples were grounded and sieved to make a fine powder. The powder was then packed in the sample holders and loaded in the sample rack for analysis. The XRD patterns of diffractograms of potassium ferrate (VI) and sodium ferrate (VI) are demonstrated in Figure 4 and Figure 5. The XRD patterns were analyzed by scanning from 2-theta (2θ) ranging between 4.00 and 80.00°. Sharps peaks of crystalline K2FeO4 at 2θ values are 30.40°, 31.29°, 32.54°, 39.36°,40.51°, and 57.30°.



Sharps peaks of crystalline of Na2FeO4 at 2θ values are 27.27°, 29.23°, 31.56°, 45.35°, and 56.35° and were more visible, compared to the reference (K2FeO4). Figure 4 and Figure 5 show strong similarities and prove the crystal structure of both ferrates and demonstrate the similarities with Na2FeO4 as found by El Maghraoui et al. [31] and BaFeO4 by Koltypin et al. [38]. Both reference and product ferrates analyzed in this study had an orthorhombic shape. From the analytical point of view, the XRD is one of the analytical tools used to verify the presence of crystallinity of ferrate salts.





2.5. Optimization of Parameters


The optimum conditions followed during the treatment of real AMD are presented in Table 3 and more details could be found in Munyengabe et al. [15].




2.6. Analytical Techniques


Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (iCap 6500 Duo, Thermo Scientific, Manchester, U.K.) was used to determine metal concentrations in AMD before and after treatment with ferrate ions. Good linearity was obtained from the ICP-OES calibration curves of metals prepared from a multi-element (100 mg L−1) standard solution. The main target elements to be removed in this study were Fe, Mn and Zn. Iron was selected during AMD treatment, as it is the main cause of acidity in this type of water, while Mn and Zn are hardly being removed from the water at a low pH value. Before the oxidation process, AMD was diluted 100 times by taking 1 mL of the sample into 99 mL of deionized water and filtered (0.22 µm) to fit in the multi-element calibration curve ranging from 0 to 7.50 mg L−1. Treated AMD was first centrifuged, and the supernatant liquid was filtered using the same filter. All samples were run three times on ICP-OES. Three untreated acidic water samples (RTW1, RTW2 and RTW3) were filtered and subjected to ICP-OES for screening purposes to assess the concentrations of metals, metalloids and trace elements. After that, a small portion (20 mL) from each AMD sample was treated with 5 mL (0.025 mmol. L−1) of sodium ferrate (VI) in 30 min of contact time as the optimal conditions. The removal percentage was calculated using the following Equation (2).


Removal percentage = [(Ci−Cr)/Ci] × 100%



(2)




where Ci and Cr are the initial and final concentrations (mg L−1) of metals, respectively.




2.7. Flow Diagram of Real AMD Treatment Using Sodium Ferrate (FeO42−)


This investigation aimed to demonstrate that ferrate treatment offers an attractive solution to the treatment of AMD that is highly rich in Fe2+ and other dissolved metals as shown in Figure 6. The proposed flow diagram indicates all processes of AMD treatment, where oxidation and chemical desalination processes were performed at pH = 3 during this study.



Figure 6 clearly shows the preparation of Na2FeO4, its implementation in the oxidation of Fe2+ in synthetic AMD, and the production of Fe3+ from the self-decomposition of FeO42−- ions as well as the oxidation of the Fe2+ molar ratio (1:1) from AMD. These generated Fe3+ ions are common environmentally friendly coagulants providing the efficient adsorption and precipitation of different pollutants present in wastewater and water, due to their high surface area.





3. Results and Discussions


3.1. Concentrations of Metals in RTW1


The initial and concentrations of all assessed metals in the raw AMD sample collected from RTW1 and their residual concentrations in the treated one by Na2FeO4 along with their percentage removals are presented in Table 4.



This acidic water sample collected from RTW1 was highly characterized by Fe, Al, Ca and Mg, while other metal concentrations were below 20.0 mg L−1 as shown in Figure 7. The residual concentrations of most of the elements detected in RTW1 after being treated using sodium ferrate (VI) were below the WHO guidelines of drinking water (Table 3).



The AMD sample also contained a high concentration of Cd, which was greater than SANS 241-2015 for drinking water (≤3 µg L−1) (Table 3). Therefore, the removal of all metals from AMD by Na2FeO4 ranged between 26 and 100%. The low percentage removal for heavy metals especially Cd might be related to the acidic pH of the water and high TDS greater than 1000 mg L−1. The previous study on Cd removal from natural water by K2FeO4 was highly pH-dependent, where higher removal was related to higher pH values [43].




3.2. Concentrations of Metals in RTW2


The initial and residual concentrations of all assessed metals in the AMD sample collected from RTW2 are presented in Table 5.



This acidic water collected from RTW2 also contained high concentrations of Fe, Mg and Al, which were greater than 100 mg L−1, while other metal concentrations were below 50 mg L-1, as shown in Figure 8.



Contrary to sampling site RTW1, Cd was not detected in this AMD sample, but the Pd concentration was 12 times the SANS 241-2015 guidelines (≤10 µg L−1). The initial concentration of Cr was also higher than the SANS 241-2015 guidelines (≤50 µg L−1) as presented in Table 3. Therefore, the removal of all metals from AMD by Na2FeO4 ranged between 84.23 and 100%, which was better than the one found in the previous sampling site.




3.3. Concentrations of Metals in RTW3


The initial and residual concentrations of all assessed metals in the AMD sample collected from RTW3 are presented in Table 6.



This acidic water sample collected from RTW3 was also highly characterized by pH = 3.13 and high concentrations of alkali and alkaline earth metals—Na, Mg and one metal, such as Al—which were greater than 40 mg L−1, while other metal concentrations assessed were below 20 mg L−1 including Fe as shown in Figure 9.



The pH of AMD collected from sampling site RTW3 was greater than the other pH values observed in the previous sampling sites. This might be caused by the presence of Na, Mg and Al in high concentrations. Both Pd (14.0 µg L−1) and Cr (92.0 µg L−1) did not meet the SANS 241-2015 (≤10 µg L−1 and ≤50 µg L−1, respectively) (Table 3) before the treatment, while Pd (2 µg L−1) met the standards after treatment and Cr was below the detection limit. Fe, as the main target element, was completely removed with a removal efficiency of 99.85%. In conclusion, sodium ferrate showed its potential of removing metals through coagulation and flocculation processes from raw tailing waters characterized with an acidic pH, and the residual concentrations of most elements detected in all AMD samples were below the SANS 241-2015 and WHO guidelines [29] of drinking water with a resultant pH ≥ 9. Na2FeO4 became the promising alternative material for water processing and mining wastewater with zero energy input and non-toxic by-products. The novelty of this paper relied on the treatment of AMD, using an advanced oxidation process (AOP), which is sodium ferrate (VI) in a single mixing of a dosing unit, where generated ferric ions from the breakdown of this AOP acts as an effective coagulant and flocculent in the form of nanoparticles.





4. Conclusions


Liquid Na2FeO4 was quantitatively produced through a wet oxidation method and was fully characterized, using FTIR, XRD and UV-Vis instruments. It was then applied for real AMD samples collected from three different places (RTW1, RTW2 and RTW3) in Johannesburg, Pretoria, South Africa, with corresponding pH values of 2.50, 2.58 and 3.13, respectively. The results demonstrated that Na2FeO4 has the potential to remove metals from AMD through coagulation and flocculation processes with percentage removals ranging between 26 and 100% for all sampling sites without generating any harmful by-products. This showed that Na2FeO4 could become a promising alternative material for water processing and mining wastewater with zero energy input and non-toxic by-products. Na2FeO4 also played different roles, such as an oxidizer, coagulant, flocculent, and neutralizer, where the resulting pH of the treated AMD samples was greater than or equal to 9.
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Figure 1. Environmental problems caused by Princess Goldmine Dump ((a) to human settlement, factory, and (b) Manuel Street Park). 
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Figure 2. (a) Absorption peak of K2FeO4 (FeO42−-) on UV-Vis and (b) calibration curve. 
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Figure 3. Sodium ferrate (VI)–Fourier transform-infrared spectrum. 
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Figure 4. XRD patterns of potassium ferrate (VI) (standard). 
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Figure 5. XRD patterns of sodium ferrate (VI) (product). 
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Figure 6. Process flow diagram of AMD treatment (oxidation and chemical desalination). 
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Figure 7. Initial and residual concentrations of metals in water samples collected from RTW1. 
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Figure 8. Initial and residual concentrations of metals in water sample collected from RTW2. 
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Figure 9. Initial and residual concentrations of metals in water samples collected from RTW3. 
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Table 1. Average levels of physical parameters in pond and tailing effluents.
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	Samples and

Guidelines
	Temperature

°C
	pH

at 25 °C
	EC

µS cm−1
	TDS

(mg L−1)





	RTW1
	26.2
	2.58
	262
	>1000



	RTW2
	26.7
	2.50
	263
	960



	RTW3
	25.0
	3.13
	226
	>1000



	SANS guidelines
	<30
	≥5 to ≤9.7
	≤170
	≤1200



	WHO guidelines
	
	6.5–9.5
	600
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Table 2. SANS 241-2015 and WHO guidelines of drinking water.
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	Elements
	SANS 241-2015 (Limits for Drinkability)

(µg L−1)
	WHO Guidelines [29]

(mg L−1)





	Al
	≤300
	0.2



	Ca
	
	100–300



	Cd
	≤3
	0.003



	Co
	
	



	Cr
	≤50
	0.05



	Cu
	≤2000
	



	Fe
	≤2000
	0.5–50



	Mg
	
	



	Mn
	≤400
	0.4



	Na
	≤200
	200



	Ni
	≤70
	0.07



	Pb
	≤10
	0.01



	Zn
	≤5
	<3
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Table 3. Optimum conditions obtained all parameters with initial and final concentrations of Fe2+.
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	Time

(min)
	pH
	Volume of Fe2+

(mL)
	Volume of Ferrate

(mL)
	Concentration of Ferrate

(mmol L−1)





	30
	3.0
	15
	5
	5 × 10−2
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Table 4. Sampling site RTW1.
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	Elements
	Initial Concentrations

(mg L−1)
	Residual Concentrations

(mg L−1)
	% Removal





	Al
	60.35 ± 0.50
	15.77
	73.90



	Ca
	36.66 ± 0.00
	0.103
	99.72



	Cd
	0.005 ± 0.00
	0.004
	26.00



	Co
	2.10 ± 0.00
	0.0006
	99.97



	Cr
	0.97 ± 0.00
	0.370
	61.72



	Cu
	4.74 ± 0.00
	0.030
	99.40



	Fe
	181.30 ± 0.00
	0.540
	99.70



	Mg
	28.53 ± 0.00
	0.00
	100.00



	Mn
	0.590 ± 0.01
	bdl
	



	Na
	1.77 ± 0.00
	0.00
	100.00



	Ni
	4.87 ± 0.01
	0.00
	100.00



	Pb
	0.002 ± 0.00
	bdl
	



	Zn
	6.490 ± 0.00
	0.280
	95.70







bdl: below the detection limit.
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Table 5. Sampling site RTW2.
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	Elements
	Initial Concentrations

(mg L−1)
	Residual Concentrations

(mg L−1)
	% Removal





	Al
	105.00 ± 0.40
	16.560
	84.23



	Ca
	bdl
	bdl
	



	Cd
	bdl
	bdl
	



	Co
	5.16 ± 0.00
	0.011
	99.78



	Cr
	1.02 ± 0.00
	0.117
	88.40



	Cu
	1.30 ± 0.00
	0.007
	99.45



	Fe
	521.40 ± 0.05
	0.088
	99.98



	Mg
	113.70 ± 0.04
	0
	100.00



	Mn
	15.48 ± 0.01
	0.002
	100.00



	Na
	47.07 ± 0.04
	0.00
	100.00



	Ni
	7.34 ± 0.01
	0.00
	100.00



	Pb
	0.12 ± 0.00
	0.001
	98.85



	Zn
	10.75 ± 0.00
	0.024
	99.77







bdl: below the detection limit.
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Table 6. Sampling site RTW3.
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	Elements
	Initial Concentrations

(mg L−1)
	Residual Concentrations

(mg L−1)
	% Removal





	Al
	66.67 ± 0.21
	9.321
	86.02



	Ca
	
	
	



	Cd
	0.003 ± 0.00
	0.001
	70.00



	Co
	1.929 ± 0.00
	0.010
	99.48



	Cr
	0.092 ± 0.00
	bdl
	



	Cu
	1.159 ± 0.00
	0.008
	99.32



	Fe
	11.79 ± 0.00
	0.017
	99.85



	Mg
	104.30 ± 0.03
	0
	100.00



	Mn
	16.32 ± 0.00
	0.002
	99.98



	Na
	45.65 ± 0.05
	0
	100



	Ni
	1.949 ± 0.00
	bdl
	



	Pb
	0.014 ± 0.00
	0.002
	



	Zn
	3.374 ± 0.00
	0.016
	99.51







bdl: below the detection limit.
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