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Abstract

:

Cork boiling wastewater (CBW) is a highly polluted and difficult to treat effluent resultant from the cork manufacturing industry. This study aims to evaluate a new, reliable, efficient, and sustainable process to treat this effluent. This paper tested electrocoagulation as a pre- and post-treatment to improve the already existing physicochemical treatment in a cork production facility in Portugal. In the physicochemical procedures (PC), the addition of different volumes of coagulant (ferric chloride (III) 40% w/w), neutralizer (sodium hydroxide, 32% w/w), and flocculant (polyacrylamide, 0.2 g/L) were evaluated. Electrocoagulation (EC) was performed in a bench-scale reactor, using aluminum and stainless-steel electrodes. For EC, different initial pH, current density, and current tension values were tested. When electrocoagulation was used as a post-treatment, better performances were achieved. However, treatment costs were increased significantly. Coagulation/flocculation offers a viable and cheap treatment, achieving removal efficiencies of 88.2%, 81.0%, 76.9%, and 94.2% for total chemical oxygen demand (tCOD), total carbon (TC), total nitrogen (TN), and soluble chemical oxygen demand (sCOD), respectively. With a PC-EC combination, it is possible to achieve removal efficiencies of 92.4%, 88.0%, 91.4%, and 91.4% for tCOD, TC, TN, and sCOD, respectively. The increased TN removal efficiency can translate into great benefits for certain discharge conditions and should be taken into consideration for improving the sustainability of cork industry. On the other hand, when EC is used as a pre-treatment, there are no benefits either in terms of treatment performance or operating costs.
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1. Introduction


Cork is a natural renewable material extracted from Quercus suber L., with considerable relevance in the Portuguese economy [1]. Its main application is the production of stoppers for the wine industry. One of the key steps in the manufacturing of cork stoppers is the boiling of cork planks [2]. In this process, the raw cork planks are boiled in water for one hour, to remove biological and chemical contamination. The boiling process also improves cork texture and mechanical properties but generates a recalcitrant effluent with significant organic loads, the Cork Boiling Wastewater (CBW) [3,4,5]. This wastewater is characterized by its dark color, acid pH, high toxicity, high organic load, and low biodegradability, and by high concentrations of total suspended solids (TSS), tannins, lignin, and phenolic compounds (i.e., concentrations exceed the values established by law). This effluent raises environmental concerns, once its characteristics are very similar to other agro-industrial wastewaters known for their environmental impact, such as wine distillery, olive oil extraction, and wood debarking [6]. Studies regarding the treatment of CBW involve simple and combined technologies, such as: coagulation/flocculation [7,8,9,10], biological treatment technologies [3,5,11,12,13], combined bio and chemical degradation [1,14], advanced oxidation processes (AOP) [2,15,16,17,18,19], combined AOP and coagulation/flocculation [9], and combined AOP [20]. Ultra and nanofiltration have also been used for CBW treatment and for extraction of added-value components [21,22,23]. Most studies consider AOP in the treatment of CBW, with emphasis on Fenton. Nevertheless, two papers consider electrocoagulation. Fernandes et al. [18] tested EC with a boron-doped diamond anode, achieving removal efficiencies higher than 90% for COD, dissolved organic carbon, total phenols, and color. However, the material used as anode presents high costs [24]. Garcia-Costa et al. [20] tested a combination of EC (with iron electrodes) and Fenton, with electro-Fenton achieving, in both cases, a total organic carbon (TOC) removal of around 87% and a total phenolic compounds remotion. According to the authors of this study, EC alone was not efficient in CBW treatment. However, an EC pre-treatment proved to reduce the costs related to Fenton oxidation by 40%, as it decreases the need for H2O2. The results of both studies indicate that EC can be applied in CBW treatment when certain electrodes are applied, or can be used as a pre-treatment technology with significant benefits.



This study proposes an alternative for the treatment of CBW by employing a combination of electrocoagulation (EC) and traditional physicochemical (PC) treatment (coagulation/flocculation). Coagulation/flocculation is known worldwide for its ability to improve water/wastewater treatment efficiency and for being a cost-effective technique [25]. EC is efficient in the removal of various pollutants and has been intensively studied during the past decade, as described in the review paper of Moussa et al. [26] and Garcia-Segura et al. [27].



Usually, PC wastewater treatment involves coagulation, flocculation, and sedimentation. The coagulation/flocculation method has been used for more than a century and is particularly efficient in removing colloids [28]. According to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, colloidal suspensions are affected by attractive van der Waals forces and repulsive electrostatic forces. When the attraction forces prevail, the particles tend to coagulate/flocculate and suspensions might be destabilized. In contrast, when repulsive forces are dominant, particles remain dispersed. In wastewater, suspended particles are negatively charged, repelling each other and remaining in suspension [26,29,30,31]. The role of coagulants/flocculants in wastewater treatment processes is to reduce the repulsive forces between colloids, destabilizing them. This destabilization aims to force particles’ agglomeration, making their separation a more straightforward process [26]. In summary, the coagulation process aims to destabilize the colloids in the water, enabling their flocculation and sedimentation. During flocculation, the micro clots formed in the coagulation process aggregate, resulting in larger flocs that can be easily removed by sedimentation [32].



EC is a wastewater treatment technique that combines the advantages of coagulation, flocculation, and electrochemistry. Its actuation process is very similar to the one involving the traditional physicochemical methods. However, in this case, coagulant species are generated in situ, owing to electro dissolution of sacrificial anodes, usually made of iron or aluminum. This way, EC is considered a more environmental-friendly process, once it minimizes wastewater treatment footprint, sludge generation, and the need for chemical additives [33]. By employing an electrical current, it is possible to remove suspended solids, colloids, metals, and dissolved solids, as well as persistent pollutants, pesticides, and pathogens. In addition, this technique has a feasible adaptation to different pollutant loads and different flow rates [34,35,36]. In this process, two anodic reactions can occur. Equation (1) refers to the metal oxidation, by which the metallic cations are generated, where z is the number of electrons transferred during anode dissolution, per mole of metal [37].


   M   ( s )    →  M  z +       (  aq  )    +      ze   −   



(1)







Simultaneously, in the case of high anode potential, water suffers oxidation (Equation (2)), with hydronium and oxygen production [38].


  2  H 2  O →  O 2  + 4  H +  + 4  e −   



(2)







At the cathode, water suffers reduction (Equation (3)). This reaction is independent of the metal used as cathode [39].


  2  H 2  O + 2  e −  → 2   OH  −      (  aq  )    +      H   2      ( g )     



(3)







Both anodic and cathodic reactions produce species that can lead to water pH variation. At the anode, the formation of H3O+ (represented as H+) occurs with simultaneous production of metal-oxy(hydr)oxides (Equation (4)), causing the pH to drop [40]. Subsequently, the H+ produced at the anode diffuses and reacts with the OH- formed at the cathode [41]. Even though metallic ions are only produced at the anode, the products of both anodic and cathodic reactions interact and react with each other, promoting the coagulation of pollutants, and their precipitation or flotation (Figure 1).


   M  z +       (  aq  )    +   zH  2  O → M    (  OH  )     z     ( s )    +      zH     (  aq  )   +   



(4)







To treat the wastewater by this method, it should possess a conductivity value that allows the ions transference between electrodes, with the cations moving to the cathode and the anions moving to the anode. When the effluent’s conductivity is insufficient, it is common to add an electrolyte, usually NaCl [42].



The novelty of this work regarding CBW treatment relies on assessing the performance of PC, and PC with EC as pre- (EC-PC) and post- (PC-EC) treatment. The aim is to understand the influence and viability of adding electrocoagulation to the conventional PC treatment, forming a combined system for CBW treatment.




2. Materials and Methods


In this study, the treatment of real CBW was performed by combining two existing techniques, EC and PC. The order of the application of the two techniques was studied. For EC, a stainless-steel plate was used as the cathode and an aluminum one as the anode. For PC, the addition of different volumes of coagulant (ferric chloride (III) 40% w/w), neutralizer (sodium hydroxide, 32% w/w), and flocculant (polyacrylamide, 0.2 g/L) were tested, as well as the order in which the addition was performed. CBW was obtained from a cork industry located in the Alentejo region of Portugal. Table 1 presents the characterization of CBW used in this study, as well as the characterization of effluents used in other studies.



2.1. Experimental Apparatus and Procedures


Three sets of experiments PC, EC-PC, and PC-EC were performed in laboratory-scale reactors of 1 L. The reactional volume employed for PC and PC-EC experiments was 0.5 L. As for EC-PC, the reactional volume of 0.8 L was divided into two jars with 0.4 L each after the electrocoagulation step to perform two different PC procedures. The bench-scale EC unit used a power supply PL330 from Thurlby Thandar Instruments and a magnetic stirrer.



After treatment, the wastewater was subjected to a settling period of 1h. This short settling time aimed to reduce treatment duration, as electrocoagulation already takes up to one hour. After this period, the removal efficiencies for tCOD, sCOD, TC, and TN were evaluated. An assessment of all the experiments is present in Table 2 (PC), Table 3 (EC-PC), and Table 4 (PC-EC). PC experimentsfollowed the procedure adopted in the cork production plant from where the effluent was collected. The chemicals’ addition considered the optimum pH for ferric chloride and a final neutral pH. For EC-PC experiments, the procedure was optimized in terms of conductivity and initial pH.



To ensure that the conductivity was roughly the same for the electrocoagulation step in the PC-EC and EC-PC tests, a 5% (w/w) solution of sodium chloride (S) was added to the EC-PC (Table 3) prior to electrocoagulation, to raise conductivity to 3.0 mS/cm, corresponding to a salinity value of 1.6 g/kg. Electrocoagulation was performed for 60 min, under an electrical tension of 15V. During this stage, electrodes were separated by a 2 cm gap. Since initial pH influences EC, the initial pH was adjusted from 5.5 to 7.5. Experiments 1.1 and 1.2 were performed with the raw effluent, without adding salt or another chemical.



For PC-EC experiments (Table 4), the electrocoagulation stage was performed for 60 min, with electrodes separated 2 cm. Experiments A and B were performed under an electric tension of 15 V and experiments C and D under 20 V.



For EC-PC and PC-EC experiments, both current intensity (I) and electric tension (V) provided by the power supply were measured every 5 min. This allowed the determination of power consumption (P) for each 5 min of EC operation, using Equation (5).


  P = V × I  



(5)




where V, in volts, and I, in amperes, are the corresponding readings for each 5 min period. With the power consumption determination, it is possible to estimate the energy related costs (E), in euros, using Equation (6).


  E = e l e c t r i c i t y   c o s t ×   ∑   i = 0   11      P  5 i   +  P  5  (  i + 1  )      24 , 000    



(6)







Using Equation (7), it is possible to estimate the costs related to anode dissolution (DP), in euros,


  D P =    m  e x p   × A  l  p r i c e      ρ  A l      



(7)




where mexp is the experimental dissolved aluminum mass (kg), Alprice is the plate price per volume unit (€/m3) and    ρ  A l     is the plate volumetric mass (kg/m3).



Operational costs (C) for EC-PC and PC-EC can be estimated using Equation (8). For PC experiments, the costs are estimated considering only the reagents’ costs (RC).


  C = E + D P + R C  



(8)








2.2. Analytical Methods


Total Suspended Solids (TSS) were determined according to the Method 2540D of the Standard Methods for the Examination of Water and Wastewater [43]. Total Carbon (TC) present in the water was measured by nondispersive infrared detector (NDIR) after oxidative combustion, using Shimadzu TOC-VCPH/CPN Total Organic Carbon Analyzer and TOC-Control V software. Total Nitrogen (TN) was measured by chemiluminescence, using a Shimadzu Total N Measuring Unit TNM-1. pH and conductivity were measured using a WTW Multi 9269 IDS analyser, equipped with the pH-Electrode Sentix 980 and the TetraCon925 conductivity probe. Total and soluble chemical oxygen demand (COD) was determined by the Closed Reflux, Colorimetric Method 5220D of the Standard Methods for the Examination of Water and Wastewater [43].





3. Results and Discussion


3.1. Treatment Efficiency and Associated Costs


As mentioned before, the removal efficiencies of tCOD, sCOD, TC, and TN were accessed for every tested treatment procedure, as well as the total associated costs per cubic meter of wastewater to be treated. The results are presented in Figure 2. Human labor and equipment maintenance were not included in the operational costs, but it is possible to infer that the costs related to human labor should be lower in the case of EC, when compared to PC.



Regarding PC experiments (Table 2), these results indicate that procedure V presents the best removal for both COD forms, TC and TN. However, for the two last parameters, procedure III displays very similar values. The two procedures are very similar in terms of interstage pH values, although different reagent volumes had been applied to achieve similar conditions. This way, it is possible to infer that the addition of a higher volume of coagulant and neutralizer, without the addition of flocculant, is beneficial for COD removal, particularly in its soluble form. On the other hand, TC and TN removal slightly benefit from the addition of flocculant.



Procedures I and III were performed using the same coagulant volume in stage 1 and similar interstage pH values. Comparing the results from these two experiments, it is possible to verify that adding higher volumes of flocculant enhances treatment performance. This benefit is particularly relevant on TC and TN removal, as it leads to the best results of the tested PC procedures. On the other hand, procedure V was performed without the addition of flocculant and with higher volumes of coagulant and neutralizer, achieving the highest removal performance of all the experiments. The former indicates that increasing the volume of added coagulant and neutralizer eliminates the necessity for a flocculant to be added, to achieve the same results as in experiment III. Other studies have also concluded that higher coagulant dosages enhance treatment performance until agglomeration saturation [44,45,46].



Procedure IV presents the lower cost and intermediate removal efficiency for all the considered pollutants, as procedure II presents the highest cost, without benefits in treatment performance.



For the EC-PC experiments (Table 3), one can observe in Figure 2 that procedure 3.1 presents the best removal efficiency for all considered pollutants, except for TN, for which the best removal is observed for procedure 1.2. In fact, TN removal seems to decrease with the addition of the electrolyte and with increasing pH values. This is notorious when comparing 1.1 and 1.2 (73.9 and 84.8%) with 6.1 and 6.2. (47.9 and 54.9%). These results indicate that most of the considered pollutants can be removed with electrocoagulation followed by a one-step PC treatment, which decreases pH until values are around 6, using a coagulant. However, the removal of TN can benefit from electrocoagulation performed with lower current density, followed by a PC treatment involving the decrease of the pH and its sequential increase, until pH is around 7. PC experiments have also found that the best TN removal is obtained for this sequence of pH changes (procedures III and V). This way, it is possible to infer that TN removal during EC must be negligible, compared to PC.



Procedure 1.1 has the lowest cost, but at the same time presents the worst treatment efficiency for all pollutants, except TN. Procedure 6.2 presents the highest cost without benefits in the removal of TN. For other pollutants, the treatment efficiency is similar to the one verified for 3.1, which has the best performance, without the increased costs. From Figure 2, it is also possible to verify a general increase in treatment costs when an EC treatment precedes PC.



Experiments 1.1 and 1.2 were performed with raw effluent. The main difference between procedures 1.1–1.2 and 2.1–2.2 is the absence of addition of the electrolyte, which leads to a decrease of wastewater conductivity and, consequently, to a decrease in the current density for the same voltage. This way, performing EC without the addition of an electrolyte leads to a decrease in the removal efficiency of tCOD, sCOD, and TC; however, it improves TN removal. The negative influence of decreasing current density in tCOD, TOC, and DOC removal from CBW has already been reported by other studies [18,20].



Experiments 4.1 and 5.1 were performed with different pH values before EC, but achieved the same price per cubic meter of wastewater treated. An increase in pH value proved to be beneficial for tCOD and sCOD removal. As for TN and TC removal, the differences are as significative.



Regarding PC-EC experiments (Table 4), the results of Figure 2 demonstrate that procedure D presents the best performance in terms of pollutant removal and, simultaneously, the highest associated costs. For this set of experiments, procedure B achieves a lower cost, without a considerable decrease in performance. In general, PC-EC produced better results, however with a significant increment in treatment costs. From this set, it is possible to conclude that using higher volumes of reagents, the conductivity is increased, thus improving treatment efficiency when the same electric tension is applied. Experiments A and C were performed under the same conductivity conditions but with different applied electric tensions. By comparing these experiments, is possible to conclude that independently of the performed PC treatment, under the same conductivity conditions, TN removal is enhanced by an increase in electric tension; as for other pollutants, the performance does not suffer considerable changes.



From Figure 2, it is possible to verify that experiment V has a slightly better performance on sCOD removal than experiment D. The lower sCOD removal of the combined methods can be explained by the differences of coagulant dosage in the PC stage. Chloride ions have a strong oxidant power. In experiment V, a higher concentration of ferric chloride was added to CBW, enhancing the remotion of soluble COD.



Garcia-Costa et al. [20] performed an EC + Fenton and electro Fenton treatment using iron electrodes for in-situ Fe liberation at 80 °C. Both processes achieved COD removal above 90%, being the main difference in the time of reaction, which for Electro Fenton was four times faster. Their preliminary economic study, considering the operational costs, places electro Fenton at the cost of 9.78 EUR/m3 and EC + Fenton at 16.30 EUR/m3. Attaining that the predicted operational costs, including chemicals, energy, plates, and sludge management, for all experiments were lower and achieved similar removal efficiencies, all the three presented processes in this paper offer better cost-efficiency in treating CBW. The integration of Fenton-coagulation/flocculation was studied for the decontamination of CBW. The authors only included the costs of the applied chemicals. For COD removal of 73%, Garcia-Costa and co-authors attribute a cost of 11.5 EUR/m3 of CBW, which is also higher than the one obtained in this study [20]. According to Beltrn et al. [47], a great part of the costs associated with Fenton processes are due to the chemicals used in wastewater treatment; while, for EC, electricity consumption presents the majority of the costs.



Fernandes et al. [18] studied the depuration of CBW by anodic oxidation using a boron-doped diamond anode, but they do not include the associated costs. COD reductions were greater than 74%. However, the experiments to achieve high COD removals required treatments longer than 1 h, representing a significant drawback, especially when compared with PC treatment and the proposed 1 h of EC.




3.2. Electrode Wear


The anode oxidation results in its dissolution, leading to a significant mass loss, that can be theoretically estimated by Faraday’s Law (Equation (9)):


   m  t h e o   =   I × t × M   Z × F    



(9)




where, I is current intensity I, t is the electrolysis time, M is the atomic weight of the anode material, Z is its number of valence electrons (Z), and F represents the Faraday’s constant [38]. However, Equation (9) is only valid when all the electrons participate in the anodic dissolution. When parallel reactions occur, current efficiency (φ) is applied to account for the difference between the theoretical and experimental plate’s dissolution (Equation (10)) [48,49]. Current efficiency is usually lower than 1 [50]. However, when the electrode is attacked both chemical and electrochemically, φ can be higher than 1 [51].


  φ =    m  e x p      m  t h e o      



(10)







Figure 3 represents the relation between theoretical and experimental aluminum plate mass loss. According to this figure, φ is approximately 1.20. Once that current efficiency is higher than 1, it is possible to conclude that aluminum electrodes suffered a chemical attack. Part of the chemical corrosion can be attributed to the NaCl concentration. As described by Wan et al. [52] and Kang et al. [53], NaCl solution is considered a neutral corrosive media, with the penetration of the corrosive media increasing with time of immersion, as it forms a rusting product on the surface of the metal substrate. Chloride links to the active site of the metal surface, promoting the intrusion of chloride ions into the mobile sites of aluminum alloy [54]. Cl− ions are readily adsorbed to the surface of a film, resulting in the destruction of the passivation layer formed on the aluminum plate, leading to a greater rate of aluminum dissolution and resulting in increased pitting [55].



Additionally, NaOH, used as a neutralizer, can react directly with aluminum oxide, damaging the aluminum surface and hampering particle distribution throughout the surfaces [56]. These aspects are linked to reducing electrode wear time, especially at higher concentrations and reaction times. Consequently, the amount of dissolved aluminum during EC exceeds the one predicted by Faraday’s Law. These results are in accordance with previous studies [57].





4. Conclusions


The results presented in this study allow us to conclude that the use of electrocoagulation after the physicochemical treatment leads to very high removal efficiencies. Thus, this treatment solution proves to be relevant, insofar as it contributes to increasing the sustainability of the cork sector by reducing the impact of its wastewater treatment. For the tested physicochemical procedures (PC), it was accessed that higher added volumes of neutralizer and flocculant improve the removal of tCOD, sCOD, TC, and TN. Still, it is possible to achieve higher COD removals, by adding more coagulant and neutralizer. Coagulation/flocculation offers a viable and cheap treatment, achieving removal efficiencies of 88.2%, 81.0%, 76.9%, and 94.2% for tCOD, TC, TN, and sCOD, respectively.



The combination of the two treatment methods increases costs. A PC pre-treatment of CBW increases treatment performance and significantly increases its costs. With a PC-EC combination, it is possible to achieve removal efficiencies of 92.4%, 88.0%, 91.4%, and 91.4% for tCOD, TC, TN, and sCOD, respectively. On the other hand, when electrocoagulation is used as a pre-treatment for PC, there are no benefits for either treatment performance or costs. Overall, the achieved efficiencies might not be significant to justify the increased costs of EC, unless increased TN removal is necessary. However, biological treatments should be compared to EC, to understand which could be a better fit with PC; especially considering that adding NaCl to the treatment might be significant when assessing chlorides discharge. Additionally, increasing energy consumption might actually increase the carbon footprint of the factory.
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Figure 1. Schematic representation of reactions and phenomena occurring during the electrocoagulation process (adapted from Hakizimana et al. [38]). 
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Figure 2. TC, TN, tCOD, and sCOD removal efficiencies and treatment cost per volume of CBW. 
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Figure 3. Correlation between theoretical and experimental aluminum mass loss (g). 
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Table 1. Cork boiling wastewater characterization from this project and comparison with other studies.
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	Parameters
	This Study
	Vilar et al.

[15]
	Marques et al.

[12]
	Ponce-Robles et al.

[2]
	Mota-Panizio et al.

[5]
	Garcia-Costa et al.

[19]





	pH
	5.2–6.8
	7.5
	5.8
	6.4
	4.4–4.8
	4.4



	Cond. (µS/cm)
	1260–1299
	2900
	1500
	1300
	1130–1830
	1443



	tCOD (mgO2/L)
	5402–5979
	4692
	6500
	5300
	6960–7160
	4609



	sCOD (mgO2/L)
	4504–4998
	-
	6200
	-
	-
	-



	TC (mgC/L)
	1439–1441
	-
	-
	-
	-
	-



	TN (mgN/L)
	43.44–48.3
	308.8
	-
	75.0
	-
	-
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Table 2. Description of the tested PC processes. Employed volumes of neutralizer (sodium hydroxide, 32% w/w) (N), coagulant (Ferric Chloride (III), 40% w/w) (C), and flocculant (polyacrylamide, 0.2g/L) (F), and pH values observed in the final of each stage.






Table 2. Description of the tested PC processes. Employed volumes of neutralizer (sodium hydroxide, 32% w/w) (N), coagulant (Ferric Chloride (III), 40% w/w) (C), and flocculant (polyacrylamide, 0.2g/L) (F), and pH values observed in the final of each stage.















	
	Initial pH
	Stage 1
	Stage 1 pH
	Stage 2
	Stage 2 pH
	Stage 3
	Final pH





	I
	5.43
	1.60 mL/L C
	2.58
	2.00 mL/L N
	7.74
	1.00 mL/L F
	7.74



	II
	5.63
	1.40 mL/L N
	11.32
	3.80 mL/L C
	3.02
	2.00 mL/L N +

2.00 mL/L F
	7.12



	III
	6.49
	1.60 mL/L C
	2.76
	1.40 mL/L N
	7.67
	4.00 mL/L F
	7.41



	IV
	6.27
	2.00 mL/L C
	4.54
	1.00 mL/L N
	6.98
	-
	-



	V
	6.44
	4.20 mL/L C
	2.38
	3.30 mL/L N
	7.18
	-
	-










[image: Table] 





Table 3. Description of the tested EC-PC processes. Employed volumes of neutralizer (sodium hydroxide, 32% w/w) (N) and coagulant (Ferric Chloride (III), 40% w/w) (C), and pH values for each stage.






Table 3. Description of the tested EC-PC processes. Employed volumes of neutralizer (sodium hydroxide, 32% w/w) (N) and coagulant (Ferric Chloride (III), 40% w/w) (C), and pH values for each stage.





	

	
Initial pH Value

	
Pre-treatment

	
pH

	
Electrocoagulation

	
pH

	
Applied PC

	
Final pH




	
1.1

	
5.53

	
-

	
-

	
9.68

	
0.25 mL/L C

	
7.20




	
1.2

	
2.50 mL/L C +2.40 mL/L N

	
7.04




	
2.1

	
5.52

	
0.95 g/L S

	
5.61

	
9.22

	
0.25 mL/L C

	
7.14




	
2.2

	
2.75 mL/L C +1.75 mL/L N

	
7.02




	
3.1

	
5.17

	
0.10 mL/L N + 0.90 g/L S

	
6.13

	
9.41

	
2.00 mL/L C

	
7.01




	
3.2

	
3.00 mL/L C +1.80 mL/L N

	
7.02




	
4.1

	
5.94

	
0.01 mL/L N + 0.90 g/L S

	
6.42

	
9.39

	
0.75 mL/L C

	
6.89




	
4.2

	
2.00 mL/L C + 1.75 mL/L N

	
7.01




	
5.1

	
5.94

	
0.30 mL/L N + 1.00 g/L S

	
6.92

	
9.25

	
0.75 mL/L C

	
6.95




	
5.2

	
3.50 mL/L C + 2.50 mL/L N

	
7.18




	
6.1

	
5.37

	
0.50 mL/L N + 0.75 g/L S

	
7.54

	
9.31

	
0.50 mL/L C

	
6.97




	
6.2

	
3.00 mL/L C + 2.00 mL/L N

	
6.92
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Table 4. Description of the tested PC-EC processes. Employed volumes of neutralizer (sodium hydroxide, 32% w/w) (N), coagulant (Ferric Chloride (III), 40% w/w) (C), and flocculant (polyacrylamide, 0.2 g/L) (F) and pH values for each stage.






Table 4. Description of the tested PC-EC processes. Employed volumes of neutralizer (sodium hydroxide, 32% w/w) (N), coagulant (Ferric Chloride (III), 40% w/w) (C), and flocculant (polyacrylamide, 0.2 g/L) (F) and pH values for each stage.





	

	
Initial pH

	
Stage 1

	
pH

	
Stage 2

	
pH

	
Electrocoagulation

	
Final pH




	
A

	
6.14

	
1.45 mL/L C

	
3.06

	
1.40 mL/L N

	
6.48

	
8.90




	
B

	
6.36

	
2.00 mL/L N

	
11.50

	
1.90 mL/L C

	
7.05

	
9.71




	
C

	
6.15

	
1.40 mL/L C

	
2.90

	
1.40 mL/L N

	
6.49

	
8.35




	
D

	
6.83

	
1.80 mL/L N

	
11.50

	
1.80 mL/L C

	
6.92

	
9.30
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