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Abstract

:

One of the biggest problems of water with high concentrations of calcium is its susceptibility to causing scaling in industrial equipment (boilers, heat exchangers, pipes, reverse osmosis membranes, storage tanks, etc.). The purpose of this study was to evaluate a recently built filter press (EC) type electrocoagulation reactor and investigate the efficiency of water hardness removal. The electrocoagulation (EC) reactor has been evaluated in batch mode using electrodes of aluminum (Al) and connected to a direct current power supply in a monopolar way. To evaluate the performance of the reactor, a synthetic solution with a concentration similar to that of brackish water was used. A factorial design was applied to investigate the influence of the electrical potential applied to the electrocoagulation cell at the levels of 3, 5, 7, and 9 V, and initial calcium hardness of 540.2 and 914.60 mg/L CaCO3 at room temperature in 60 treatment minutes. The results revealed that the electrical potential applied to the electrocoagulation cell was the most significant factor in hardness removal, within the experimental ranges studied. The results showed that electrocoagulation at an electric potential applied at 9 volts and an initial concentration of 7400 mg/L allowed a higher hardness removal efficiency (25.83%). the pH of the solution increased throughout the process. The energy consumption ranged between 4.43 and 42 kW.h/m3 depending on the conditions of the factors. It has been shown that during the treatment process a layer of dense and compact calcium carbonate precipitate is formed on the surface of the cathode.
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1. Introduction


Water hardness is generally caused by the presence of cations such as Ca2+, Mg2+. They are not only harmful to human health, but also to industrial production processes. The world health Organization recommended preserving the concentrations of Ca2+ and Mg2+ ions lower than 75 mg/L and 50 mg/L in the drinking water respectively [1]. Although the calcium content in the tap water does not have any serious impact on the health problem, but it still is responsible for the scaling of the household appliances and reduction of cleaning performance of the detergents and soaps [2]. Calcium ions can reach concentrations beyond the solubility limit, by evaporation of water, which gives rise to the formation of scale [3].Scaling on the surface of heat exchanger reduces boiler power output by 10–20%, and decreases thermal efficiency by 10% [4]. the researchers introduced various softening technologies including evaporation, chemical precipitation, chemical reduction, flocculation, solvent extraction filtration, ion exchange, and adsorption [5]. Reverse osmosis (RO) and nanofiltration membranes (NF) are the commonly known and preferred methods for desalination and softening of water [6]. The presence of calcium Ca2+ ions in the feed solution to membrane separation processes can cause the deposition of CaCO3 and CaSO4·2H2O, which are the most common constituents of scale. Fouling tends to impede permeate flow, increase pressure drop and cause irreversible plugging of pores and physical damage to the membrane [7].



The electrocoagulation process is characterized by being an unconventional method technique that has essential advantages over other methods [8]. Electrocoagulation (EC) has been tested on different types of water, such brackish water [9]. for the pretreatment of different types of water, seawater [10] and groundwater [11]. Electrocoagulation (EC) is an emerging electrochemical process that involves applying an electric current to sacrificial electrodes inside a reactor [12]. Uses electrical current to dissolve sacrificial metal electrodes such as iron (Fe) or aluminum (Al) to produce coagulants or destabilization agents [13]. The EC process involves the dissolution of charged cations (Mg2+, Zn2+, Al3+, Fe3+) originated from the sacrificial anode, forming monomeric and polymeric hydroxyl complex species simultaneously, which can strongly absorb certain pollutants from contaminated water. The aluminum hydroxide floc had relatively larger size and less density, which was easy to float and separate [14]. The main reactions that occur in the aluminum electrodes are: At the anode The electro dissolution of the anode leads to the release of Al3+ cations according to the reaction mechanism (Equation (1))


    A l    ( s )    →   A l    (  a q  )       3 +   + 3  e −   



(1)







If the anode potential is high enough, secondary reactions can occur at the anode, such as direct oxidation of organic compounds and H2O or Cl1− present in the wastewater [15].


  2  H 2   O   ( l )    →  O  2  ( g )    + 4  H   (  a c  )       1 +   + 4  e −   



(2)






  2 C  l   (  a c  )       1 −     → C  l  2  ( g )    + 2  e −   



(3)







At the cathode:



The water reduction reaction occurs, which results in the generation of hydrogen bubbles on its surface (Equation (4)):


  2  H 2   O   ( l )    →  H  2  ( g )    + 2 O  H   (  a q  )      −  − 2  e −   



(4)







The Al ions generated at the anode are soluble and will subsequently react with the hydroxide ions generated at the cathode. The aluminum hydroxides are created as shown in Equation (3) below [16], During the oxidation process, the aluminum anode dissolves and generates Al3+ cations, which are further reacted and transformed into various monomeric and polymeric ionic forms such as   A l    (  O H  )   2     1 +   , A l    (  O H  )    2 +   , A l    (  O H  )   4     1 −   , A  l 2     (  O H  )   2     4 +       a n d   A  l 3     (  O H  )   4     5 +   ,   A  l 6     (  O H  )    15      3 +     and also low soluble amorphous species such as Al(OH)3 and Al2O3, which depend on the initial pH of the solution [17]. In addition, EC is an environmentally friendly process compared to the chemical coagulation (CC), which is commonly used for water treatment using different types of coagulants or flocculants as iron and aluminum sales [18]. Literature has also reported that electrocoagulation can remove many ions from water, such as sulfate (SO42) [19]; nitrate(NO3−) [20]; fluoride(F−) [21]; cyanide(CN−) and lead (II) [22]; lead(II), Chromium (VI) and cadmium (II) [23] and other emerging pollutants [24] in particular from pharmaceutical wastewate [25] and distillery effluents [26]. Qodah et al. [27] mentioned, the main disadvantages of the EC process are the high consumption of anode, passivation of the electrode at the cathode that results in a reduction of the current and the efficiency of the contaminant removal process and a higher consumption of electrical energy. Numerous research studies have demonstrated that EC works cohesively with other treatment modalities, including ozone (O3) assisted EC [28]; EC-nanofiltration and membrane filtration [29]; EC/Adsorption [30]; photo–EC [31]; aerated-EC [32]; US-EC [33]; and photocatalysis-EC [34] for the elimination of contaminants from industrial effluent and wastewater. Kane et al. [35] studied the photocatalytic degradation process in the flumequine effluent, reporting maximum degradation more than 90% after 2.5 h under optimal conditions (an initial concentration of 5 mg/L, three lamp light intensities, and a flow rate of 29 L/h). An EC problem is the passivation of the sacrificial aluminum electrodes (anode) due to the precipitation of aluminum oxides; This passivation increases the potential of the cell and, therefore, an increase in energy consumption and process costs [36]. Moreover the high concentration of hydroxide ion in the vicinity of the cathode makes the insoluble salts of calcium and magnesium attach to the cathode surface, which induces the passivation of the cathode, which affects hydrogen production and electron transfer [6,37]. The most common reactor is a conventional reactor made up of a magnetic stirrer to mix the solution and stationary electrodes [38]. Despite the fact that numerous studies have been carried out for the elimination of hardness by electrocoagulation, studies on highly concentrated solutions and the evaluation of new electrocoagulation devices that reduce the levels of passivation of the electrodes and energy consumption are still lacking. It has been proposed to study the application of a new electrocoagulation device with improvements in the mixing of chemical species within the electrocoagulation cell to reduce the levels of passivation of the electrodes and energy consumption. The objective of this study was to investigate the performance of the electrocoagulation cell on the percentage removal of hardness (calcium) from a model solution of similar concentration of brackish water. The effect of the initial concentration and the electrical potential with respect to the percentage of removal of atehardness and the specific energy consumption were studied.




2. Materials and Methods


2.1. Chemicals and Reagents


All chemicals were reagent grade, sodium chloride (99-9), calcium chloride (CaCl2 2H2O) of 99%, and hydrochloric acid (37%). All solutions were prepared with ultrapure water with a conductance of 18.2 MΩ cm−1. Table 1 shows the concentrations (3300, 7400 mg/L) and water hardness (540.2 and 914.60 mg/L), as calcium carbonate. To the first solution 2500 mg/L sodium chloride with 800 mg/L calcium chloride was added and the second solution 6000 mg/L sodium chloride with 1400 mg/L calcium chloride to simulate brackish water. Chemical compounds (salts) of high purity were provided by the Merck company.




2.2. Analytical Method


The conductivity was measured using an ADWA AD 330 conductivity meter and pH with ADWA, instruments made in, Hungary and Romania. When measuring the hardness, the sample was filtered with filter paper (Whatmann 0.25 µm) to eliminate the interference of the calcites suspended in the sample. Calcium hardness was measured using 0.01M concentration ethylenediaminetetraacetic acid (EDTA), based on the method and procedure [39].




2.3. Design of Experiment


The design of experiments (DOE) through the factorial design has been used in the essays. To investigate the percentage of calcium hardness removal and specific energy consumption, the effect of factors such as the initial calcium concentration and the potential applied to the electrocoagulation cell has been studied. For the electric potential, it has been assigned to four levels and the calcium concentration to two study levels. For the electrical potential, it has been assigned to four levels and the calcium concentration to two levels of study. Table 2 shows the factors and levels under study, 8 tests were carried out with their corresponding replica, having a total of 16 experiments. The two factors, applied electrical potential and initial solution concentration, were denoted X1 and X2, respectively. The statistical software Minitab 17 was used to carry out the experimental design and analysis of variance (ANOVA). The experiments have randomized and Table 3 demonstrates the applied design matrix.



To select the factors in the proposed factorial design, previous studies have revealed that the voltage supply to the electrocoagulation cell determines the amount of Al 3+ ion released from the respective electrodes (anode) and the amount of resulting coagulant. In addition, the electrical potential not only determines the coagulant dosing rate, but also the bubble production rate and size, floc growth, and energy consumption, which can influence the treatment efficiency of the electrocoagulation process [40]. brackish groundwater has higher salinity than freshwater (>0.5 g/L) [41]. Strathmann [42] defined water with a salinity of 1500 to 15,000 (ppm) as brackish water.




2.4. Lab-Scale Batch Electrocoagulation Reactor


The diagram of the reactor and its components is shown in Figure 1. The EC reactor is composed of aluminum plate electrodes placed vertically in parallel. The electrolyte enters from the bottom in the ascending way while the exit is located in the upper part of the cell. The reactor contains two anodes and a cathode with dimensions (10 cm × 6 cm × 0.3 cm, height, width and thickness) in contact with the electrolytic solution. A tank of acrylic material with dimensions of 30 cm × 10.5 cm (height × diameter) is used as a container for the electrolytic solution. The reactor contains three frames of acrylic material, inside a high purity aluminum plate (99.7%). The frames are separated with polypropylene that allows the cell to be hermetically sealed to prevent liquid spillage, as shown in Figure 1 (1). This EC unit was attached to a hydraulic system consisting of a small centrifugal pump with a capacity of 0–2 L min−1. The total volume of synthetic water was circulated through the electrolytic cell by a peristaltic pump at a constant flow rate. The anode and cathode were connected to the positive and negative outputs of a direct current source of 0–30 V and 0–10 A ((Model: DC power supply-China) in a monopolar (2). The intensity of electric current was recorded at the beginning every 2 min and then every 5 min of the test. All experiments were performed at room temperature of 20 °C. At the end of each experiment, the water was sedimented and filtered for analysis of hardness, conductivity and pH. After being tested, the surface of the electrodes rubbed with thin paper, diluted hydrochloric acid and washed with distilled water to eliminate the oxide layers, then dried and weighed.




2.5. Data Analysis


2.5.1. Calculation of Removal Percentage (%)


The efficiency of removal of hardness (calcium) was calculated using Equation (5) [43]


   ( R )  =  (     C 0  −  C t     C 0     )  ×   100 %  



(5)




where, removal efficiency (R) C0 (mg/L) and Ct (mg/L) are the initial and final calcium hardness concentration, respectively.




2.5.2. Calculation of Electrode Consumption during the EC Process


The ions generated within the electrocoagulation cell are related to the flow of electrical current and the electrocoagulation time by Faraday’s law, was calculated from Equation (6).


   m  t h e o   =   M I t   z F    



(6)




where mtheo is the amount of anode material dissolved (g), I is the current intensity(A), t is the electrolysis time (s), M is the molecular weight of aluminium de ion (26.98 g mol−1), z is the number of electrons transferred in the reaction (3 for aluminium) and F is the Faraday’s constant (96,486 C mol−1). When the intensity is a function of time Faraday’s law, is shown in Equation (7) [24].


   m  t h e o   =   M   ∫  0 t  I d t   z F    



(7)








2.5.3. Electric Energy Consumption (SEC)


The amount of energy consumed per unit mass of matter removed is called the specific energy consumption [26]. The energy consumption per unit mass of calcium carbonate required to reduce the hardness of the solution was estimated using Equation (8).


  SEC  (    k W h    m 3     )  =    E  c e l l     ∫  0 t  I d t    V s     



(8)




where SEC is the specific energy consumption (kWh/m3),    E  c e l l     the applied cell potential (V), I is the applied current (A), t is the treatment process time (h), vs. is the volume of the solution (m3).






3. Results and Discussion


3.1. Results of the Studied Variables


Table 3 Reports on the calcium hardness removal performance, specific energy consumption and electrode consumption in the electrocoagulation cell. Calcium removal ranged between 6.10% and 25.83%.




3.2. Analysis of ANOVA


The analyses of variance (ANOVA) for responses are presented in Table 4 and Table 5. Table 4 shows ANOVA for calcium hardness removal response on selected operating parameters. The applied potential and the initial calcium concentration are significant factors with values of p < 0.05. Table 5 shows ANOVA for the energy specific response on the selected operating parameters. The standard deviation has been evaluated with respect to the mean percentage of hardness removal and energy consumption, the results of which are shown in Table 6.



From Figure 2, it is shown that the factors perform best (providing the highest percent hardness removal response) at their highest test levels (7400 ppm and 9 V). The application of the electrical potential between 7 and 9 volts has the strongest effect on the removal, because it presents a greater slope of growth. This implies that increasing solution concentration and electrical potential can be an efficient way to remove hardness.




3.3. Electric Current Analysis


Figure 3 shows the evolution of the electrical current as a function of time for an initial concentration of 3300 mg/L. The results indicated that the current intensity increases as the electrical potential applied to the electrocoagulation cell increases, likewise it is observed for 3.5 and 7 V the electrical current remains constant during the 60 min of treatment. The same trend was observed in the experiments with the initial salt concentration of 7400 g/L (See Figure 4). The application of an electrical potential of 9 V significantly affects the increase in electrical current, reaching an intensity of 7.8 A.




3.4. Removal of Hardness


Due to the increase in pH in the vicinity of the cathode as a result of the electrochemical dissociation of water, according to Equation (4), calcium carbonate accumulates in the cathode during the electrocoagulation process, which increases the consumption of electrical energy and reduces the efficiency of hardness removal. The formation of the precipitate is described in reactions 9 and 10 according to [44]


  H C  O 3     1 −   + O  H  1 −   → C  O 3     2 −   +  H 2  O  



(9)






  C  O 3     2 −   + C  a  2 +   → C a C  O  3  ( s )     



(10)







Figure 5 shows the percentage of calcium hardness removal as a function of the electrical potential applied to the electrocoagulation cell. As the electrical potential increases, the percentage of removal increases linearly for 3, 5 and 7 V for both solutions. However, when the potential is 9 V, an increase in the slope of the hardness removal efficiency is shown.



As the electrical potential increases, the amount of oxidized aluminum increases and, consequently, the hydroxide flocs increase with a high adsorption rate and this leads to an increase in hardness removal efficiency. The results of this study are consistent with the reported results of the evaluation work of seawater hardness reduction via electrocoagulation [45]. The reported removal efficiency varies between 8%, 10% and 13% in 60 min of treatment as indicated in Table 7. It is observed that the removal efficiency did not change significantly with the increase in current density. (5.6, 11.2 y 22.8 mA/cm2) Table 7 also shows the results of our work on the efficiency of calcium hardness removal for different electrical potentials (5, 7 and 9 V) applied during 60 min of treatment. The removal efficiency of calcium hardness from brackish water varied between 8% and 25% (Table 7).



This low hardness removal efficiency could be explained by the permanent formation of a calcium carbonate layer on the cathode. However, fouling remains a possible limitation of the electrocoagulation process that can be detected by an increase in electrical current and electrical energy consumption [45]. Figure 6 shows the percentage of calcium hardness removal for the tests carried out according to 2. It is observed that the maximum removal efficiency is 25.83% in the experiment (Exp 8), and has been achieved with an initial concentration of 7400 mg/L and an electrical potential difference of 9 V in 60 min of treatment. By increasing the electrical potential applied to the electrocoagulation cell, the amount of oxidized aluminum increases and consequently, the hydroxide flocs formed increase and this leads to an increase in the efficiency of hardness removal.




3.5. Enenergy Consumption Analysis


Power consumption was calculated using Equation (10). Figure 7 shows the electrical energy consumption for the two variables studied, when the concentration of the model solution is 3300 mg/L, the energy consumption ranged between 0.5 and 18 kW. h.m−3, while it ranged between 3, 5 and 46 kW. h.m−3 for the 7400 mg/L with the application of an electrical potential of 3, 5, 7, and 9 V. The results indicated that the increase in the electrical potential applied to the electrocoagulation cell significantly affects the energy consumption, as clearly shown in Figure 7. In previous studies, it was observed that the energy consumption increases markedly when a higher electrical potential is applied to the electrocoagulation cell [46]. The energy consumption increases with the intensity of electric current, and the applied potential due to the increase of polarization in the electrodes. Many researchers have reported in the literature for some aqueous solutions, the energy consumption increases proportionally with the electrical conductivity. The high consumption of electrical energy is partly due to the conversion into heat energy, which produces an increase in the temperature of the aqueous solution (Figure 8).




3.6. pH Analysis


Figure 9 shows the initial pH of the synthetic solutions (7.65 and 7.6) and the pH of the solutions reached in 60 min of previously filtered treatment. It is observed, experiment eight (Exp 8) reaches the pH (8.36) and the best removal (25.83%) of calcium hardness as indicated in Table 3.




3.7. Electrical Conductivity Analysis


Figure 10 shows the changes in electrical conductivity for the experiments carried out. It is observed that the electrical conductivity of the water samples shows a slight decrease after 60 min of treatment. These differences are greater when an electrical potential of 7 and 9 volts is applied, as shown in the experiments (E7 and E8). In experiment E8, the electrical conductivity decreases from 13.4 mS/cm to 12.3 mS/cm with a conductivity reduction efficiency of 8.2%. The slight decrease in salinity is explained by the precipitation of calcium carbonate (CaCO3) and adsorption on aluminum hydroxide. These results are consistent with research reported by [45].




3.8. Consumption of Electrodes


The theoretical consumption of the electrode was calculated using Equation (6). Figure 11 shows the consumption of the electrode as a function of the electrical potential applied for the two concentrations studied. It is observed that the consumption of the electrode increases as the potential and concentration increase. of the electrolyte. Generally, TCE are directly related to electrolysis time and current density [47,48]. Also, a high electric current leads to a decrease in the weight of the electrodes and an increase in the amount of mass released from the anode to the solution [49].





4. Conclusions


In the present study, a new batch-operated electrocoagulation reactor was evaluated in reducing the calcium hardness of a model solution with a concentration similar to that of brackish groundwater, using aluminum (Al) electrodes. In addition, the effect of electrical potential (3, 5, 7 and 9 V) applied to the electrocoagulation cell and initial concentration of (3300 and 7400 mg/L) was studied with respect to the efficiency of reduction of calcium hardness and the specific energy consumption. All applied potentials led to a significantly low percent calcium hardness removal (6–25% over a 60 min treatment time). The most favorable values for the removal of water hardness are at an electrical potential of 9 volts and a concentration of 7400 mg/L, reaching a removal of 25% and a specific energy consumption of 42 kWh/m3, respectively.



The increase of the electrical potential applied to the electrocoagulation cell was significant with respect to the electrical energy consumption. Likewise, the increase in the concentration of the model solution increased the electric current intensity, as shown in Figure 3, Figure 4 and Figure 7.



During the operation, the electrodes were passivated and a calcium carbonate deposition was found on the cathode, as shown in the Figure 8. This result recommends for future work to reverse the electrical current in the electrodes on a regular basis to avoid passivation to a great extent.
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Figure 1. Schematic diagram of the experimental setup used for the electrocoagulation study. 
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Figure 2. Mean percentage of calcium hardness removal. 






Figure 2. Mean percentage of calcium hardness removal.



[image: Sustainability 15 00590 g002]







[image: Sustainability 15 00590 g003 550] 





Figure 3. Evolution of the electric current as a function of time for 3300 mg/L. 
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Figure 4. Evolution of the electric current as a function of time for 7400 mg/L. 
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Figure 5. Evolution of hardness as a function of electrical potential. 
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Figure 6. Hardness removal percentage and number of experiments. 
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Figure 7. Effect of the applied electric potential on the specific energy consumption. 
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Figure 8. Photograph of three aluminum electrodes (experiment, E8) (b). cathode; (a) and (c) anode after experiment. 
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Figure 9. pH evolution and number of experiments. 
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Figure 10. Evolution of electrical conductivity and number of experiments. 
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Figure 11. Evolution of electrode consumption as a function of electric potential. 
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Table 1. Physicochemical properties of simulated water samples.
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	Simulated Solution
	TDS mg/L
	EC (mS/cm2)
	pH
	Calcium Hardness mg/L CaCO3





	NaCl y CaCl2.2H2O
	3300
	7.13
	7.65
	540.2



	NaCl y CaCl2.2H2O
	7400
	14.28
	7.6
	914.60
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Table 2. Research range of independent variables.
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Factor

	
Units

	
Notation

	
Levels






	
Concentration (NaCl y CaCl2)

	
mg/L

	
X1

	
3300

	
7400




	
Electric potential

	
V

	
X2

	
3

	
5

	
7

	
9











[image: Table] 





Table 3. Factorial design response.
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	Run
	Concentration
	Electric Potential
	hardness Removal Percentage
	Specific Energy Consumption (kWh/m3)
	Theoretical Electrode Consumption





	1
	3300
	3
	6.10%
	1.44
	0.2419



	2
	3300
	5
	9%
	5.89
	0.5925



	3
	3300
	7
	12.50%
	12.69
	0.9126



	4
	3300
	9
	13.94%
	19.23
	1.0753



	5
	7400
	3
	14.35%
	3.51
	0.5922



	6
	7400
	5
	15.72%
	11.92
	1.1994



	7
	7400
	7
	18.94%
	21.92
	1.5763



	8
	7400
	9
	25.83%
	42.84
	2.3952
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Table 4. Analyses of variance (ANOVA) for percent hardness removal.
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	Source of Data
	Degree of Freedom (DF)
	Sum of Squares
	Contribution
	SC Ajust.
	MC Ajust.
	F-Value
	p-Value





	Model
	4
	245.217
	97.27%
	245.217
	61.304
	26.77
	0.011



	Linear
	2
	240.433
	95.38%
	240.433
	120.217
	52.50
	0.005



	Concentration (ppm)
	1
	136.620
	54.20%
	136.620
	136.620
	59.66
	0.005



	Electric potential (V)
	1
	103.813
	41.18%
	103.813
	103.813
	45.33
	0.007



	Square
	1
	1.824
	0.72%
	1.824
	1.824
	0.80
	0.438



	Electric potential (V)*electric potential (V)
	1
	1.824
	0.72%
	1.824
	1.824
	0.80
	0.438



	Interaction of 2 factors
	1
	2.959
	1.17%
	2.959
	2.959
	1.29
	0.338



	Concentration (ppm)*electric potential (V)
	1
	2.959
	1.17%
	2.959
	2.959
	1.29
	0.338



	Error
	3
	6.870
	2.73%
	6.870
	2.290
	
	



	Total
	7
	252.087
	100.00%
	245.217
	61.304
	26.77
	0.011
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Table 5. Analyses of variance (ANOVA) for energy consumption.
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	Source of Data
	Degree of

Freedom (DF)
	Sum of

Squares.
	Contribution
	SC Ajust.
	MC Ajust.
	F-Value
	p-Value





	Model
	4
	1236.25
	98.54%
	1236.25
	309.062
	50.76
	0.004



	Linear
	2
	1094.62
	87.25%
	1094.62
	547.308
	89.89
	0.002



	Concentration (ppm)
	1
	209.51
	16.70%
	209.51
	209.510
	34.41
	0.010



	electric potential (V)
	1
	885.10
	70.55%
	885.10
	885.105
	145.38
	0.001



	Square
	1
	26.65
	2.12%
	26.65
	26.645
	4.38
	0.128



	electric potential (V)*electric potential (V)
	1
	26.65
	2.12%
	26.65
	26.645
	4.38
	0.128



	Interacción de 2 factores
	1
	114.99
	9.17%
	114.99
	114.989
	18.89
	0.022



	Concentration (ppm)*electric potential (V)
	1
	114.99
	9.17%
	114.99
	114.989
	18.89
	0.022



	Error
	3
	18.27
	1.46%
	18.27
	6.088
	
	



	Total
	7
	1254.51
	100.00%
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Table 6. Standard deviation of hardness removal percentage and energy consumption.
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	N°
	Response
	N Statistical
	Minimum Statistical
	Maximum

Statistical
	Media
	Standard Error
	Deviation

Standard





	1
	Hardness removal percentage
	8
	6.10
	25.83
	14.5775
	2.12168
	6.00103



	2
	Energy consumption (kWh/m3)
	8
	1.44
	42.84
	14.9300
	4.73308
	13.38717
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Table 7. Hardness removal efficiency.






Table 7. Hardness removal efficiency.





	Current Density (mA/cm2)
	Hardness Removal Efficiency [45]
	Electric

Potential (V)
	Hardness Removal

Efficiency





	5.6
	8%
	5
	15.72%



	11.2
	10
	7
	18.94%



	22.4
	13
	9
	25.83%
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