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Abstract

:

The treatment of tannery effluent is of great interest as it contains a complex mixture of pollutants, primarily chromium. The disposal of this wastewater can have adverse effects on the environment and aquatic life, which is an emerging problem for the environment. In this work, electrocoagulation is used to remove chromium from real tannery wastewater, focusing on performance optimization and sludge characterization. Electrocoagulation experiments were conducted using an electrochemical cell with iron electrodes immersed in a specific volume of tannery wastewater. Operating parameters, such as the initial chromium concentration, pH and current density as well as power consumption were evaluated to determine optimum chromium removal. The optimization was performed using Response Surface Methodology combined with central composite design. Analysis of variance (ANOVA) was used to determine the response, residual, probability, 3D surface and contour plots. The maximum chromium removal was 100% at the optimum values of 13 mA/cm2, 7 and 750 ppm for current density, pH and concentration, respectively.
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1. Introduction


Chromium has several oxidation states, and each state has its own unique set of properties. For example, the trivalent state of chromium (Cr(III)) is essential for carbohydrate metabolism in humans [1]; on the other hand, hexavalent chromium (Cr(VI)) is considered to be toxic [2]. Cr(VI) is a hundred times more toxic than Cr(III), and it is also more water soluble [3,4]. The toxicological concern for Cr(VI) stems from the fact that it is a strong oxidizing agent that can release free radicals that can have carcinogenic effects on cells [3]. Cr(VI) rarely exists in nature as an element; it is usually coupled with other elements to form compounds such as iron(II) chromite (FeCr2O4). Hereafter, Cr(VI) is mined from these compounds to be used. Hence, any occurrence or contamination of Cr(VI) in the environment is attributed to anthropogenic activities. Hexavalent chromium is used widely in different industries such as chrome plating, textiles and leather tanning. Tanning is a process of converting raw hides or skins into leather [5]. It utilizes a considerable amounts of tanning powder, which mainly consists of chromium sulfate (Cr2(SO4)3), which is produced by the reduction of Cr(VI) to Cr(III) using sulfur dioxide. Approximately 40% of the used chromium in the reduction process is disposed into the tanning process water [6]. The United States Environmental Protection Agency allows a maximum of 0.15 g/kg of chromium to be released in the leather tanning industry’s effluent [7]. Several techniques exist for chromium removal from wastewater including chemical precipitation, adsorption, ion exchange, membrane filtration, flotation, coagulation and electrocoagulation (EC) [8]. EC is one of the most used techniques to treat a wide variety of wastewaters. EC produces electrochemical coagulants that have the ability to remove a wide array of pollutants from wastewaters. A typical EC cell contains two electrodes (anode and cathode), which are connected externally by a power supply and submerged in a specific type of polluted water. Iron and aluminum electrodes are the most utilized electrodes for EC processes according to the literature [9]. EC possess several key features compared to other techniques including a low operating cost, high removal capacity and low sludge generation [10]. In addition, EC usually utilizes simple compact iron or aluminum electrodes to produce the coagulants, which further adds to its ease of operation. Additionally, the flocs formed by using aluminum and iron electrodes are relatively dense and can be dewatered easily. Hence, this facilitates sludge management when EC is used and makes it more attractive than other techniques [11,12]. The EC process is used for removing numerous pollutants from wastewater, such as chromium, dyes and organic contaminants in refinery effluents [13,14]. Several factors affect the removal of chromium when EC is used including pH, current density (CD), electrode material and the initial concentration of chromium. Hamadan and El-Naas reported that the chromium removal from groundwater increased with an increase in the current density and achieved 100% removal at a CD of 7.9 mA/cm2 [15]. An EC column system with a helical iron cathode wrapped around an anode rod was also evaluated for the continuous removal of chromium from groundwater [16]. The column was injected with air to facilitate the mixing and improve the EC performance. Cheballaha et al. achieved similar results at high current densities as well. In general, having more current density led to more electrode dissolution and, hence, an increase in the removal efficiency [17]. As for the pH, different authors reported sufficient removal under alkaline and acidic conditions [18,19]. Treating tannery wastewater using EC can generate substantial amounts of sludge that contains chromium, which can be recycled back as a raw material for the tannery process.



In this work, the electrochemical removal of chromium from real tannery water using iron electrodes has been studied. The optimal removal conditions were also determined using Response Surface Methodology. To the best of the authors’ knowledge, characterizing the sludge resulting from the EC process to evaluate its reuse potential as tannery raw material has not yet been addressed in the open literature.



Electrocoagulation Mechanism


The reactions taking place in EC cell when an iron electrode is used are summarized below [16]:


    Cr  2  O  7  2 −   + 14    H   +  + 6  e −  → 2    Cr    3 +   + 7   OH  −    ( Acidic   medium )  



(1)






  Cr   O  4  2 −   + 3   e  −  + 4   H  2   O  →  C    r   3 +   + 8  O    H  −    ( Alkaline   medium )  



(2)







Anode reaction:


   F    e   s   →  F    e   2 +   + 2   e  −   



(3)







In addition to the above-mentioned reactions, the ferrous ions produced at the cathode will facilitate the reduction of Cr(VI) to Cr(III) [20]:


    Cr  2   O 7  2 −   + 14   H  +  + 6   Fe   2 +   → 2      Cr    3 +   + 6    Fe    3 +   + 7  H 2  O  



(4)






   C r    O  4  2 −   + 3  F    e   2 +   + 4   H  2   O  →  C    r   3 +   + 3  F    e   3 +   + 8    O    H  −   



(5)






  2   H  2    O    (  l  )    → 2  O    H  −  +   H   2  (  g  )     



(6)







In site reactions:


    Cr   3 +   + 3   OH  −  → Cr    (  OH  )    3  ( s )     



(7)






    Fe   3 +   + 3   OH  −  → Fe    (  OH  )    3  ( s )     



(8)







The pH of the solution in EC process changes throughout the process, and this eventually affects the final pH of the solution, which has an immense effect on the removal efficiency [21,22]. For example, if the initial pH of the solution is acidic (less than 4), the effluent pH usually increases. On the other hand, it tends to decrease when the initial pH value is basic (higher than 8) [23,24]. This can be explained by the continuous hydroxyl ion supply at the cathode in Equation (8). In the case of a neutral initial pH, the effluent pH only changes slightly, to be approximately between 6 and 8.





2. Materials and Methods


2.1. Tannery Wastewater


Tannery wastewater samples were collected according to the Standard Method 1060 B [25]. The wastewater was taken from an effluent stream of a leather tanning facility of the White Nile tannery company, Khartoum, Sudan.




2.2. Wastewater Characterization


The wastewater was characterized for pH, conductivity, Total Dissolved Solids (TDS), Total Suspended Solids (TSS), Chemical Oxygen Demand (COD), chloride and sulphate. The chromium concentration was also determined using Inductively Coupled Plasma Optical Emission Spectrometry (710 Varian ICP-OES, Agilent Technologies: Santa Clara, CA, USA), and the measurements were carried out in triplicate. The characteristics of the effluent are presented in Table 1. XPS was used to analyze the surface chemical composition of the electrocoagulation sludge [26,27]. The XPS analysis was carried out in an ultra-high vacuum system (Model Ultra OLD XPS by KRATOS, Manchester, UK), equipped with a monochromatic AL Ka radiation source (1486.6 ev) and conducted under an Ultra High Vacuum (UHV) environment at a pressure of 5 × 10−9 torr. The instrument was calibrated by C1S to give a reference Binding Energy (BE) of 284.64 ev.




2.3. Experimental Design


Screening experiments have been conducted to determine the effects of the operational parameters (pH, Cr concentration and current density) on EC efficiency. The data from the screening experiments are used to evaluate the applicable range of these parameters (Table 2), and they are used to deduce an experimental design using Response Surface Methodology (RSM). It is a technique often used to describe the behavior of experimental data by generating a second order model to represent the data. Thereafter, statistical previsions are made to determine the accuracy of the model. The model can be further utilized to optimize and tune the system output to achieve the best possible outcome with that specific set of operating parameters [28]. It is designed to give insights into the potential interactions between the operating parameters. This provides a key advantage for Design of Experiment (DOE) over other approaches, as the variables are not varied one at a time while the others are held constant. For a three-factor system (e.g., pH, Cr concentration and current density), a total of 20 experiments are generated to determine the optimum conditions for optimum Cr removal, taking into consideration the interaction among the factors. Minitab 17.0 is used to analyze the results from these experiments and fit them into a second-order model through a central composite design (CCD). The fitted results will be used to develop a general second-order model as given by the equation below:


  Y =  β 0  +   ∑   i = 1    β i   X i  +   ∑   i = 1    β  i i    X i 2  +   ∑   i = 1     ∑   j = i + 1    β  i j    X i   X  j    



(9)




where Y is the response function,    β 0    the offset term,    β i    the linear effect coefficient,    β  i i     the squared effect coefficient,    X i    the coded value of variable i,    X j    the coded value of variable j and    β  i j     the interaction effect coefficient [29].




2.4. Experimental Setup


The electrocoagulation experiments were conducted using a batch Plexiglas cylindrical reactor (ID = 15 cm; H = 20 cm). The volume of the treated tannery water in each experiment was 1000 mL. Flat, rectangular sheets of iron metal electrodes were used with dimensions of 60 mm (length) × 50 mm (width) × 2 mm (thickness) and a total anode surface area of 60 cm2. The metal electrodes were placed in the middle of the reactor and the gap between the anode and cathode was fixed at about 40 mm, and they were connected to a DC power supply (RIGOL DP 811A Programmable DC, RIGOL Technologies: Beijing, China). All experiments were carried out at room temperature (25 °C). The pH and conductivity of the wastewater sample were measured before the experiments, and the mass of the electrodes was recorded before and after each experiment. The wastewater volume was kept constant at 1000 mL, while varying the main operating parameters (pH, initial Cr concentration and current density) for each experiment according to RSM. After EC treatment, the treated wastewater was collected, filtered and used for analysis by ICP-OES. The generated sludge was also collected, dried and characterized.





3. Results and Discussion


3.1. RSM Optimization of the Experimental Parameters


Both the experimental and predicted Cr removal performance for the 20 experiments are reported in Table 3. The chromium removal ranged from 19% to 100%.




3.2. Analysis of Variance and Model Fitting


Table 4 shows ANOVA for the response of chromium removal at the selected operating parameters. The P value of the model determines if any given factor is significant or not. A parameter or a model with a P value < 0.05 is considered significant. The current density, pH and initial Cr concentration are significant factors with P values < 0.05. The model equation, in terms of significant factors only, can be described as the following:


Cr % = −141.62 + 15.06 CD + 37.80 pH − 0.069 Conc − 0.26 CD × CD − 1.95 pH × pH − 0.84 CD × pH + 0.01 pH × Conc



(10)








3.3. Effects of Experimental Parameters on the Percentage Cr Removal


The RSM predicted data are plotted in 3D to give a graphical representation of the regression equation, which is used to predict the relationship between the responses and the variables affecting the removal efficiency as shown in Figure 1. It shows the relationship between the independent and dependent variables and represents the response surface generated by the model. The plot shows how chromium removal relates to the three continuous variables CD, pH and initial chromium concentration. Figure 1a shows that the optimum chromium removal happens at a neutral pH (6–8) and initial Cr concentration of 1000 mg/L. This can be attributed to the fact that iron ions are converted to iron hydroxide at a pH of 6.5 as indicated in Figure 2. Furthermore, the formed hydroxide ions (at the cathode) lead to the precipitation of Cr(III) ions as insoluble Cr(OH)3 [17]. In addition, as mentioned in the mechanism section, the pH is an essential factor in determining the process performance. For example, the rate of hexavalent chromium removal, under acidic conditions, decreases with increasing pH. Nonetheless, at pH values greater than 4.0, the opposite effect is induced (it increases) [30,31,32,33]. This can be explained by the increase in ferrous oxide concentration in the solution at pH values over 4 [28]. As for the case of current density, Figure 1b illustrates that an optimum Cr removal occurs at a CD of 15 mA/cm2 and a high initial Cr concentration. An optimum removal takes place when the pH is around 7 and the CD is 13 mA/cm2, as illustrated in Figure 1c.




3.4. Kinetic Modeling


First and second order models were studied at a current density of 12 mA/cm2 throughout the duration of the experiments (30 min).



The first order model was calculated according the equation below:


  log  (   q e  −  q t   )  = log  (   q e   )  −  k t    t / 2.203  



(11)




where    q e    and    q t    are the adsorption capacities (mg/g) at equilibrium time and t time (min), respectively.



The second order model was calculated according the equation below:


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



(12)




where    q e    and    q t    are the adsorption capacities (mg/g) at equilibrium time and t time (min), respectively.



It is important to note that the EC process involves different mechanisms including floatation, coagulation and adsorption. Fitting the data into first and/or second order adsorption kinetics models neglects the contribution of other mechanisms and only takes into consideration adsorption. This is not an inclusive approach for modeling the EC process; nonetheless, this approach has been reported in the literature several times [34,35]. The experimental data were fitted into first and second order kinetic models. The first order model gave a poor fit of the experimental results (Figure 3) compared to the pseudo-second order model (Figure 4). Two trends can be observed from the two figures. At the beginning of the EC process (5–15 min), the rate fits the second order model, while towards the end of the process (15–30 min), the data fit the first order one. Hence, the removal of Cr is highly dependent on its initial concentration (second order model), and this dependency decreases with time towards the end of the experiment (first order model). However, the model fitting does not represent the actual mechanism and may involve inaccuracies since, as stated above, adsorption is not the only mechanism that takes place during the EC process. Figure 5 shows chromium removal over time for different concentrations. It illustrates that high removal values are achieved if the initial concentration of Cr is low. This is expected, since higher Cr concentrations will decrease the removal efficiency.




3.5. X-ray Photoelectron Spectroscopy (XPS)


The full survey of XPS showed the presence of C1S, O 1S, Cr 2P, S 2P, Cl 2P, Na 1S in surface chemical composition results as shown in Table 5. In addition, Figure 6 shows the spectral lines for the EC sludge samples at two concentrations (500 and 1000 ppm) compared to sludge from an evaporated tannery water sample before treatment.



For the low chromium concentration experiment (500 ppm), the CD (20 mA/cm2−) was double that for the high chromium concentration (1000 ppm), which in turn resulted in generating more iron (10.49%) in the EC sludge, as indicated in Table 5. At this high pH of 9, chromium removal increases with an increase in the initial concentration (Figure 1a). However, since the CD is lower for the 1000 ppm experiment, the obtained chromium removal was lower (90%) than that for the low concentration (95%). It is worth mentioning here that the low current density limits the amount of dissolved iron and, hence, reduces the chromium removal.



The high-resolution XPS spectra of Cr 2p in 1000 ppm sample were de-convoluted into four peaks; two peaks located at 577.06 eV for Cr 2p3/2 and 586.8 eV for Cr 2p1/2 assigned to Cr-O along with two peaks at binding energies of 579.66 for Cr 2p3/2 and 589.7 eV for Cr 2p1/2 and assigned Cr-OH (Figure 7). The distributions of the chromium oxides and chromium hydroxides for the concentrations of 500 ppm were determined to be 75.98% and 24.02%, respectively. However, the distributions for the oxides and hydroxides were determined to be 79.28% and 20.72% for the EC sludge at 1000 ppm as shown in Table 6.





4. Conclusions


Electrocoagulation proved to be an effective treatment technology for the removal of chromium from tannery wastewater. Tannery wastewater samples were treated using an EC cell with iron electrodes under different operating conditions. Response Surface Methodology was used to evaluate the effect of each parameter on the removal efficiency. The experimental results showed that the performance of EC in chromium removal is largely affected by the initial chromium concentration, current density and solution pH. The results showed that chromium removal can reach up to 100% at a pH of 7 and a current density of 13 mA/cm2. Furthermore, the sludge generated from the EC process was analyzed by XPS to determine the surface composition. The distributions for chromium oxides and hydroxides were determined to be 79.28% and 20.72%, respectively. The results indicated that the surface had an increase in chromium hydroxide content as compared to before the treatment, as a result of the EC process. The resulting chromium hydroxide can be recycled back to be used as a raw material.
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Figure 1. Contour and 3D response surface showing the effect of the experimental parameters on Cr removal %. (a) Initial Cr concentration and pH; (b) Initial Cr concentration and current density; (c) Current density and pH. 
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Figure 2. Phase diagram of chromium and iron system at 25 °C. 
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Figure 3. First order model for a chromium concentration of 500 ppm, current density of 13 mA/cm2 and pH of 7. 
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Figure 4. Second order model for a chromium concentration of 500 ppm, current density of 13 mA/cm2 and pH of 7. 
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Figure 5. Effect of electrolysis time on Cr removal %. 
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Figure 6. Full survey X-ray photoelectron spectroscopy of evaporated sludge after electrocoagulation. 
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Figure 7. High-resolution XPS spectra of Cr 2p in the 1000 ppm sludge sample. 
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Table 1. Characteristics of the tanning wastewater.






Table 1. Characteristics of the tanning wastewater.





	Parameter
	Unit
	Value Range





	pH
	-
	3.4–3.7



	Conductivity
	mS cm−1
	44–55



	COD
	mg L−1
	5250–9600



	Total Dissolved Solids
	mg L−1
	38,200–39,400



	Total Suspended Solids
	mg L−1
	256–289



	Sulphate
	mg L−1
	9987–11,527



	Chloride
	mg L−1
	26,513–31,103



	Total Organic Carbon
	mg L−1
	2060–2710



	Total Nitrogen
	mg L−1
	115–136



	Chromium
	mg L−1
	2705–3800
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Table 2. Range of experiment parameters for central composite design (CCD) runs.
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	Parameter
	Unit
	Range





	pH
	-
	2.29–10.7



	Cr concentration
	ppm
	329.55–1170.45



	Current density
	mA/cm2
	1.2–24.7
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Table 3. CCD experimental design and the measured and predicted responses.






Table 3. CCD experimental design and the measured and predicted responses.





	
Run No.

	
CD

mA/cm2

	
pH

	
Concentration

ppm

	
Cr Removal %




	
Experimental

	
Predicted






	
1

	
20.00

	
4.00

	
1000.00

	
71.40

	
70.56




	
2

	
20.00

	
9.00

	
1000.00

	
99.90

	
99.99




	
3

	
13.00

	
6.50

	
750.00

	
98.50

	
95.20




	
4

	
13.00

	
6.50

	
1170.45

	
84.60

	
85.90




	
5

	
06.00

	
4.00

	
500.00

	
24.50

	
22.76




	
6

	
20.00

	
9.00

	
500.00

	
95.00

	
95.62




	
7

	
13.00

	
6.50

	
750.00

	
94.80

	
95.20




	
8

	
13.00

	
6.50

	
750.00

	
94.60

	
95.20




	
9

	
13.00

	
10.70

	
750.00

	
100.00

	
100.30




	
10

	
13.00

	
6.50

	
750.00

	
94.60

	
94.70




	
11

	
13.00

	
6.50

	
750.00

	
94.50

	
94.70




	
12

	
01.22

	
6.50

	
750.00

	
23.30

	
23.12




	
13

	
24.77

	
6.50

	
750.00

	
93.00

	
93.06




	
14

	
06.00

	
4.00

	
1000.00

	
2.80

	
3.54




	
15

	
13.00

	
6.50

	
750.00

	
94.30

	
94.70




	
16

	
06.00

	
9.00

	
500.00

	
86.00

	
86.17




	
17

	
20.00

	
4.00

	
500.00

	
92.50

	
93.31




	
18

	
13.00

	
6.50

	
329.55

	
99.90

	
100.30




	
19

	
13.00

	
2.29

	
750.00

	
19.50

	
19.90




	
20

	
06.00

	
9.00

	
1000.00

	
90.00

	
91.11
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Table 4. ANOVA analysis for Cr removal.






Table 4. ANOVA analysis for Cr removal.














	Source
	Degrees of Freedom (DF)
	Adjusted Sum Square
	Adjusted Mean Square
	F-Value
	P-Value
	Significance





	Model
	9
	19,152.5
	2128.05
	0579.51
	0.000
	Significant



	Linear
	3
	12,960.0
	4319.99
	1176.42
	0.000
	Significant



	CD
	1
	5439.6
	5439.58
	1481.31
	0.000
	Significant



	pH
	1
	7255.6
	7255.64
	1975.86
	0.000
	Significant



	Conc
	1
	0264.8
	264.76
	72.10
	0.000
	Significant



	Square
	3
	4121.6
	1373.88
	374.14
	0.000
	Significant



	CD × CD
	1
	2353.5
	353.45
	640.89
	0.000
	Significant



	pH × pH
	1
	2137.3
	2137.28
	582.02
	0.000
	Significant



	Conc × Conc
	1
	6.8
	6.81
	1.86
	0.203
	Not significant



	2-Way Interaction
	3
	2070.9
	690.29
	187.98
	0.000
	Significant



	CD × pH
	1
	1740.5
	1740.50
	473.97
	0.000
	Significant



	CD × Conc
	1
	0.1
	0.13
	0.03
	0.857
	Not significant



	pH × Conc
	1
	330.2
	330.25
	89.93
	0.000
	Significant



	Error
	10
	36.7
	3.67
	
	
	



	Lack-of-Fit
	5
	23.7
	0004.73
	1.81
	0.265
	Not significant



	Pure Error
	5
	13.1
	0002.61
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Table 5. XPS atomic concentration analysis at two chromium concentrations.






Table 5. XPS atomic concentration analysis at two chromium concentrations.





	
Initial Cr Concentration

	
500 ppm

(CD: 20 mA/cm2 and pH: 9)

	
1000 ppm

(CD: 6 mA/cm2 and pH: 9)




	
Peak

	
Position BE (ev)

	
Atomic Conc. %

	
Position BE (ev)

	
Atomic Conc. %






	
C 1S

	
281.00

	
30.02

	
281.00

	
33.13




	
O 1S

	
527.00

	
44.61

	
527.00

	
45.64




	
Cr 2P

	
573.00

	
5.63

	
573.00

	
7.02




	
S 2S

	
165.00

	
1.42

	
165.00

	
1.09




	
Cl 2S

	
196.00

	
3.51

	
196.00

	
3.97




	
Na 1S

	
1068.00

	
4.32

	
1067.00

	
5.59




	
Fe 2S

	
708.00

	
10.49

	
707.00

	
3.56
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Table 6. Cr 2p ratio for Cr-O and Cr-OH.






Table 6. Cr 2p ratio for Cr-O and Cr-OH.





	
500 ppm

	
1000 ppm




	
Peak

	
Position BE (ev)

	
Atomic Concentration %

	
Position BE (ev)

	
Atomic Concentration %






	
Cr 2P Cr-O

	
586.417

	
75.98

	
586.816

	
79.28




	
Cr 2 P Cr-OH

	
589.568

	
24.02

	
589.697

	
20.72
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