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Abstract

:

Threats due to insufficient, inadequate and costlier methods of treating contaminants such as arsenic have emphasized the significance of optimizing and managing the processes adopted. This study was aimed at the complete elimination of arsenic from an aqueous medium with minimum energy consumption using the electrocoagulation process. Arsenic removal around 95% was rapidly attained for optimized conditions having a pH of 7, 0.46 A current intensity, 10 mg/L initial concentration and only 2 min of applied time duration using the energy of 3.1 watt-hour per gram of arsenic removed. Low values of applied current for longer durations resulted in the complete removal of arsenic with low energy consumption. Various hydroxide complexes including ferrous hydroxide and ferric hydroxide assisted in the removal of arsenic by adsorption along with co-precipitation. Surface models obtained were checked and found with a reasonably good fit having high values of coefficient of determination of 0.933 and 0.980 for removal efficiency and energy consumption, respectively. Adsorption was found to follow pseudo-first-order kinetics. Multivariate optimization proved it as a low-cost effective technology having an operational cost of 0.0974 Indian rupees (equivalent to USD 0.0013) per gram removal of arsenic. Overall, the process was well optimized using CCD based on response surface methodology.
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1. Introduction


Arsenic (As) is a ubiquitous element naturally occurring and widely dispersed inside the earth’s crust. It enters the water reserves due to various natural processes such as mineral dissolutions, weathering of rocks and anthropogenic undertakings such as manufacturing, mining and agriculture [1]. Almost 140 million people all around the globe have been affected by arsenic, most of them from Asia [2]. The situation and scenario in several states of India, specifically West Bengal and almost the entirety of Bangladesh, are highly disturbing. Ingesting inorganic arsenic is known for causing cancers related to skin, lungs and urinary bladder, besides other non-cancerous effects. To minimize arsenic-related health problems, most of the regulatory authorities recommended a more stringent limit of 10 µg/L in drinking water supplies [3].



Arsenic exist both in inorganic as well as organic forms. In aqueous environments, inorganic As species are highly prevalent among the two. Inorganic As in water is mostly found in two oxidation states: arsenate (As(V)) and arsenite (As(III)), of which As(III) is more soluble and poisonous [4]. In oxidizing environments, H2AsO4− and HAsO42− are the major negatively charged arsenic species with H2AsO4− dominantly found at pH lower than 6.9, while HAsO42− occurs at higher pH values. Under reducing environments, the uncharged H3AsO3 dominates at pH less than 9 [1,5]. Its geochemistry depends upon various factors, such as oxidation state, speciation and redox transformations.



Researchers have adopted various methods for the removal of toxic metals, such as ion exchange, chemical reduction, reverse osmosis, modified coagulation/filtration, adsorption and electrochemical means [6,7,8]. However, these conventional approaches have several drawbacks, including low efficiency, the need for special chemicals, high energy requirements, increased cost and the problems of sludge handling and disposal.



With advancements and ongoing technological developments, electrochemical-assisted techniques have garnered attention of researchers as environmentally-friendly and sustainable processes. Among these, electrocoagulation (EC) is the most widely adopted wastewater treatment process [9]. It avoids sophisticated facilities and excessive use of chemicals and results in very low sludge production compared to other processes [10]. Compared with plain coagulation processes, EC has various advantages, such as continuous coagulant dissipation from the anode, effective dispersion of precipitated flocs with better adsorptive removal and the production of sludge with better settleability [11]. Several studies have been carried out using electrocoagulation in treating various water streams [12,13,14,15,16]. Most of the EC studies on arsenic removal used either iron or aluminum electrodes due to cost concerns as well as high removal efficiencies. Studies on the use of these combined electrode materials are very rare but may prove in finding alternatives to conventional procedures [17]. Among the two, arsenate removal is comparatively much easier than arsenite removal [18,19]. Therefore, for efficient As(III) removal, oxidation of As(III) to As(V) needs to be carried out, which is easily achieved in the electrocoagulation process.



Removal Mechanism and Chemistry inside the EC Reactor


Arsenic removal by electrocoagulation involves several reactions inside the reactor occurring simultaneously, such as in situ generation of coagulant because of anode dissolution and production of hydrogen gas at the cathode. The pollutant removal mechanism in electrocoagulation undertakes electrochemical oxidation of the anode with the production of coagulating ions followed by destabilization and agglomeration to form flocs [20]. The insoluble metal hydroxide formed removes the target pollutant by enmeshing it in the floc formed. The hydroxyl ions produced at the cathode react simultaneously with the metallic ions from the anode to form metallic hydroxides [8]. Moreover, the hydroxide ions produced at the cathode increase the pH of water, persuading metal ions to precipitate in the form of corresponding hydroxides along with co-precipitation of aluminum hydroxides.



The pH of the medium has a dominant role to play in the targeted removal of contaminants in the EC process, as the speciation of aluminum, ferrous and ferric ion depends upon pH. Various forms of ferrous ions are dominant in different pH ranges. For instance, Fe(OH)+, Fe(OH)2 and Fe(OH)3− predominate at pH values below 11 and 11.5 and above 1.5, respectively. Similar is the case with different forms of ferric ions having a predominance of Fe3+, Fe(OH)2+, Fe(OH)2+ and Fe(OH)3Fe(OH)4− in a medium at pH below 3, 3–4, 4–6 and 6–9.5, and above 9.5, respectively. In the same way, aluminum ions generated by electrochemical oxidation form various monomeric and polymeric species of aluminum hydroxyl complexes, such as Al(OH)3, Al(OH)4−, etc. Various forms of arsenate (H3AsO4, H2AsO4−, HAsO42− and AsO43−) and arsenite (H3AsO3, H2AsO3−, HAsO32− and AsO33−) get adsorbed over the insoluble iron and aluminum hydroxides depending upon their surface charges and affinity between the two [21]. The overall mechanism in arsenic removal involves oxidation of As(III) to As(V) followed by adsorption/co-precipitation over the available Fe(III) hydroxide in the medium. The OH− in the metal hydroxide gets substituted by arsenic ions, as shown in Equations (1)–(4). This mechanism of co-precipitation and adsorption of arsenic over Fe(OH) and Al(OH) may be described in the following equations [17,22]:


2FeOOH + H2AsO4− → (FeO)2HAsO4− + H2O + OH−



(1)






3FeOOH + HAsO42− → (FeO)3AsO42− + H2O + 2OH−



(2)






AlOH + HAsO42− → AlOAs(O)2(OH)− + OH−



(3)






AlOH + H3AsO3 → AlOH2As(O)2(OH)− + H+



(4)







The present study aims for multivariate optimization of the EC process in achieving rapid as well as complete removal of total arsenic along with minimum possible consumption of energy. Studies carried out so far on arsenic removal and optimizing of the EC process generally lack consideration of energy consumption as a response. Moreover, the use of a combined iron–aluminum anode in the form of a concentric electrode configuration was tried in order to consider this combined anodic effect on the performance of the reactor. Kinetics was also studied to investigate the adsorption phenomenon on the in-situ generated sludge. Process factors such as applied current, initial concentration, initial pH and time were experimentally varied in accordance with the design to know their effect on response variables.





2. Materials and Methods


A stock solution of arsenic was prepared using As2O3 (Merck, Darmstadt, Germany) in 2% HCl. Synthetic solutions of required concentrations were prepared accordingly from the stock solution. pH adjustments were carried out using HCl and NaOH and measured by a Hach probe. To maintain the conductivity around 1000 μS/cm within 5% accuracy, NaCl was used, and conductivity was measured by a Hach probe. Total arsenic concentration was analyzed using an atomic absorption spectrometer attached with a hydride generator assembly (Perkin Elmer PinAAcle 900F AAS, Waltham, MA, USA). For supplying current, a variable source DC power supply (SCIENTECH 4079, Indore, India) was used.



2.1. Experimental Set-Up


A column reactor made of Plexiglas was used comprising of anode rod at the center with the cathode in the form of mesh symmetrically placed around the anode, as schematically represented in Figure 1. The anode used was made of iron at the top and aluminum at the bottom, having a diameter of 1.6 cm and length of 15 cm, while mesh placed around it had a diameter of 6.5 cm. The reactor was connected with a DC source and agitated using a magnetic stirrer. A port at the middle of the reactor was provided to collect aliquots to be analyzed for arsenic concentrations. Three samples of aliquots were collected to report mean values according to experimental design. Conductivity for all the experimental runs was adjusted around 1000 µS/cm using NaCl. The pH of the synthetic solutions prepared was altered before each run according to the design.




2.2. Statistical Analysis


Statistical methods are highly useful in designing a multivariate experiment. One factor at a time analysis of any process is inherently insufficient to determine the interactions amongst the process. Response surface methodology was therefore adopted, which is a combination of mathematical and statistical methods for establishing a relation between variables and responses [23]. One of the major benefits of such analysis is that it is easy to optimize the process by using the differential calculus to obtain the global maxima or minima for a particular set of constraints. A general second-order model equation of central composite design, commonly adopted for RSM, is given by Equation (5) as follows:


  y =  β o  +   ∑   i = 1  k   β i   x i  +  ∑    ∑   i < j    β  i j    x i   x j  +   ∑   i = 1  k   β  i i    x i 2  + ϵ  



(5)




where, y stands for response, (xi and xj) are independent variables, (βo, βi, βii and βij) are offset term, linear, quadratic and interactive coefficients, respectively.



Central composite design (CCD) was adopted, with four factors in total with each factor at 5 levels. A set of 30 runs was carried out experimentally in a random fashion for real and coded values, as shown in Table 1, for process factors having their corresponding ranges. A trial version of Design-Expert software was used for analyzing the experimental data [24]. For choosing the model and its adequacy, the results were subjected to a lack of fit and sequential sum of squares test. The fitness was determined using obtained values of R2.





3. Results and Discussion


Analysis of variance (ANOVA) was carried out to check the model acceptance. Based on ANOVA tables, non-significant terms were omitted, on the basis of F value, while the significant terms were acknowledged at a 95% level of confidence. Significant terms were identified for both the models based on the F values found as 20.05 and 85.2, respectively (see Table 2 and Table 3). The values obtained for R-square were 0.933 and 0.980, respectively, suggesting a decent fit for both the models, viz. arsenic removal efficiency and energy consumption.



Actual vs. predicted values were plotted against each other to check the suitability of both the models, as shown in Figure 2. It shows a very close agreement between actual and predicted values; thus both models could be rightly used to navigate the chosen design space.



Regression model equations in coded form are as follows:


Arsenic removal (%) = 95.79 + (−3.79A) + 6.93B + 2.42C + 4.36D + 1.84AB − 3.07BC −

2.11BD − 2.14CD − 2.71A2 − 2.99B2 − 0.98C2 − 0.83D2



(6)






Energy consumption = 4.81692 + 0.19A + 2.44B + (−0.81C) + 1.54D − 0.563AB +

0.13BC + 0.87BD − 0.06CD + 0.004A2 + 0.31B2 + 0.07C2 + (−0.06D2)



(7)







Model equations in the actual form are as follows:



Arsenic removal (%) = −95.29 + 10.67*pH + 349.5*Applied current + 12.99*Initial conc. + 12.13*Time + 12.27*pH*Applied current − 15.36*Applied current*Initial conc. − 10.55*Applied current*Time − 0.53*Initial conc.*Time − 1.20*pH2 − 299.92*Applied current2 − 0.25*Initial conc.2 − 0.21*Time2



Energy consumption = 6.52 + 0.21*pH − 22.56*Applied current − 0.79*Initial conc. − 0.22*Time − 0.37*pH*Applied current + 0.63*Applied current*Initial conc. + 4.34*Applied current*Time − 0.015*Initial conc.*Time + 0.002 pH2 + 30.80*Applied current2 + 0.02*Initial conc.2 − 0.016*Time2



The response surface plots were obtained by plotting these multivariate regression equations for two factors at a time, keeping the other factors at central levels. The 3D surface plots obtained are shown in Figure 3 and Figure 4.



3.1. Optimization of the Process


Process optimization was done using differential calculus to determine the global maxima. This was done by calculating the successive steepest slopes. Optimization was subjected to suitable constraints to resolve the final solution. Design-Expert software takes the inputs for optimization with predefined values as maximum, minimum, target, within range and none for process variable from the ranges selected for the design. The optimum conditions were obtained with a desirability function value of 0.9.



The process optimization was kept at “target” 100% removal of total arsenic with “minimized” energy consumption and the process factors set “within range”. Theoretical optimum conditions obtained were confirmed by performing three experiments at these values to compare the theoretical and experimental results showing proximity among the two. This similarity, as shown in Table 4, suggests that RSM can be suitably used for optimization.




3.2. Effect of Process Parameters


3.2.1. Current Applied


In any electrochemical process, current applied is the most significant parameter [25]. The supplied current determines the dissipation of metal ions at the anode; thus, the EC process gets considerably affected [26]. A number of experiments were carried out according to the CCD design, with current varied from 0.1 to 0.5 A. According to Faraday’s law, arsenic removal increases upon increasing the applied current, as depicted from 3D plots shown in Figure 3a,d, due to higher anodic dissolution resulting in excessive formation of coagulant [27]. From the 3D plots, for longer time durations even at low applied current, sufficient removal efficiency was achieved due to slow but sufficient dissipation of the anode. In this way applied current remains a dominating factor for arsenic removal.




3.2.2. Initial pH


Removal of arsenic by electrocoagulation is significantly affected by pH of the solution, as it is one of the deterministic factors affecting the process [28]. pH affects the species distribution, surface charge of arsenic and metal oxides formed in the EC process [29]. Solubility of both metal hydroxides and arsenic depends on the chemistry of the aqueous medium. Positively charged colloid particles of ferrous hydroxide and ferric hydroxide are generated starting from pH values of about 7.0 and 3.0, respectively. However, when pH increases toward a highly basic nature, the amounts of ferric hydroxide decrease substantially, as also seen from the speciation diagram of Fe (III) with respect to pH [8]. From the 3D plot (Figure 3b), it can be inferred that arsenic removal efficiency was almost constant in the pH range 4 to 7, but the removal declined as pH increased further in the basic range due to the fact that available iron and aluminum hydroxides were not sufficient for the adsorption of arsenate anions (H2AsO4− and HAsO42−), which were present in abundance in this pH range.




3.2.3. Application Time


Time duration of reactions occurring inside the reactor predominantly affected the EC process, resulting in higher removal efficiencies. The dissipated electrode mass obviously increased when increasing the reaction time, even with lower applied currents, as shown in the 3D plot (Figure 3d). Sufficient polymeric species are produced and available after passage of certain time duration to achieve complete removal of arsenic from the solution [30]. With experiments performed according to the central composite design chart by varying the application time from 2 to 10 min, it was found that arsenic removal was quite rapid with around 95% efficiency attained for initial 10 mg/L concentration just within 2 min of application time.




3.2.4. Initial Concentration


To explore the effect of initial arsenic concentration on removal efficiency, experiments were carried out at varying concentration values from 4 to 12 mg/L as per CCD. It was noticed from the 3D surface plots (Figure 3a,c) obtained that removal efficiency was quite low for lower values of the initial arsenic concentration, although it was comparatively high for higher values of initial arsenic. In addition, at lower values of supplied current, there was a drastic increase in efficiency with the increase in initial concentration. However, at higher values of applied current, there was only slight increase in efficiency. This may be attributed to the fact that with higher values of initial arsenic concentration, the probability of arsenic ions colliding with metallic hydroxides remains higher, thereby getting adsorbed over it. There are several studies found in accordance with this, affirming that removal rate per ampere is higher in the beginning of the EC process [31].






4. Energy Consumption


4.1. Effect of Process Parameters on Electrical Energy Consumed


Considering the ANNOVA Table 3, the model for energy consumption was analyzed to know the significance of chosen process parameters, with current intensity found exhibiting a major role in the overall consumption of energy



With the rise in applied current from 0.1 to 0.5 A, the energy consumption was drastically increased, as is clear from the 3D plots (Figure 4a,b,d). A steep peak at higher current for longer time durations is also visible in Figure 4d. This is because at higher current values, complete removal of arsenic was achieved within the first few minutes of the process; the energy thus supplied thereafter was useless and computed to be surplus. Therefore, to keep the energy consumption minimal, small current for longer durations seems to be the optimum solution in order to attain higher efficiencies, thereby achieving the objective with minimum cost incurred. An almost similar peak was obtained in Figure 4a, with huge energy consumption per gram removal of arsenic at lower initial arsenic concentrations and larger values of applied current. This may be attributed to the fact that arsenic removal, especially at lower concentrations, was achieved quite early in the process, as shown in the 3D plot, rendering the energy supplied for the later part of the time interval unnecessary. This resulted in the unsolicited increase in the energy consumption per gram removal of arsenic.




4.2. Computing Energy and Operational Cost


Electrical energy consumed in removing arsenic using electrocoagulation was computed by the following formulas:



Consumption of energy in unit removal of target metal (Joule/gram):


     EIT    ×   60    (  Co − C  )     V     



(8)







Consumption of energy in unit removal of target metal (Watt-h/gram):


     EIT    ×   60    (  Co − C  )     V      ×   2.778   ×     10   − 4    



(9)




where E, I, t, V, Co and C have their usual abbreviations as volts, ampere, minutes, volume in liters and initial and final concentrations, respectively.



Operational cost of the EC process is estimated mainly by considering electrode cost and electricity charges incurred, ignoring factors such as sludge management and maintenance. Thus operational cost (Co) is calculated using the following equation:


Co = Celectrode + Cenergy



(10)




where Celectrode and Cenergy are costs accounted for cost of electrode and domestic electricity consumption rates, respectively.



The dissipated mass from electrodes is computed according to Faraday’s law (Equation (11));


  M =    I    ×    M    ×    T     Z    ×    F     



(11)







The assumed dissoluted mass of the anode was found to be 0.0426 g per run at optimized conditions. Considering the residential electricity rate norms, the cost incurred will be 0.0512 Indian rupees. Considering the current local market price of iron/aluminum in India, the costs incurred will be 0.0462 Indian rupees. Thus summing these two, the total operational cost at optimized conditions is estimated to Rs 0.0974 (equivalent to USD 0.0013) per gram of arsenic removed.





5. Adsorption Kinetics


Three experimental runs were conducted by varying initial concentrations at 60, 80 and 100 mg/L for the optimized condition with pH 7, investigating the kinetics of adsorptive removal of arsenic. Experimentally obtained results were analyzed and assessed according to pseudo-first-order and second-order kinetics [32,33]. The equations used are as follows (see Equations (12) and (13)):


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



(12)






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



(13)




where q is adsorption capacity at any time “t”, qe is adsorption capacity at equilibrium, and k1 and k2 are pseudo-first-order and second-order rate constants, respectively.



Both models were evaluated by correlation coefficients for suitability along with kinetic factors. The values of parameters as derived are tabulated in Table 5. From the kinetic analysis it is evident that the pseudo-first-order model fit better than the second-order, having values of R2 very close to 1.




6. Conclusions


Rapid removal of arsenic with low energy consumption was successfully achieved by optimizing the electrocoagulation process using CCD based on response surface methodology. Within a short duration of only 2 min, removal efficiency up to 95% was attained with 3.1 watt-hour of electrical energy consumed for per gram of arsenic removed. The surface models obtained for removal efficiency and energy consumption were found with a reasonable good fit, having high values of coefficient of determination of 0.93 and 0.98, respectively. The roles of initial pH, applied current, time duration and initial metal concentration were explored along with insights into electrocoagulation mechanisms and formation of various metal complexes responsible for adsorptive removal of arsenic. Among the process factors affecting the EC process, applied current was found to be most significant with the amount of iron and aluminum getting increasingly oxidized, with sufficient quantity of coagulant produced at higher values of applied current. However, low values of applied current for longer durations resulted in low energy consumption. Kinetic studies carried out indicated adsorption following a pseudo-first-order nature. Operating cost of the process was computed to be USD 0.0013 per gram of arsenic removed for the optimized run. Overall the results proved that optimization of EC process using CCD resulted in rapid, efficient and cost effective removal of arsenic from aqueous solution.
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Figure 1. Schematic representation of experimental set up. 






Figure 1. Schematic representation of experimental set up.
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Figure 2. Actual versus predicted plots for (a) arsenic removal efficiency, (b) energy consumption per gram removal of arsenic. 
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Figure 3. Surface plots (a–d) in 3D presenting the effect of all 4 interactive factors i.e., applied current, pH, time and initial conc. on the removal efficiency of total As. 
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Figure 4. Surface plots in 3D presenting (a–d) the effect of all 4 interactive factors i.e., applied current, pH, time and initial conc. on energy consumption per gm of arsenic removed in EC process. 
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Table 1. Set of coded and actual values adopted for central composite design (CCD).






Table 1. Set of coded and actual values adopted for central composite design (CCD).





	
Parameter

	
Unit

	
Code

	
Real Values




	
−α

	
−1

	
0

	
+1

	
+α






	
pH

	
-

	
A

	
4

	
5.5

	
7

	
8.5

	
10




	
Current

	
amp

	
B

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5




	
Initial concentration

	
mg/L

	
C

	
4

	
6

	
8

	
10

	
12




	
Time

	
min

	
D

	
2

	
4

	
6

	
8

	
10
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Table 2. ANOVA for total arsenic removal model.






Table 2. ANOVA for total arsenic removal model.





	
Source

	
Sum of Squares

	
Df

	
Mean Square

	
F-Value

	
p-Value

	






	
Model

	
2837.88

	
12

	
236.49

	
20.05

	
<0.0001

	
significant




	
A-pH

	
344.81

	
1

	
344.81

	
29.23

	
<0.0001

	




	
B-Applied current

	
1150.93

	
1

	
1150.93

	
97.55

	
<0.0001

	




	
C-Initial Conc.

	
141.09

	
1

	
141.09

	
11.96

	
0.003

	




	
D-Time

	
455.92

	
1

	
455.92

	
38.64

	
<0.0001

	




	
AB

	
54.21

	
1

	
54.21

	
4.59

	
0.0468

	




	
BC

	
150.98

	
1

	
150.98

	
12.8

	
0.0023

	




	
BD

	
71.28

	
1

	
71.28

	
6.04

	
0.025

	




	
CD

	
73.49

	
1

	
73.49

	
6.23

	
0.0231

	




	
A2

	
201.79

	
1

	
201.79

	
17.1

	
0.0007

	




	
B2

	
246.73

	
1

	
246.73

	
20.91

	
0.0003

	




	
C2

	
26.87

	
1

	
26.87

	
2.28

	
0.1496

	




	
D2

	
19.13

	
1

	
19.13

	
1.62

	
0.22

	




	
Residual

	
200.56

	
17

	
11.8

	

	

	




	
Lack of Fit

	
199.23

	
12

	
16.6

	
62.2

	
0.0001

	
significant




	
Pure Error

	
1.33

	
5

	
0.2669

	

	

	




	
Cor Total

	
3038.45

	
29

	

	

	

	




	
Standard Deviation

	
3.434

	
R2

	
0.933

	

	




	
Mean

	
89.761

	
Adjusted R2

	
0.887

	

	




	
C.V.%

	
3.826

	
Predicted R2

	
0.694

	

	




	

	

	
Adequate Precision

	
17.946
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Table 3. ANOVA for energy consumption model.






Table 3. ANOVA for energy consumption model.





	
Source

	
Sum of Squares

	
df

	
Mean Square

	
F-Value

	
p-Value

	






	
Model

	
231.4

	
11

	
21.04

	
85.2

	
<0.0001

	
Significant




	
A-pH

	
0.8622

	
1

	
0.8622

	
3.49

	
0.078

	




	
B-Applied current

	
142.39

	
1

	
142.39

	
576.73

	
<0.0001

	




	
C-Initial Conc.

	
15.89

	
1

	
15.89

	
64.34

	
<0.0001

	




	
D-Time

	
56.85

	
1

	
56.85

	
230.27

	
<0.0001

	




	
AB

	
0.0507

	
1

	
0.0507

	
0.2053

	
0.6559

	




	
BC

	
0.2538

	
1

	
0.2538

	
1.03

	
0.324

	




	
BD

	
12.03

	
1

	
12.03

	
48.75

	
<0.0001

	




	
CD

	
0.0603

	
1

	
0.0603

	
0.2442

	
0.6271

	




	
B2

	
2.65

	
1

	
2.65

	
10.72

	
0.0042

	




	
C2

	
0.1491

	
1

	
0.1491

	
0.6039

	
0.4472

	




	
D2

	
0.1173

	
1

	
0.1173

	
0.4749

	
0.4995

	




	
Residual

	
4.44

	
18

	
0.2469

	

	

	




	
Lack of Fit

	
4.36

	
13

	
0.3351

	
19.18

	
0.0021

	
Significant




	
Pure Error

	
0.0874

	
5

	
0.0175

	

	

	




	
Cor Total

	
235.85

	
29

	

	

	

	




	
Standard Deviation

	
0.477

	
R2

	
0.98

	

	




	
Mean

	
5.069

	
Adjusted R2

	
0.971

	

	




	
C.V.%

	
9.413

	
Predicted R2

	
0.923

	

	




	

	

	
Adequate Precision

	
36.3741
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Table 4. Optimal values of chosen parameters.






Table 4. Optimal values of chosen parameters.





	Parameter
	Optimal Values
	Average Experimental Values





	% Removal
	94.5
	95



	Energy consumption
	3.1
	3.26



	pH
	7
	7



	Current
	0.46
	0.46



	Initial concentration
	10
	10



	Time
	2
	2
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Table 5. Values of kinetic constants and coefficients for various kinetic models.
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Co

(mg L−1)

	
qe (Experimental)

(mg/g)

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
qe (Calculated)

(mg/g)

	
K1(min−1)

	
R2

	
qe (Calculated)

(mg/g)

	
K2 (×10−5)

g mg−1 min−1

	
R2






	
100

	
893.568

	
805.874

	
0.0342

	
0.963

	
1352

	
1.878

	
0.928




	
80

	
729.294

	
636.262

	
0.0418

	
0.954

	
986.269

	
3.417

	
0.952




	
60

	
590.425

	
543.428

	
0.0325

	
0.972

	
816.354

	
2.916

	
0.941
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