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Abstract: Saline water treatment has become increasingly important for drinking water supplies. The
aim of this study was to evaluate the ability of the electrocoagulation (EC) process with combined
aluminum electrodes in removing various types of salt from water samples collected at Sawa Lake,
Al-Muthanna, Iraq. The targeted types of salt include total dissolved solids (TDS), chloride salt (Cl−),
bromine (Br−), and sulphate (SO4

2−). A bench scale consisting of combined EC configurations with
static electrodes was employed under combined electrical connections. The effect of the six variables
factors, such as applied current density (I), reaction time (RT), pH, temperature (T), stirring speed
(Mrpm) and inter electrode distance (IED) were observed to achieve a higher removal of TDS, Cl−,
Br− and SO4

2−. Initial results showed the following optimum operating conditions: I = 2 mA/cm2,
RT = 80 min, pH = 8, T = 25 ◦C, IED = 1 cm and Mrpm = 500. The maximum removal efficiency of
TDS, Cl−, Br− and SO4

2− were 91%, 93%, 92% and 90%, respectively. It can be concluded that the EC
method applied in the present study was effective to removing salts from lake water.

Keywords: static anode reactor; desalination; electrode consumption; electricity; electrocoagulation

1. Introduction

In recent years, freshwater resources have been declining worldwide, thus requiring treatment
and recycling of water. Since seawater represents more than 98 percent of the water available on Earth,
desalination is an important process to treat the freshwater scarcity problem [1,2]. Desalination indicates
the exclusion of minerals and salts from used water. Some technologies like thermal distillation,
reverse osmosis (RO), adsorption, flotation, nanofiltration and electrochemical, electrocoagulation
(EC), electrodeposition, electrooxidation (EO) and electroflotation (EF) can be used to treat polluted
water. However, most of the discussed methods have some major drawbacks [3–9].

In regards to thermal desalination, the energy consumption and costs are approximately 13 kWh/m3

for water desalination at 45% retrieval [10]. Thus, thermal desalination produced approximately 40%
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of the water desalinated in the world annually [11]. RO is the dominant technology in the last three
decades for many countries, particularly due to its low energy cost [12]. RO can work at approximately
3.0 kWh/m3 for desalination of saline water at 40% retrieval [13]. However, the presence of chlorine
in saline water damages the polyamide membrane [14,15], and the membrane replacement process
is very costly [16]. Adsorption and nanofiltration methods are not constantly sufficient to reach
the discharge limits [17], while the electrodeposition process requires a long reaction time for the
treatment [17,18]. Thus, utilization of the electrocoagulation (EC) method is one of the best alternatives
for water desalination.

Electrocoagulation is an electrochemically-driven technology that yields coagulant species in situ
from the electrodissolution of sacrificial anodes, usually made of aluminum or iron [19]. An EC reactor
mainly consists of an electrolytic cell made of Plexiglas [20], glass [20,21], an anode, and a cathode.
The anode and cathode consist of metal plates, with the anode recognized as a ‘sacrificial electrode’.
The electrodes are commonly made of the same or different materials, e.g., iron (Fe) [22,23], aluminum
(Al) [24,25] or iron and aluminum combined [20,26]. Overall, the EC process utilizes a simple tool
and generates a relatively low amount of sludge, and has been successfully employed to remove salts
from saline water. This method is characterized by its simplicity, safety, ease of control, selectivity,
versatility, amenability to automation, and environmental compatibility. In the EC process, when
electrodes have been utilized, aluminum dissolves and serves as a coagulant agent, leading to the
release of hydrogen gas at the cathode (represented in Equations (1) and (2)). During the dissolution of
aluminum at the anode, different aquatic aluminum species are generated. These types of aluminum
act as the coagulants by combining with contaminants to produce insoluble hydroxides, which may be
removed from the solution [27], as shown in Equations (1) and (2) below:

Al(s) → Al3+
(aq)

+ 3e− anode (1)

2H2O + 2e− → H2(g) + 2OH−
(aq) cathode (2)

where Al is the aluminum anode. 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:

Al3+ + 3OH− → Al(OH)3 (3)

Previous studies have shown that the EC method is an effective tool for treating various
water contaminants in textile wastewater [12,20,21,28], chemical fiber wastewater [29], algae or
microorganisms [30], oily wastewater [31–33], restaurant wastewater [34,35], sewage water [35],
arsenic [36–38], fluoride [39–42], boron [43,44], and nitrite [45,46]. The EC process has also been utilized
in the removal of different metal ions from water, e.g. Zn, Ag, Cu, Co, and Mn [47–51]. The aim of
the present study is to evaluate the effectiveness of the electrocoagulation method for saline water
treatment. Additionally, the study aims to determine the best operational parameters for the removal of
total dissolved solids (TDS), chloride salt (Cl−), bromine (Br−), and sulfate (SO4

2−) using a bench scale
with combined EC configurations—with static electrodes—under combined electrical connections.

2. Materials and Methods

2.1. Saline Water Samples

The saline water samples were collected from Sawa Lake, Iraq. Sawa Lake is located about 240 km
south-west of Baghdad, in the Al-Muthanna province in southern Iraq between 31◦18′ N (latitude)
and 45◦00′ E (longitude) (Figure 1). There is no surface resource feeding the lake, and therefore
the main source of water for the lake is groundwater. The total surface area is about 10 km2, the
mean depth is 5.5 m [52] with an average length and width of 5 and 2 km, respectively. In 2018, the
physico-chemical characteristics of saline water at Sawa Lake was reported by the Iraqi Ministry of
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Health and Environment. Based on the report, it was found that the average values for pH, conductivity,
temperature, turbidity, total dissolved solid (TDS), chloride salt (Cl−), bromine (Br−) and sulphate
(SO4

2−) were 8.25, 38,062 (µs/cm), 21.4 (◦C), 95 ntu, 26,263 mg/L, 8,498 mg/L, 6 mg/L, 6562 mg/L,
respectively. Sawa Lake is considered to have the highest salinity among the Iraqi inland waters.
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2.2. Experimental Setup

Figure 2 illustrates the experimental setup of the EC process used in the present study. The
desalination of saline water from Sawa Lake was performed in a batch reactor made of glass with the
upper cover of the reactor being made of plexiglas. The saline water was tested for parameters such
as TDS, Cl−, SO4

2− and Br−. The reactor size used in the experiment had a width of 20 cm, length of
15 cm and depth of 15 cm. The volume of treatment water was 3 L for each run. Seven aluminum
plates were connected in parallel with the main power supply: 4 monopolar (Mp) electrodes and
3 bipolar (Bp) electrodes, where the anode and cathode were both monopolar. A total of three inner
aluminum electrodes were implemented in a bipolar form. The dimensions of the electrodes for the
both anode and cathode plates were 10 × 10 cm2 and 0.1 cm thickness, with the distance between
the inter-electrodes being 1 cm. Each electrode had a surface area of 100 cm2 (10 cm × 10 cm). The
collection of electrodes was flooded into the saline water. The anode and cathode group were linked
to negative and positive terminals with a DC power supply. A magnetic stirrer was used to mix the
electrolyte. The anodic and cathodic reactions took place on the surface of the inner electrodes when
the electric current was passed through the electrodes.

In the present study, the DC power supply used was made by YIZHAN, 0–40 V; 0–6 A, China.
The effect of the applied current was investigated using different current densities (0.5, 1.0, 1.5, 2.0,
2.5 and 3 mA/cm2) during 100 min of reaction time. The applied current was controlled to be stable
and constant during the experiment using the programmable power supply by YIZHAN. After every
run, the electrodes were completely washed with distilled water. The experiments were carried out
in the laboratory and the temperature in the laboratory was set to approximately 26–28 ◦C. The pH
of the saline water was adjusted to the required value using concentrated hydrochloric acid and
sodium hydroxide.
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Figure 2. Experimental setup of the electrocoagulation (EC) process.

2.3. Parameters Analysis

Table 1 shows the parameters considered during the removal of TDS, Cl−, Br− and SO4
2− from

the lake water samples. The reaction time was 20 to 100 min, current density was 0.5 to 3 mA/cm2,
pH ranged from 5 to 11, temperature was 25 to 45 ◦C, inter-electrode distance (IED) ranged from 0.5
to 2 cm and stirring speed (SS) was set at 250 to 750 (rpm). All parameter analyses were tested over
92 runs to obtain the optimal conditions, and the optimal conditions were repeated in 3 replicates to
ensure the accuracy and reliability of the results.

Table 1. Parameters included for removing total dissolved solids (TDS), chloride salt (Cl−), bromine
(Br−) and sulphate (SO4

2−) from lake water.

Parameters Unit Range Run Replicated Optimal
Conditions

Current density mA/cm2 0.5 to 3.0 6 3
Reaction time min 20 to 100 5 3
PH solution - 5 to 11 8 3
Temperature ◦C 25 to 45 5 3

IED cm 0.5 to 2 4 3
Ss rpm 250 to 750 3 3

The meter and/or method used for the analyses of parameters during the experiment are listed in
Table 2.

Table 2. Parameters and methods of the analyses.

Parameter Meter/Method

pH pH meter-pHM84
Turbidity HACH 2100P

Electric conductivity HANNA HI-99301
TDS Gravimetric method
Cl− Titration method
Br− ion chromatography

SO4
2− APHA Gravimetric



Processes 2019, 7, 242 5 of 13

3. Results and Discussion

3.1. Effect of Applied Current and Time

Applied current (I) is an important parameter, playing a critical role in regulating the reactor rate
during the EC process [21]. Specifically, the removal rate of the EC process increases with an increase
in reaction time [20,53]. The effect of current (I) not only sets the coagulant dosage, but also the mixing
rate of the EC process [26]. In the present study, experiments were conducted over various reaction
times, before the optimization runs were carried out using constant optimum operating parameters.
The variation in percentage removal of TDS, Cl−, Br− and SO4

2− was measured over a fixed time
(80 min) at various applied current densities (I = 0.5, 1.0, 1.5, 2.5, 2.5 and 3). The results of such
investigations into the applied current density (mA/cm2) are presented in Figure 3a–d.
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2−.

With a set reaction time of 80 min, it was found that an increase in current density from 0.5 to
2.0 mA/cm2 led to an increase in the removal percentage of TDS, Cl−, Br− and SO4

2− from 57 to 90%,
60 to 92%, 58 to 91% and 52 to 88%, respectively. A low removal percentage was obtained with an
increase in current density from 2.0 to 3.0 mA/cm2 for the same reaction time. The increase in the
current density up to 2.5 and 3.0 mA/cm2 (above the optimum current value of 2.0 mA/cm2) led to the
production of a high number of hydroxyl radicles, which caused a rise in the pH of the solution. It is
well known that the coagulant breaks down in high pH solutions, which then leads to a reduction in the
performance of the EC process. According to the results, the performance of the EC process improves
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with an increase in reaction time from 20 to 80 min, where the removal percentage increases from 55 to
90% (TDS), 59 to 92% (Cl−), 56 to 91% (Br−), and 50 to 88% (SO4

2−) at 2.0 mA/cm2 current density.
The running costs involved in the desalination of water include the electrical, membranes,

maintenance, equipment and labor costs, while in the electrochemical process, the most important
factors affecting the running costs are the cost of the consumed electrical energy and the electrode
materials used [19]. The costs increase with increasing operating time. As shown in Figure 3, there is a
minor increase in the removal process when the reaction time is increased from 80 min to 100 min.
Conversely, that increase in reaction time (RT) led to an increase in costs, with more electricity consumed
and electrode materials used. Therefore, 80 min was selected to reduce power consumption and
lower operational costs. Furthermore, increasing the reaction time over 100 min led to a decline in the
removal percentage due to the release of metal ions in the solution [54]. Therefore, 2.0 mA/cm2 and 80
min were selected as the best operational factors that were also in accordance with results obtained in
previous studies [20,55]. The energy consumption per unit of TDS mass required to reduce the salinity
of the solution was estimated using Equation (4) [56].

Energy consumption (kWh g−1 TDS) =
Ecell It

Vs∆(TDS)
(4)

where Ecell is the average cell potential (V), I is the applied current (A), t is the treatment process
time (h), Vs is the solution volume (m3), and ∆(TDS) is the difference between the initial and final
salinity value.

The optimal parameters—i.e., the 2.0 mA/cm2 current density and 80 min treatment process
time—were used to estimate the energy consumption. The result showed that the energy required
to achieve the optimal removal percentage of TDS (91%) was just 0.21 kWhm−1. Interestingly, this
value of energy consumed is considered less than that of RO treatment. The values associated with RO
treatment have a wide range of required energy to perform the treatment process, and depend on the
membrane materials, technology and the nature of the treated water. In general, the required energy of
a RO treatment process is between 3 and 10 kWhm−1 [57], and this value is higher than that required
to achieve the treatment of saline water by EC technology.

3.2. Effect of Initial pH

The importance of the effect of pH on water treatment in the EC method has been reported in
previous studies [25,58,59]. In the present study, the effect of pH on TDS, Cl−, Br− and SO4

2− removal
were investigated by adjusting the initial pH in the interval pH from 5 to 11 with optimum conditions
(Mp Al–Bp Al, I = 2.0 mA/cm2) and a reaction time of 80 min. Figure 4 shows that at pH 8, the removal
percentage of TDS, Cl−, Br− and SO4

2− was enhanced from 26,263, 8498, 6.00 and 6562 to 2626.3, 859.8,
0.6 and 656 which represented 91%, 93%, 92% and 90%, respectively. The increases observed in the pH
levels may be attributed to water electrolysis, which led to the production of hydrogen and (OH) ions.
Afterward, pH was considered to be relatively stable, which could be attributed to the formation of
the insoluble M (OH)3 flocs and metal hydroxide [20]. Higher efficiencies were recorded in the pH
range of 5 to 9, which is close to the optimal pH for AlOH)3(s) solid formation. Flocs of Al(OH)3(s) have
large surface areas, which is useful for rapid adsorption of soluble organic compounds and trapping of
colloidal particles. It has been established that at low pH, ranging from 5 to 6, cationic soluble species
Al3+ and Al(OH)2+ are predominant [20]. When the pH is between 7 and 9, various aluminum-based
monomeric and polymeric species are formed, which are finally transformed into insoluble amorphous
Al(OH)3(s) through complex polymerization/precipitation kinetics [20,21]. When the pH is higher than
10, the soluble Al(OH)4− anion concentration increases at the expense of Al(OH)3(s), according to the
following reaction:

Al(OH)3(s) + OH−→ Al(OH)4− (5)
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Furthermore, close examination of an activity-pH diagram for Al+3 species in equilibrium with
solid phase Al(OH)3—as shown in Figure 5—clearly indicates that the minimum solubility of aluminum
hydroxide is recorded at pH 8 [21], which corresponds to the optimum pH value found in this study.Processes 2019, 7, x FOR PEER REVIEW 7 of 13 
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3.3. Effect of Temperature

The temperature (t) of a solution can control the EC process during treatment [17–21]. An increase
in temperature generates an increase in treatment efficiency due to the increased movement of ions.
This movement promotes collision of ions with the coagulated material, thereby facilitating the removal
process [60]. In order to investigate the varying effects of temperature on TDS, Cl−, Br− and SO4

2−

removal, experiments were carried out at temperatures between 25 and 45 ◦C, as shown in Figure 6. It
has been observed that a rise in temperature causes an increase in the treatment process performance.
This may be attributed to an increase in the mass transferred from the anode surface to the solution
bulk in the form of Al3+, and the increase of the rate of Al3+ hydrolyzed to Al(OH)3. This finding
is in accordance with results of previous studies [61,62]. However, it was observed that increasing
the temperature above 25 ◦C was uneconomic, as there was only a slight change in the rate of the
reaction and the percentage of removal. As a result, a reaction temperature of 25 ◦C was selected as the
optimal factor.
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3.4. Effect of Inter-Electrode Distance

Assembly of the electrodes is crucial to both an effective electrode surface area and the
inter-electrode distance (IED) [59]. An increase in the distance between the two electrodes leads to an
increase in the resistance between the electrodes, requiring greater potential to overcome and therefore
causing an increase in the treatment costs. However, an increase in distance between the electrodes
theoretically leads to less interaction between the ions and hydroxide polymers [59]. Literature studies
reinforced the importance of the effect of the IED on removal efficiency in the EC method [21,27,63].
The variation in voltage drop (ηIR) is governed by the following equation [21]:

ηIR = I·
d

S×K
(6)

where I represent the electric current, measured in amperes (A), d is the length of distance between
the two electrodes in meters (m), S is the active anode surface area in square meters (m2), and k is the
specific conductivity in micro-siemens per meter (µS/m). This equation implies that the voltage drop
will increase with an increase of inter-electrode distance (IED) at constant anodic surface area and
conductivity of the solution.

In the present study, the effect of the IED was examined using 0.5, 1 and 2 cm by using Mp
Al–Bp Al, I = 2.0 mA/cm2, t = 80 min, and pH = 8, as the optimum conditions (Figure 7). The best
performances were achieved with 1 cm as the middle distances. For a modification of the distance
from 0.5 to 1 cm, the results were 90 to 91% for TDS, 92 to 93% for Cl−, 90 to 92% for Br– and 88 to
90% for SO4

2−, respectively. On the other hand, an expansion of the distance from 1.5 to 2 cm led to
a decline in the treatment removal rate, with a drop of 90 to 88% for TDS, 91 to 88% for Cl−, 90 to
87% for Br− and 87 to 82% for SO4

2−, respectively. The influence of the IED on the performance of
contaminants removal has been explained in previous studies [20,21], finding that an expansion of
the inter-electrode distance (IED) leads to a decline of electrodes attraction. This was observed on the
generated aluminum polymers, adversely affecting the EC process.
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3.5. Effect of Stirring Speed

Stirring speed (SS) is an influential factor in the EC process [20]. When the stirring rate is raised,
pollution forms, combines and attaches together, and thus precipitation and mass transfer occur
more easily. The reverse effect occurs when the stirring rate is increased more than needed, with the
contaminants formed within the reactor getting degraded, creating smaller flocks that are difficult to
separate from solution. This action causes a decrease in treatment efficiency [20,54,64]. In order to
investigate the effect of the agitation speed on TDS, Cl−, Br− and SO4

2− removal percentage in the EC
process, stirring speeds of 250, 500 and 750 rpm were performed using the optimal conditions of: Mp
Al–Bp Al, I =2.0 mA/cm2, t = 80 min, and pH = 8. The highest treatment efficiency was obtained when
the speed was set to 500 rpm. The results show the TDS removal rate increased from 85 to 91%, Cl–

from 86 to 93%, Br– from 85 to 92% and SO4
2− from 80 to 90% for an increase in stirring speed of 250

to 500 rpm. Lower results were obtained when the agitation speed was raised from 500 to 750 rpm,
where the TDS removal rates decreased to 87%, Cl− to 87%, Br– to 86% and SO4

2− to 80%, as shown in
Figure 8. These results can be interpreted by considering the fact that excessive stirring speed can lead
to the breakup of flocs. Furthermore, the higher the stirring speed, the greater the energy the agitator
consumed, and therefore the greater the operational costs. Consequently, 500 rpm was chosen as the
best stirring speed.Processes 2019, 7, x FOR PEER REVIEW 10 of 13 
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4. Conclusions

Water treatment is essential in ensuring access to a clean water supply [65–72]. The present
study evaluated the applicability of the EC method in the removal of salts (TDS, CL, Br and SO4

2−)
from aqueous environments using aluminum electrodes. Furthermore, the effects of current density
(I), reaction time (RT), pH, temperature of the solution (T), distance between the electrodes (IED)
and stirrer speed (rpm) on the removal of salts were investigated. The optimal conditions achieved
were: I = 2.0 mA/cm2, RT = 80 min, pH = 8, T = 25 ◦C, IED = 1 cm and Mrpm = 500. EC, under the
combined electrical connection of aluminum electrodes, was shown to be very efficient for removal of
salts from saline water. Using optimal conditions of the EC process, the removal percentages were
91%, 93%, 92% and 90% for TDS, Cl−, Br− and SO4

2−, respectively. The findings of the present study
reveal the technical feasibility of electrocoagulation as a reliable technique for removal of salts from
aqueous environments.

Author Contributions: Sampling and Laboratory work, A.A.A.-R., A.S.N.; Analysis, A.A.A.-R., M.A.A.; Drawing,
T.A.A.; Writing-Original Draft Preparation, A.A.A.-R., A.O.B.; Writing-Review & Editing, M.M.H., A.S.N., M.E.T.;
Supervision, M.M.H., A.S.N.

Funding: This research was funded by the Universiti Kebangsaan Malaysia (DIP-2017-006) and the Ministry of
Education Malaysia (FRGS/1/2018/WAB05/UKM/02/2).

Acknowledgments: The authors gratefully acknowledge the Engineering Laboratory, College of Engineering,
Al Muthanna University, Iraq and Universiti Kebangsaan Malaysia for supporting this project. Secondary data
were obtained from the Department of Environmental Protection and Improvement, Directorate of Environmental
Al Muthanna, The Ministry of Health and Environment, Iraq. Marlia M. Hanafiah was supported by the Universiti
Kebangsaan Malaysia (DIP-2017-006) and the Ministry of Education Malaysia (FRGS/1/2018/WAB05/UKM/02/2).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hanafiah, M.M.; Xenopoulos, M.A.; Pfister, S.; Leuven, R.S.; Huijbregts, M.A. Characterization factors for
water consumption and greenhouse gas emissions based on freshwater fish species extinction. Environ. Sci.
Technol. 2011, 45, 5272–5278. [CrossRef]

2. Greenlee, L.F.; Lawler, D.F.; Freeman, B.D.; Marrot, B.; Moulin, P. Reverse osmosis desalination: Water
sources, technology, and today’s challenges. Water Res. 2009, 43, 2317–2348. [CrossRef]

3. Singleton, M.S.; Gregor, H.; Alfred, H. Optimization of ramified absorber networks doing desalination. Phys.
Rev. E 2011, 83, 016308. [CrossRef] [PubMed]

4. Loow, Y.L.; Wu, T.Y.; Tan, K.A.; Lim, Y.S.; Siow, L.F.; Jahim, J.M.; Mohammad, A.W.; Teoh, W.H. Recent
advances in the application of inorganic salt pretreatment for transforming lignocellulosic biomass into
reducing sugars. J. Agric. Food Chem. 2015, 63, 8349–8363. [CrossRef] [PubMed]

5. Kyzas, G.; Matis, K. Flotation in water and wastewater treatment. Processes 2018, 6, 116. [CrossRef]
6. Lin, L.; Jiang, W.; Xu, P. Comparative study on pharmaceuticals adsorption in reclaimed water desalination

concentrate using biochar: Impact of salts and organic matter. Sci. Total Environ. 2017, 601, 857–864.
[CrossRef] [PubMed]

7. Wenten, I.G. Reverse osmosis applications: Prospect and challenges. Desalination 2016, 391, 112–125.
[CrossRef]

8. Qiblawey, H.M.; Banat, F. Solar thermal desalination technologies. Desalination 2008, 220, 633–644. [CrossRef]
9. Matis, K.A.; Peleka, E.N. Alternative flotation techniques for wastewater treatment: Focus on electroflotation.

Sep. Sci. Technol. 2010, 45, 2465–2474. [CrossRef]
10. Cipollina, A.; Micale, G.; Rizzuti, L. Seawater Desalination. Conventional and Renewable Energy; Springer:

Berlin/Heidelberg, Germany, 2009.
11. Pérez-González, A.; Urtiaga, A.M.; Ibáñez, R.; Ortiz, I. State of the art and review on the treatment technologies

of water reverse osmosis concentrates. Water Res. 2012, 46, 267–283. [CrossRef]
12. Merzouk, B.; Madani, K.; Sekki, A. Using electrocoagulation–electroflotation technology to treat synthetic

solution and textile wastewater, two case studies. Desalination 2010, 250, 573–577. [CrossRef]

http://dx.doi.org/10.1021/es1039634
http://dx.doi.org/10.1016/j.watres.2009.03.010
http://dx.doi.org/10.1103/PhysRevE.83.016308
http://www.ncbi.nlm.nih.gov/pubmed/21405775
http://dx.doi.org/10.1021/acs.jafc.5b01813
http://www.ncbi.nlm.nih.gov/pubmed/26325225
http://dx.doi.org/10.3390/pr6080116
http://dx.doi.org/10.1016/j.scitotenv.2017.05.203
http://www.ncbi.nlm.nih.gov/pubmed/28578243
http://dx.doi.org/10.1016/j.desal.2015.12.011
http://dx.doi.org/10.1016/j.desal.2007.01.059
http://dx.doi.org/10.1080/01496395.2010.508065
http://dx.doi.org/10.1016/j.watres.2011.10.046
http://dx.doi.org/10.1016/j.desal.2009.09.026


Processes 2019, 7, 242 11 of 13

13. Elimelech, M.; Phillip, W.A. The future of seawater desalination: Energy. Technol. Environ. Sci. 2011, 333,
712–717.

14. Glater, J.; Hong, S.K.; Elimelech, M. The search for a chlorine-resistant reverse osmosis membrane. Desalination
1994, 95, 325–345. [CrossRef]

15. Xu, X.; Lin, L.; Ma, G.; Wang, H.; Jiang, W.; He, Q.; Nirmalakhandan, N.; Xu, P. Study of polyethyleneimine
coating on membrane permselectivity and desalination performance during pilot-scale electrodialysis of
reverse osmosis concentrate. Sep. Purif. Technol. 2018, 207, 396–405. [CrossRef]

16. Mohammad, A.W.; Teow, Y.H.; Ang, W.L.; Chung, Y.T.; Oatley-Radcliffe, D.L.; Hilal, N. Nanofiltration
membranes review: Recent advances and future prospects. Desalination 2015, 356, 226–254. [CrossRef]

17. Bousher, A.; Shen, X.; Edyvean, R.G. Removal of coloured organic matter by adsorption onto low-cost waste
materials. Water Res. 1997, 31, 2084–2092. [CrossRef]

18. Chen, G. Electrochemical technologies in wastewater treatment. Sep. Purif. Technol. 2004, 38, 11–41.
[CrossRef]

19. Garcia-Segura, S.; Eiband, M.M.S.; de Melo, J.V.; Martínez-Huitle, C.A. Electrocoagulation and advanced
electrocoagulation processes: A general review about the fundamentals, emerging applications and its
association with other technologies. J. Electroanal. Chem. 2017, 801, 267–299. [CrossRef]

20. Naje, A.S.; Chelliapan, S.; Zakaria, Z.; Abbas, S.A. Treatment performance of textile wastewater using
electrocoagulation (EC) process under combined electrical connection of electrodes. J. Electrochem. Sci. 2015,
10, 5924–5941.

21. Nandi, B.K.; Patel, S. Effects of operational parameters on the removal of brilliant green dye from aqueous
solutions by electrocoagulation. Arab. J. Chem. 2017, 10, S2961–S2968. [CrossRef]

22. Verma, S.K.; Khandegar, V.; Saroha, A.K. Removal of chromium from electroplating industry effluent using
electrocoagulation. J. Hazard. Toxic Radioact. Waste 2013, 17, 146–152. [CrossRef]

23. Abdel-Gawad, S.A.; Baraka, A.M.; Omran, K.A.; Mokhtar, M.M. Removal of some pesticides from the
simulated waste water by electrocoagulation method using iron electrodes. Int. J. Electrochem. Sci. 2012, 7,
6654–6665.

24. Dolati, M.; Aghapour, A.A.; Khorsandi, H.; Karimzade, S. Boron removal from aqueous solutions by
electrocoagulation at low concentrations. J. Environ. Chem. Eng. 2017, 5, 5150–5156. [CrossRef]

25. Singh, T.S.A.; Ramesh, S.T. An experimental study of CI Reactive Blue 25 removal from aqueous solution
by electrocoagulation using Aluminum sacrificial electrode: Kinetics and influence of parameters on
electrocoagulation performance. Desalin. Water Treat. 2014, 52, 2634–2642. [CrossRef]

26. Mollah, M.Y.A.; Schennach, R.; Parga, J.R.; Cocke, D.L. Electrocoagulation (EC) science and applications. J.
Hazard. Mater. 2001, 84, 29–41. [CrossRef]

27. Bazrafshan, E.; Ownagh, K.A.; Mahvi, A.H. Application of electrocoagulation process using Iron and
Aluminum electrodes for fluoride removal from aqueous environment. J. Chem. 2012, 9, 2297–2308.
[CrossRef]

28. Emamjomeh, M.M.; Sivakumar, M. An empirical model for defluoridation by batch monopolar
electrocoagulation/flotation (ECF) process. J. Hazard. Mater. 2006, 131, 118–125. [CrossRef]

29. Can, O.T.; Kobya, M.; Demirbas, E.; Bayramoglu, M. Treatment of the textile wastewater by combined
electrocoagulation. Chemosphere 2006, 62, 181–187. [CrossRef]

30. Lin, S.S.H.; Lin, C.S. Reclamation of wastewater effluent from a chemical fiber plant. Desalination 1998, 120,
185–195. [CrossRef]

31. Gao, S.; Yang, J.; Tian, J.; Ma, F.; Tu, G.; Du, M. Electro-coagulation–flotation process for algae removal.
J. Hazard. Mater. 2010, 177, 336–343. [CrossRef]

32. Carmona, M.; Khemis, M.; Leclerc, J.P.; Lapicque, F. A simple model to predict the removal of oil suspensions
from water using the electrocoagulation technique. Chem. Eng. Sci. 2006, 61, 1237–1246. [CrossRef]

33. Mostefa, N.M.; Tir, M. Coupling flocculation with electroflotation for waste oil/water emulsion treatment.
Optimization of the operating conditions. Desalination 2004, 161, 115–121. [CrossRef]

34. Lee, K.E.; Mokhtar, M.; Hanafiah, M.M.; Halim, A.A.; Badusah, J. Rainwater harvesting as an alternative water
resource in Malaysia: Potential, policies and development. J. Clean. Prod. 2016, 126, 218–222. [CrossRef]

35. Chen, X.; Chen, G.H.; Yue, P.L. Separation of pollutants from restaurant wastewater by electrocoagulation.
Sep. Purif. Technol. 2000, 19, 65–76. [CrossRef]

http://dx.doi.org/10.1016/0011-9164(94)00068-9
http://dx.doi.org/10.1016/j.seppur.2018.06.070
http://dx.doi.org/10.1016/j.desal.2014.10.043
http://dx.doi.org/10.1016/S0043-1354(97)00037-7
http://dx.doi.org/10.1016/j.seppur.2003.10.006
http://dx.doi.org/10.1016/j.jelechem.2017.07.047
http://dx.doi.org/10.1016/j.arabjc.2013.11.032
http://dx.doi.org/10.1061/(ASCE)HZ.2153-5515.0000170
http://dx.doi.org/10.1016/j.jece.2017.09.055
http://dx.doi.org/10.1080/19443994.2013.794714
http://dx.doi.org/10.1016/S0304-3894(01)00176-5
http://dx.doi.org/10.1155/2012/102629
http://dx.doi.org/10.1016/j.jhazmat.2005.09.030
http://dx.doi.org/10.1016/j.chemosphere.2005.05.022
http://dx.doi.org/10.1016/S0011-9164(98)00217-3
http://dx.doi.org/10.1016/j.jhazmat.2009.12.037
http://dx.doi.org/10.1016/j.ces.2005.08.030
http://dx.doi.org/10.1016/S0011-9164(04)90047-1
http://dx.doi.org/10.1016/j.jclepro.2016.03.060
http://dx.doi.org/10.1016/S1383-5866(99)00072-6


Processes 2019, 7, 242 12 of 13

36. Pouet, M.F.; Grasmick, A. Urban wastewater treatment by electrocoagulation and flotation. Water Sci. Technol.
1995, 31, 275–283. [CrossRef]

37. Nidheesh, P.V.; Singh, T.A. Arsenic removal by electrocoagulation process: Recent trends and removal
mechanism. Chemosphere 2017, 181, 418–432. [CrossRef] [PubMed]

38. Ali, I.; Khan, T.A.; Asim, M. Removal of arsenic from water by electrocoagulation and electrodialysis
techniques. Sep. Purif. Rev. 2011, 40, 25–42. [CrossRef]

39. Zhao, X.; Zhang, B.; Liu, H.; Qu, J. Removal of arsenite by simultaneous electro-oxidation and
electro-coagulation process. J. Hazard. Mater. 2010, 184, 472–476. [CrossRef]

40. Drouiche, N.; Aoudj, S.; Lounici, H.; Drouiche, M.; Ouslimane, T.; Ghaffour, N. Fluoride removal from
pretreated photovoltaic wastewater by electrocoagulation: An investigation of the effect of operational
parameters. Procedia Eng. 2012, 33, 385–391. [CrossRef]

41. Vasudevan, L.; Schultz, K.; Bateman, J. Rethinking composing in a digital age: Authoring literate identities
through multimodal storytelling. Writ. Commun. 2010, 27, 442–468. [CrossRef]

42. Hu, C.Y.; Lo, S.L.; Kuan, W.H.; Lee, T.D. Removal of fluoride from semiconductor wastewater by
electrocoagulation–flotation. Water Res. 2005, 39, 895–901. [CrossRef] [PubMed]

43. Drondina, P.V.; Drako, I.V. Electrochemical technology of fluorine removal from underground and waste
waters. J. Hazard. Mater. 1994, 37, 91–100. [CrossRef]

44. Missaoui, K.; Bouguerra, W.; Hannachi, C.; Hamrouni, B. Boron removal by electrocoagulation using full
factorial design. J. Water Purif. Technol. 2013, 5, 867. [CrossRef]

45. Sayiner, G.; Kandemirli, F.; Dimoglo, A. Evaluation of boron removal by electrocoagulation using iron and
aluminum electrodes. Desalination 2008, 230, 205–212. [CrossRef]
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