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Summary: The EC operation was found to be more efficient than the traditional chemical coagulation process. The performance of EC was higher than the traditional chemical coagulation based on the difference between the removal efficiency of COD and the Al dosage within the pH range. At same Al dosage and pH=6, no significant difference in total operational cost between EC and conventional coagulation is expected because of the increase in process efficiency.
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 Introduction

The textile production industry uses highly water intensive chemical operations. This industry produces massive levels of wastewater and therefore presents great environmental and economic challenges [1]. In the past, the process of electrocoagulation (EC) has attracted much attention. It has been a cost-effective and an environmentally friendly process implemented to remove different types of pollutants, including dyes [2], heavy metals [3, 4], and organic substances [5]. The electrochemical system comprises the in-situ generation of coagulants with the dissolution of the sacrificial anode. The anode is commonly made of aluminum or iron [6]. The metal ions react with the cathode generating OH− ions. This reaction produces insoluble hydroxides that adsorb the pollutants and eliminate them from the solution. Additionally, this process facilitates coagulation by neutralizing the negatively charged colloidal particles. These particles tend to be more compact than the sludge. The process of electrocoagulation can be described as: 

At the anode,

M→Mn++ ne−                                                                         (1)

At the cathode, 

nH2O + ne− → n/2 H2+ nOH−                        (2)

where M is the sacrificial anode and n is the stoichiometric number of electrons within the oxidation or reduction reaction.

Soluble metal ions (Fe or A1) are created at the anode and have reacted with the hydroxide ions created at the cathode. The metal hydroxides are generated as shown below:

Mn+ + nOH−→M (OH) n                               (3)
The insoluble metal hydroxides precipitate out after reacting with the colloid and suspended solids. In the previous literature, the process of electrocoagulation of textile wastewater has been conducted using parallel plates that have electrodes with either bipolar or monopolar properties. Electrochemical parallel plate cells containing two [7-11], four [12-14], five [15], and six [16] electrodes were all considered. These studies focused on electrodes created in the same fashion. In this study, EC was achieved with the use of iron or aluminum electrodes that were fixed within a bipolar structure. Within the electrolytic cell, the aluminum electrodes were organized in a monopolar structure. The electrodes were installed vertically within the electrolytic cell, and every anode was directly connected to a cathode. 

The aim of this study was to compare EC process performance using new configuration with the conventional chemical coagulation process for the treatment of textile wastewater .
2. MATERIALS AND METHODS
The treatment of textile wastewater was performed using a batch electrolytic cell made of Plexiglas with a length, width and height of 18, 14, and 14 cm, respectively (Fig.1 (a)). The upper cover of the cell was made of Teflon. The electrodes were composed of six aluminum plates that were connected to the main power supply. The anode and cathode were both monopolar. A total of five inner iron (or aluminum) electrodes were implemented in a bipolar form (Fig.1 (b)). Each electrode had a surface area of 120 cm2 (12 cm × 10 cm). The space between the inter electrodes was 1 cm. 

The set of electrodes was submerged into the effluent and the overall thickness of each electrode was 0.1 cm. Stirring within the cell was done using a magnetic stirrer/hot plate unit. The anode and cathode sets were connected to the positive and negative terminals, respectively, of a DC power supply (YIZHAN, 0-40V; 0-6 A, China). The primary voltage was set to 30 V for every run. The current level was maintained with variable resistance and measured using a multi-range ammeter (Aswar DT830D, China). A working volume of 3 L of effluent was used for all of the tests. The electrolytic cell was thoroughly cleaned for approximately 10 min with 5% (v/v) hydrochloric acid solution. The experiments were conducted at ambient temperatures (25-27°C). The initial pH was adjusted to between 5 and 10 with 0.5 M NaOH. The wastewater used in this work was collected from a major textile industry in Iraq (Babylon). The main characteristics of the textile wastewater, the properties of the colour (Imperon Violet KB), sludge compaction study, chemical analysis processes, devices, electrolyte support and cost analysis have been observed by our previous research on enhancing of EC process using titanium plates and were published [17]. 

For traditional chemical coagulation, a similar reactor with aluminum sulfate dosage, but without electrodes, was used. The results were compared with the performance of EC.
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Fig. 1. Schematic view of EC experimental setup: (a) EC cell,  (b) Configuration of monopolar aluminum and bipolar aluminum (or iron ). 

                     3. RESULTs and DISCUSSION
Our previous researches showed that optimal conditions  of EC process were (Mp Al - Bp Al, I = 0.6 A, RT = 90 min,  pH=6, NaCI =0.1kg/m3, IED=0.5 cm, Mrpm=500 rpm and  flocculating polymer agent LPM 3135 = 0.01 kg/m3) [17]. Some factors included were traditional chemical coagulation under similar conditions of reactor size and operational reaction time. Aluminum sulfate (Al2(SO4)3.14H2O) was used as the chemical coagulant and it was used in a chemical unit of a textile wastewater plant in Babylon, Iraq.
In general, the chemical coagulation operation depends on pH [18]. Therefore, experiments were carried out at different pH levels in the range of 5 to 10, including a pH 4.52 (natural pH). Two concentrations of aluminum sulfate (coagulant) were used: EC (100 mg/l) and those used in a treatment plant (250 mg/l). The solution was allowed to settle for 1 h. The final results are shown in Fig. 2.
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Fig.2. Removal efficiency of COD by EC and chemical coagulation (CC) with variation of pH and dose under similar  conditions.
It can be seen that the removal efficiencies of the COD at pH =10 was 80% for EC process which is much higher than conventional coagulation 39.3% versus 49.4%, respectively, for the same dose of EC and chemical unit in treatment plants. Table 1 shows the cost analysis comparison between EC and conventional coagulation at  pH levels (6). It can be observed that the operation cost under optimal removal of COD for EC is lower than that of the traditional treatment with use of two doses (100 mg/l and 250 mg/l).
Table 1. Comparison the EC process performance with conventional coagulation at optimal pH=6 and dose of coagulants for two cases. 
	    Parameter
	          EC
	 Conventional

  coagulation        

	Initial pH
	6.00
	6.00 
	6.00

	COD removal (%)
	92.60
	31.15
	39.21

	Coagulant consumption (kg/m3)
	0.1
	0.1
	0.25

	Energy consumption (kw h/m3)
	8.49
	-
	-

	Sludge production (kg/m3)
	3.55
	3.41
	3.48

	Polymer consumption (kg/m3)
	0.01
	0.01
	0.01

	Hydroxide sodium consumption (kg/m3)
	1.26
	1.50
	1.50

	Sodium chloride consumption (kg/m3)
	0.1
	0.1
	0.1

	Aluminum sulfate cost (US$/m3)
	-
	0.63
	1.57

	Electrical energy cost (US$/m3)
	0.636
	-
	-

	Electrode consumption cost (US$/m3)
	0.250
	-
	-

	Sludge disposition cost (US$/m3)
	0.213
	0.204
	0.208

	LPM 3135 Polymer cost (US$/m3) 
	0.030
	0.030
	0.030

	Hydroxide sodium cost (US$/m3)
	0.630
	0.75
	0.75

	Sodium chloride cost  (US$/m3)
	0.005
	0.005
	0.005

	Total operating cost (US$/m3)
	1.76
	1.62
	2.56
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