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Abstract In the last years, the electrocoagulation (EC) process has been widely used as a potential

technique for grey water treatment. However, only a few studies have focused on treating highly

loaded GW (HLGW) by EC. In this study, the EC technique was used to compare iron and mild

steel electrodes for the treatment of HLGW under different current densities (CDs) (5, 10, 15, and

20 mA/cm2) during 10 min of EC time. The performance criteria included chemical oxygen demand

(COD) and turbidity removal efficiencies, current efficiency, energy consumption, and operational

costs. It was found that EC using iron or mild steel can be effective electrodes for removing high

levels of COD and turbidity from HLGW. At optimum conditions, the study demonstrated that

at a CD of 5 mA/cm2, mild steel-based electrodes reduced COD by 86.5% while iron-based elec-

trodes achieved 85.3% reduction at 10 mA/cm2. In conjunction with these removals, the turbidity

removals were 92% and 94% achieved by steel and iron electrodes, respectively. The current effi-

ciency of all the conducted experiments exceeded 90% but was generally higher for iron electrodes.

At optimum conditions, analysis of operating costs in terms of energy consumptions and electrode

materials requirements were 0.054 $/m3 and 0.097 $/m3 achieved by steel and iron electrodes,

respectively. Thus, mild steel-based electrodes are considered superior to iron electrodes. Based

on the obtained results, the study recommends that further investigations should give attention

to the effect of metal alloy type or physical properties of electrodes as performance criteria and

designing aspects when studying EC technology for HLGW treatment due to its notable effect
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on removal efficiency and operational costs.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Grey water (GW) reclamation and recycling became an acceptable

alternative as a valuable non-conventional water resource, with a pro-

ven impact on reducing demand for freshwater resources (Giresunlu

and Baykal, 2016; Mourad et al., 2011; Smith and Bani-Melhem,

2012). GW may originate from various sources, excluding toilets,

and thus contains a wide range of chemical and microbial contami-

nants (Al-Jayyousi, 2003; Eriksson et al., 2002). Depending on sources

and level of contamination loads, GW can be categorized as either

highly or weakly loaded GW (HLGW or WLGW) (Boyjoo et al.,

2013). The highly loaded sources obviously relate to higher levels of

health and environmental risks, due to containing higher levels of con-

taminants (Dixon et al., 1999). With regards to WLGW, simple treat-

ment methods were reported to demonstrate good removal efficiencies

and enhancement in quality (Mohamed et al., 2016; Zipf et al., 2016).

However, the treatment of HLGW requires more robust systems, such

as biological contractors (Eriksson et al., 2009), Photo-catalytic oxida-

tion (Sanchez et al., 2010; Alrousan et al., 2020), and membrane biore-

actor systems (Bani-Melhem et al., 2015; Al-Ghazawi et al., 2018).

Sometimes, a combination of treatment systems may be required

(Bani-Melhem and Smith, 2012; Daghrir et al., 2016; Li et al., 2009).

In terms of application fields, grey water treatment can be a good alter-

native for wastewater reclamation because it can be reused for non-

potable applications, such as irrigation, washing, and flushing of toi-

lets, which allows saving up to 75% of household water consumption

(Bani-Melhem et al., 2023a).

In recent years, electrocoagulation (EC) technology has received

increasing attention in treating different types of wastewater such

as the removal of metal ions from beneficiation plant process water

(Das and Nandi, 2021), removal of COD and nutrients from munic-

ipal wastewater (Al-Qodah et al., 2020; Al-Shannag et al., 2013;

Bani-Melhem and Elektorowicz, 2010), and removal of suspended

solids from paper industry effluents (Al-Shannag et al., 2012). Var-

ious parameters and variables were investigated to improve the per-

formance of this method, including EC time, initial pH, and

combining different degradation processes (Nidheesh et al.,2021;

Akansha et al., 2020; Al-Qodah et al., 2018). Many efforts had

demonstrated great potential for large scaling and industrial imple-

mentation (Al-Shannag et al., 2015; Karichappan et al., 2014;

Janpoor et al., 2011).

In terms of GW treatment by EC, the process has been con-

ducted by many researchers, and different design and operational

parameters were studied to optimize the EC performance. The EC

was also integrated with other treatment processes to increase the

efficiency of treating highly loaded GW. In a previous study, a sand

filtration (SF) unit was integrated with the EC technique as a pre-

treatment step to enhance the EC process for treating high-loaded

GW (Bani-Melhem et al., 2023a). Three different voltage gradients

were investigated (5 V/cm, 10 V/cm, and 15 V/cm) and the results

demonstrated that the COD concentration was reduced by 25.5%

by the SF step, which allowed a reduction of EC steady state time

in the EC unit from 45 min to 30 min at an applied voltage of

15 V/cm. In addition, the energy consumption reduced from

6.21 kWh/m3 without the SF step to 4.11 kWh/m3 after integrating

SF with EC. In another study, four different types of metallic wastes

(beverage cans, used aluminum (Al) foil, scrap iron, and scrap mild

steel) were proposed as sacrificial electrodes for grey water (GW)

treatment using the EC technique (Bani-Melhem et al., 2023b).

The results demonstrated that using metallic wastes as sacrificial

electrodes can achieve a considerable reduction in color, turbidity,
COD, and electric conductivity of about 97.2%, 99%, 88%, and

89%, respectively. In another study, artificial intelligence was used

to optimize the EC performance for GW treatment (Nasr

et al.,2016).

In order to achieve optimal conditions in EC process, most previ-

ous studies had generally modified operational conditions and

recorded changes in removal efficiencies and energy consumption.

Amongst the frequently investigated parameters in EC technique is

the type of electrode material, which is an important parameter as it

allows control over the type of coagulating ions released. Theoretically,

the type of electrode material (anode) plays an important role in releas-

ing the metallic ions that serve as coagulating species with different

adsorption potentials (Yadav et al., 2012). This means that depending

on which coagulating particles are presented in wastewater during

treatment, the rate of adsorption of pollutants on those particles will

differ according to the type of electrodes, resulting in obtaining differ-

ent removal efficiencies when examining different electrode materials

(Barisic & Turkay, 2016). Usually, iron (Fe) and aluminum (Al) are

used as electrode materials in the EC process. Some attributes are

unique to each material. For example, Al hydroxides may have a

higher adsorption capacity and are reported to provide better removal

than iron when each was tested independently in various experiments

(Daghrir et al., 2016; Yadav et al., 2012; Wang et al., 2003). However,

iron electrodes may be considerably cheaper depending on the type of

electrode and have shown good removal efficiency for various types of

wastewater (Liu et al., 2022; Obi et al. 2022; Ardhan et al., 2014). Some

recent experiments had even shown iron electrodes to perform better

than aluminum when treating highly loaded wastewater (Potrich

et al., 2022), but they do corrode at a faster rate compared to alu-

minum (Bani-Melhem et al. 2017). While stainless steel electrodes

may have less of a risk with regard to potential toxicity (Xu et al.

2002) and have been shown to allow for high removal efficiencies

(Karichappan et al., 2014). These types of considerations depend on

the type and application desired for the treated effluent, and in some

instances, a combination of different types may provide the best result

(Barıscı & Turkay, 2016). There is a limited ability in identifying the

exact limitation and characteristics associated with the exact type

and constituents of the electrodes since most of the cited works gener-

ally resort to comparing different materials without identifying such

details (Boinpally et al., 2023; Potrich et al., 2022; Gasmia et al., 2022).

Despite the impressive amount of scientific research on investigat-

ing different electrodes materials, one area that had received no atten-

tion in the optimization of EC for GW treatment is the specific type of

electrode material such as comparing alloys of the same metal, or

alloys with different properties, which is a significant consideration

since physical properties such as surface smoothness can influence vari-

ables such as bubble generation rate and size (Lakshmi and

Sivashanmugam, 2013). This study aims to address such considera-

tions by investigating the treatment of highly loaded grey water

(HLGW) using iron and mild steel electrodes. Both of which are

iron-based electrodes with highly similar compositions but different

physical properties. Both electrodes would generate the same reactions

at the anode and cathode sides as follows:

At the anode side (Chen et al., 2004; Kabdaslı et al., 2009):

FeðsÞ � 2e� ! Fe2þðaqÞ ð1Þ

Fe2þðaqÞ þ 2OH� ! Fe OHð Þ2 ð2Þ

4Fe2þðaqÞ þ 10H2OþO2 gð Þ ! 4Fe OHð Þ3 þ 8HþðaqÞ ð3Þ

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2H2OðlÞ � 4e� ! O2ðgÞ þ 4HþðaqÞ ð4Þ
At the cathode side (Mollah et al. 2004; Mollah at al., 2001):

Fe2þðaqÞ þ 2e� ! Fe ðsÞ ð5Þ

2H2O lð Þ þ 2e� ! H2 gð Þ þ 2OH� ð6Þ
Furthermore, sedimentation of calcium and magnesium carbonates

on the cathode of iron and steel electrodes would also take place which

forms an inhibiting layer via the following reactions (Ge et al., 2004;

Janpoor et al., 2011):

HCO�
3 þOH� ! CO2�

3 þH2O ð7Þ

Ca2þ þ CO2�
3 ! CaCO3 ð8Þ

Mg2þ þ CO2�
3 ! MgCO3 ð9Þ

Layer formation may differ between iron and steel electrodes, due

to the presence of Mn in mild steel, which once released to the solution,

it may not necessarily be fully removed by Fe(II) and Fe(III) species

but could precipitate on cathodes (Shafaei et al., 2010).

In this study, iron and mild steel electrodes will be examined under

different current densities (CD). These electrode materials will be eval-

uated based on their ability to reduce COD and turbidity. Variation

between the electrodes will be determined and attributed by recording

chemical and physical changes in the treated solution to observe if

there was a difference in dominant reactions between electrode types.

Current efficiency will also be compared for both electrodes to deter-

mine if there is a variation in how electrode materials are affected by

pitting corrosion and side reactions which will be based on proper cor-

rosion calculation methods. Finally, economic aspects will be

addressed based on electrical and material consumption at optimum

conditions for both materials.

2. Materials and methods

2.1. Grey water collection and sampling criteria

For the purpose of this study, GW samples with relatively high

loads of COD were obtained by conducting source character-
ization prior to collecting samples for treatment. Samples were
collected from all GW sources to exclude those that con-

tributed to low levels of COD from treatment (Table 1). The
threshold for COD was set at 250 mg/l, meaning that sources
which demonstrated COD concentrations below this value

would not be included in the treatment experiments. This limit
(250 mg/l) was chosen as it was the Jordanian standard COD
limit for safe reuse, suggesting that sources with COD levels
below this value may need simple treatment and do not serve

the purpose of this study.
Sample collection was carried out within faculty and

administrative buildings at the Hashemite University, Jordan.

Sources that were examined include 1) sinks in students’ bath-
Table 1 Stages of characterization and sampling of highly

loaded grey water.

1st stage 2nd stage 3rd stage

General

characterization of

grey water sources in

the study area

Identifying highly

and weakly loaded

sources of

greywater

Collecting fresh

samples from highly

loaded sources for

treatment
rooms, 2) sinks in buffet and staff facilities, 3) laboratory
sinks, 4) ablution basins, and 5) floor mopping carts. The sam-
pling campaign included both academic and administrative

departments, facilities, and centers from 14 different buildings.
Grey water samples were collected directly from their respec-
tive sources. This was due to the lack of a separation system

for grey and black water in the study area. Sampling was done
around noon time to ensure collection of HLGW generated in
the same day of sampling. Analysis and treatment experiments

were done within 48 h of the sample’s arrival at the lab.

2.2. Experimental setup and procedure

The experimental procedure reported in this study was con-
ducted using a bench scale batch electrocoagulation (EC) unit
(Fig. 1). A cylindrical glass beaker (300 ml) was used as an EC
reactor and was replaced in each run to eliminate the interfer-

ence of residual coagulants in consecutive experiments. This
was based on a preliminary test showing that metallic residues
from electrochemical experiments were not easily removed

from glassware by washing. A 250 ml of HLGW solution
was treated during each run. Metal electrodes were placed ver-
tically in parallel within the EC reactor.

Two types of metal electrodes were compared in this study:
iron and mild steel electrodes. Each material was used sepa-
rately as both anode and cathode for treatment (Iron - Iron
or Steel - Steel). The total surface area of electrodes was about

22.72 cm2 (height: 71 mm, width: 32 mm), while the effective
surface area in contact with GW solution was 16 cm2. The elec-
trodes were soaked in diluted sulfuric acid for 24 h prior to

usage to remove oxidation films. The distance between the
electrodes was fixed at 1 cm in the EC reactor. A direct current
(DC) power supply (MaisenTM: model MS303D, China) was

used to provide a voltage range of 0–30 V and a direct current
range of 0–3 A. The EC reactor was placed over a magnetic
stirrer (VELP Scientifica, Italy) to allow homogeneous

agglomeration in the HLGW solution during electrolysis.
The stirring speed was set at 180 rpm. The electrolysis time
was 10 min for all experiments, and samples were given
Fig. 1 Schematic of the experimental setup used in this study.



Table 3 Physical properties and composition of electrodes

tested in this study (based on manufacturer specs).

Electrode type Iron Steel

Material type Pure Alloy (mild

steel)

Elemental composition Fe Fe, Mn, C

Electric conductivity

(IACS)

18 % 10.84 %

Thickness of material 0.8 mm 0.74 mm

Shape Plate Plate

Surface smoothness Moderately

smooth

Very smooth

Roughness coefficient �0.25 (10-3 m) �0.045 (10-3m)
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2 min for settling after turning off the power supply. The
experiments were conducted under different CDs (5 –
20 mA/cm2) by fixing the applied current to the following val-

ues: 0.08, 0.16, 0.24 and 0.32 A, while voltage was adjusted
during each experiment to maintain the desirable current.
The operational parameters of the EC reactor are presented

in Table 2. The actual dissolution rate (mg/l) was determined
as the difference between the weights of electrodes before
and after treatment divided by sample volume. The electrodes

were rinsed with distilled water and dried by wiping gently
with paper tissues and left to dry for approximately 1 h before
taking weight readings. Several readings (3–7) were taken for
each experiment to verify the reading precision of the labora-

tory scale.

2.3. Analytical procedures

Several key parameters were measured for HLGW samples
before and after EC treatment to estimate removal perfor-
mance and chemical changes. COD was measured using Spec-

trophotometer photoLab� 7600 UV–VIS (WTW, Germany),
a bench-scale laboratory equipment commonly used for water
analysis, which was calibrated at least twice a day. Turbidity

was measured using an MD600 photometer (Lovibond, Ger-
many). Electrical conductivity and pH were measured using
a pH electrical conductivity meter (Hanna HI 5521, USA),
which was calibrated before usage. Turbidity and COD were

selected as they are amongst the most widely used parameters
in treated wastewater reuse standards. Nutrient concentrations
were not analyzed in this study because no specific reuse crite-

ria were considered.

2.4. Description of electrode materials

Electrodes used in this study were provided by the workshop at
the Hashemite University. Iron electrodes were pure Fe plates,
while steel electrodes were made from low carbon mild steel

plates which contained 98.81–––99.26% Fe, 0.18% C, 0.6–––
0.9% Mn, and may have contained traces of P and S (0.0
4–––0.05%). The presence of these constituents, particularly
carbon, at these percentages, gives mild steel its distinct

mechanical properties. Composition and physical properties
of the electrodes used are presented in Table 3.

3. Results and discussion

3.1. Characteristics of raw grey water

GW samples used for treatment in this study were collected
from different sources that highly contributed to COD and
Table 2 Operational parameters of electrocoagulation reactor used

Parameter Values chosen or tested

Applied current (A) 0.08

Current density (mA/cm2) 5

Voltage range (V) 4.5 – 14.5 (adjusted durin

Electrode materials Iron, Mild steel

Electrode distance (cm) 1

Sample volume (ml) 250
suspended solids, resulting in obtaining HLGW with high con-
tamination loads. A comparison between the characteristics of

raw grey water used in this study and the corresponding values
reported for GW in other studies is shown in Table 4. In addi-
tion to the proposed studied parameters, the table contains key

parameters of GW such as electrical conductivity, biological
oxygen demand (BOD), and total dissolved solids (TDS).
Sources of GW in this study were found to contribute to the

highest loads of COD and thus used for treatment experi-
ments, including bathroom sinks and floor-mopping carts.
Table 4 Also contains the concentrations of soluble COD
(CODs) as it plays a significant role in GW treatment by EC

(Bani-Melhem et al., 2017). Based on analytical results, it
can be reasonably assumed that samples collected in this study
can be categorized as HLGW (Boyjoo et al., 2013).

3.2. Changes in physiochemical proprieties

3.2.1. Changes in pH, conductivity, and current stability

The initial pH level of the collected samples in this study was
found around optimal values reported by previous investiga-

tors who had studied the effect of initial pH on EC treatment
of HLGW (Janpoor et al., 2011; Barıscı and Turkay, 2016).
Accordingly, the initial pH was not adjusted in this study.
However, the pH was monitored because it is an important

parameter in indicating dominant reactions, and thus can be
used for comparing two electrodes with very similar composi-
tions. It is worth mentioning that the range of applying CD in

EC reactor may have a direct impact on the pH of the treated
solution by releasing the dominant ions in terms of hydrogen
ions (H+) or hydroxyl ions (OH–) according to the domination

of the anodic and cathodic reactions occurred on the electrodes
in EC reactor. Therefore, final pH readings of the treated solu-
tion were compared against initial pH levels (Fig. 2), by mea-
suring pH after shutting down the power supply.
in this study.

0.16 0.24 0.32

10 15 20

g electrolysis)



Table 4 Characteristics of raw grey water used in this study and corresponding values reported for grey water in other studies.

Quality Index Unit of measure This study Range reported for grey water by other studies *

Min Max

pH – 7.8 5.2 10.2

Electrical conductivity mS/cm 1335 194 650

COD mg/l 1290 22.9 1307

CODs mg/l 516 27 873.12

BOD mg/l 730 10 1056

Turbidity FAU 506 12.6 370

TDS ppm 900 180 650

*Sources: Kim et al., 2007; Lin et al., 2005;Bani-Melhem & Smith, 2012.
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Based on whether the final pH reading was over or below
initial levels; it was determined which reactions were dominant
for each electrode type at each CD (Kurt et al., 2008).

Two observations can be drawn from Fig. 2. First, it was
observed that the change in pH levels was not significant,
which is consistent with previous investigators (Janpoor

et al., 2011; Barıscı and Turkay, 2016), and this might be
due to the relatively short EC time applied in this study. Sec-
ond, the general trend for both examined electrodes was that

at the lower CD range (5 – 10 mA/cm2), pH in the treated solu-
tion was below initial values. The pH reduction suggests that
the production of H+ ions (Eqs. (3) and (4) exceeded the pro-

duction of OH– ions (Eq. (6). On the other hand, at a higher
CD range (15 – 20 mA/cm2), it was observed that final pH
Fig. 2 Evolution of pH levels in treated GW solution using i
readings were higher than initial pH levels. This suggests that
at this CD range, OH– production was higher.

Based on the results presented, it can be concluded that

when either type of electrode was used, the reactions that took
place at the anode side (Eqs.1 – 4) were likely more dominant
at the lower CD range (�10 mA/cm2), while at higher CD

range (�10 mA/cm2) the reactions at the cathode side (Eqs.
(5) and (6) were likely dominant. Also, it was observed that
pH change was more severe when using mild steel electrodes;

as the treated solution produced after using mild steel elec-
trodes was more acidic at a lower CD range and more basic
at a higher CD range than those of iron electrodes, suggesting

that current as a driving force for these reactions has more
effect when using mild steel electrodes than when using iron
ron and mild steel electrodes at different current densities.
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electrodes. The change in dominant reactions when CD shifts
from a lower to a higher range is caused by an increase in volt-
age to over 10 V to elevate CD beyond 10 mA/cm2 (Fig. 3).

This likely caused a breakdown of inorganic deposition on
the cathode (Eq. (5), Eqs. (7) – (9)) and thus layer formed by
precipitating salts could no longer obstruct cathodic reactions,

which had led to higher generation rate of OH– ions (Janpoor
et al., 2011).

With respect to the chemical changes, electrical conductiv-

ity was also monitored. As demonstrated in Fig. 4, Mild steel
electrodes were significantly more efficient in reducing electric
conductivity than iron electrodes at all values of the applied
CD. It was also observed that under a low CD range, iron-

based electrodes had almost no effect on reducing electrical
conductivity. The higher reduction in electric conductivity
obtained when using mild steel electrodes could be related to

the release of alloying elements and more precipitation on
the cathode surface area, and could possibly relate to differ-
ences in surface smoothness, which would cause different bub-

ble formation patterns (Barıscı & Turkay, 2016; Lakshmi and
Sivashanmugam, 2013). Theoretically, the release of ions of
alloying elements from mild steel could have also further con-

tributed to TDS in HLGW solution which would increase elec-
trical conductivity. It is also possible that all these effects have
taken place at different capacities. These observations strongly
suggest that future works examining physical characteristics of

electrode materials should be investigated thorough chemical
analysis beyond those employed in this study.

The poor reduction of electrical conductivity by iron elec-

trodes had likely played a role in showing lower voltage
requirement for iron electrodes than that of mild steel elec-
trodes (Fig. 3). This might be explained as the higher electrical

conductivity of HLGW solution when using iron electrodes
caused a lower resistivity-induced over potential (IR) drop
which allowed for a lower ohmic loss in electrical current

(Karichappan et al., 2014). This effect can be better explained
by the following formula (Mollah et al., 2004):

gAP ¼ gIR þ gk þ gMt ð10Þ
Where gAp is the voltage applied by the power supply, g IR

is the resistivity-induced over potential (known as the IR

drop), gk is the activation (kinetic) potential and gMt is the
Fig. 3 Voltage required to maintain desired current
mass transfer over potential. It seems that the ability of elec-
trode material to reduce electric conductivity of the solution
is the primary effect on voltage; because there is strong evi-

dence from plotting of current–voltage behavior in Fig. 5
which shows that both electrodes initiate reaction at identical
voltage values at lower CD and shows very similar voltage

requirement at high CD. This suggests that variation in electric
conductivity of the electrodes’ materials had likely not
reflected difference in voltage requirement, and that attention

should be given to other electrode properties which may had
likely affected conductivity of the solution.

The aesthetic appearance is another indication of EC per-
formance (Bani-Melhem and Elektorowicz, 2011). Flotation

and sedimentation effects were rapidly observed in this study;
sludge was separated from the treated solution within less than
two minutes of shutting down the power supply (Fig. 6).

The sludge produced in this study was observed to settle
down to the bottom of the EC reactor, indicating high density
of sludge obtained when using iron or mild steel electrodes.

There was a notable difference in color of the precipitating spe-
cies in samples collected from EC reactor after treatment
(Fig. 7). When iron-based electrodes were used, a yellow-

reddish precipitate appeared in settled samples, while a dark
brownish precipitate was produced after using mild steel.

The yellow-reddish color produced by using iron-based
electrodes is an indicator of residual Fe(III) species, which

has oxides characterized by a reddish rusty color (Bani-
Melhem, 2008; Adhoum and Monser, 2004). While dark
brownish color produced by using mild steel electrodes can

associate with oxides of Fe(II) and/or oxides of Mn(III) and
Mn(IV) species, which is accounted by the content of Fe and
Mn in mild steel electrodes and their electrochemical release

in the solution (Flenner, 2007). However, it is suggested that
Fe(II) species were mostly responsible for the dark color
appearing after using mild steel electrodes due to the very

low fraction of Mn in mild steel, and the high tendency of
Mn ions to be trapped and removed by sweep coagulation,
or precipitate on cathodes (Shafaei et al., 2010). Other trace
elements in mild steel (P, S, and C) were likely removed by

coagulation and had likely not affected the process
(Damaraju et al., 2017; Behbahani et al., 2011;
Murugananthan et al., 2004), sulfur could have impacted pH
density when using iron and mild steel electrodes.



Fig. 4 Electrical conductivity of treated solution as a function of current density when using iron and mild steel electrodes.

Fig. 5 Current-voltage behavior during electrolysis at different current densities.
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if it was at higher concentrations. These observations indicate
that when using iron electrodes, Fe(II) is oxidized to form Fe

(III), which would also contribute to removal effects (Kabdaslı
et al., 2009), while such oxidation effect may not necessarily
have taken place when mild steel electrodes were used. A vari-

ation in the type of Fe ions produced at each electrode type
would also account for variation in the severity of pH change
(Fig. 2) as Fe(II) and Fe(III) ions bond with different numbers

of hydroxyl ions (Kurt et al. 2008). The explanations presented
are only speculative, an examination of the oxidation states of
metallic ions would be required to obtain more certainty.
These observations, however, clearly show that different pro-
cesses can take place when using electrodes of almost identical
composition, suggesting that the mechanical properties of elec-

trodes can impact the chemistry of the EC process.

3.2.2. Removal efficiency

In this study, COD removal was used to indicate the removal

efficiency of organic and oxidizable species, while turbidity
removal was used to indicate the removal of colloidal and sus-
pended particles. The following formula was used to calculate

removal efficiency (R%):

R% ¼ 100 � ð1� C

C0

Þ ð11Þ



Fig. 6 Grey water solution in EC reactor using steel electrodes at 20 mA/cm2: (a) after 10 min of EC treatment, and (b) after two minutes

of settling after EC shut down.

Fig. 7 Aesthetic appearance of color in samples collected from EC cells: (a) using iron-based electrodes and (b) steel-based electrodes.
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Where C0 is the initial concentration of COD (mg/l) or Tur-
bidity (FAU), and C is the value for the corresponding param-

eter found in the treated solution. While specific energy
consumption (SEC) was also taken into consideration for
choosing the optimal CD. The following formula was used

to calculate SEC:

SEC
kWh

m3

� �
¼ UAvr � I � th � 1000

v
ð12Þ
UAvrðVÞ ¼
P10

0 Ui

10
ð13Þ

Where UAvr is the average voltage (V), I is the applied cur-
rent (A), th is EC time (h), v is the volume of the treated sample

(m3) and Ui is voltage (V) recorded for the ith minute during
EC process.

As demonstrated in Fig. 8, the EC process using mild steel-

based electrodes was almost not affected by applied CD with
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regards to COD removal, demonstrating a percentage removal
between 86.5% and 87.5% regardless of the applied CD. This
was not the case with iron electrodes, which showed an

increase in COD removal efficiency from 81.5% to 85.3%
when the applied CD increased from 5 to 10 mA/cm2, respec-
tively. However, when the applied CD was increased beyond

this level, COD removal efficiency decreased to 84.5% and
77% for the applied CD of 15 and 20 mA/cm2, respectively.
It is assumed that soluble COD fraction was responsible for

not obtaining complete removal (Bani-Melhem et al., 2017),
because soluble and colloidal organics are not readily removed
by the coagulation process. However, the evolution of hydro-
xyl radicals during electrolysis can account for some removal

of the soluble organic fraction (Aswathy et al. 2016). Larger
organic particles comprised the larger fraction of COD in
the samples treated in this study (Table 4), which can explain

the relatively high removal efficiency.
The significant difference in removal behavior between the

two types of electrodes clearly suggests that different mecha-

nisms had taken place for each electrode material. When using
mild steel-based electrodes, it seems that the lower level of
applied CD was sufficient to remove almost all organic and

oxidizable species that would react with Fe(II) and Fe(III) spe-
cies, and so increasing CD had no enhancing effect on COD
removal. On the other hand, when using iron-based electrodes,
it seems that elevating CD to a higher level decreased COD

removal. Due to both materials having a similar chemical com-
position, this may only be explained by differences in physical
characteristics. One possible explanation for reduced removal

efficiency with increased current is unfavorable bubble produc-
tion (Eq.6) at a high CD range that may have destroyed flocs
formed and thus reduced removal efficiency (Barıscı & Turkay,

2016). Also, unfavorable bubble formations due to increased
current would reduce the likeliness of contact between coagu-
lating ions and colloidal species present in the HLGW solution

(Lakshmi and Sivashanmugam, 2013). Favorable bubble for-
mation during electrolysis is highly related to surface smooth-
ness; finer surfaces produce finer bubbles at better rates. Mild
steel plates used in this study are generally designed to have a

smoother surface than iron. A smoother surface would
Fig. 8 Effect of current density on COD
account for better bubble production and thus would not have
negatively affected removal efficiency when CD was increased.
Since no experimental tests or analyses have been done on

bubble formation in this study, other factors could possibly
be the reason behind the differences in the obtained removals.
This would highlight the need to examine this parameter

within this scope (i.e., comparing alloys of the same material
in the EC process) in future research works.

With regards to the removal of turbidity (Fig. 9), it was

noted that increasing CD had generally enhanced turbidity
removal for both electrode types. This would be expected since
elevating CD increases the production of Fe(II) and Fe(III)
species which effectively aggregate colloidal particles, causing

them to be readily separated from the solution (Kurt et al.,
2008; Lin et al., 2005). Also, the higher generation of H2 gas
at the cathodes (Eq. (6) when CD is increased favors the

sweeping effect of large particles and their eventual separation
from the bulk of the HLGW solution.

The results demonstrated that complete removal of turbid-

ity (100%) can be achieved by EC treatment using either iron
or mild steel electrodes if the CD is elevated sufficiently. This
would confirm that soluble particles were in fact the limiting

factor for COD removal. This is based on the fact that turbid-
ity, which is a function of colloidal and suspended particles,
was completely removed at high CD while total removal of
COD could not be achieved due to the soluble fraction of

COD in the grey water solution (Bani-Melhem et al., 2017).
In general, mild steel electrodes demonstrated better removal
of turbidity than iron electrodes. This may also indicate better

bubble production or higher effectiveness of ferrous hydrox-
ides produced. The higher removal efficiencies obtained when
using mild steel electrodes may not be attributed to alloying

elements, as there is no source in the literature that indicates
or suggests that carbon or manganese have coagulating prop-
erties or any effects that would enhance removal efficiency dur-

ing electrochemical treatment of wastewater, or any other type
of water for that matter. In fact, manganese could precipitate
on cathodes and contribute to layer formation which would
negatively affect EC performance. However, it is more likely

to be removed by sweep coagulation due to its physical nature
removal using iron and steel electrodes.



Fig. 9 Effect of current density on turbidity removal using iron and steel electrodes.
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(Shafaei et al., 2010). This is further evidence that mechanical
or physical properties of mild steel were the dominant factor
behind obtaining better removal efficiencies than that of iron

electrodes.
Based on the above results, a CD value of 5 mA/cm2 was

considered optimal for mild steel electrodes as 86.5% COD
removal and 92% turbidity removal can be achieved at this

level. Otherwise, elevating CD beyond this value had no con-
siderable effect on COD removal while accounting for substan-
tially higher energy consumption (Fig. 10). On the other hand,

for iron-based electrodes, a CD value of 10 mA/cm2 was con-
sidered optimal as 85.3% COD removal efficiency can be
achieved in conjunction with 94% turbidity removal.

It is worth mentioning that both CD values chosen for elec-
trodes demonstrated considerable removal efficiency for tur-
bidity, which could also be further improved by primary or
subsequent treatment stages, which is not necessarily the case

for COD removal efficiency, that is why COD removal effi-
ciency was considered as the main factor for choosing opti-
mum CD.

3.2.3. Metal dissolution and current efficiency

During EC treatment, the separation of contaminants is
affected by the coagulating species such as Fe(OH)2 and Fe

(OH)3 which are produced by the passivation of electrodes
(Eqs. (2) and (3)) (Chen et al., 2000; Kurt et al., 2008;
Vasudevan et al., 2009). Therefore, it is important to measure

the dissolution rate for both electrodes examined to conclu-
sively arrive at which factors affected removal, and also to esti-
mate operational costs. The dissolution rate was represented as

the mass loss due to electrolysis with accordance to the follow-
ing formula:

Cmeasured dissolution mg=lð Þ ¼ W0 �Wfð Þ � 1000

v
ð14Þ

Where W0 is the initial weight of the electrode prior to elec-

trolysis (g), Wf is the electrode’s weight after electrolysis (g)
and v is the volume of treated HLGW (l). Furthermore, to
establish a benchmark for both electrodes, theoretical dissolu-
tion was also calculated. The classic form of Faraday’s for-

mula was used to determine the theoretical dissolution for
iron electrodes as follows:
Ctheoretical dissolution mg=lð Þ ¼ I� t�Mw � 1000

z� F� v
ð15Þ

Where I is applied current value (A), t is EC time (s) Mw is
the molecular weight of Fe (55.85 g/mol), z is the valence of Fe
(2), F is Faraday’s constant (96485C/mole) and v is the volume

of HLGW solution (l). While for mild steel electrodes, stan-
dard practice G 102 (ASTM, 1999) was adopted to calculate
theoretical dissolution. This procedure is based on Faraday’s

law; only in that it allows for the calculation of theoretical cor-
rosion rate for anode materials in electrochemical cells while
accounting for the existence of multiple metals in alloy elec-

trodes. It should be noted that this procedure does not account
for non-metallic compositions such as carbon. However, this
was not problematic due to the insignificant amount of carbon
in mild steel. The practice also does not account for oxidation

selectivity, meaning that it does not reflect if a certain compo-
nent of the alloy is being oxidized at a higher rate, nor if cer-
tain components are not oxidized at all. Also, due to Mn

exhibiting multiple valence values, as it is a transitional metal,
the authors of the practice recommend adopting some ratio-
nale in assigning valence values.

Standard practice G 102 suggests the following formula for
calculating the equivalent weight (EW) for metal alloys:

EW ¼ 1P
ni�fi
Wi

ð16Þ

Where fi is the mass fraction of the ith element in the alloy,
ni is the valence of the ith element of the alloy and Wi is the

atomic weight of the ith element in the alloy. In standard prac-
tice G 102, a formula is used to calculate corrosion in terms of
mass loss rate (g/m2.d) or in terms of penetration rate (mm/yr)

by taking into account the CD and material density. However,
because the actual dissolution measured in this study is given
in terms of mg/l (mg of material loss per liter of solution trea-

ted), the equivalent weight formula (Eq.16) was directly incor-
porated in Faraday’s low formula (Eq.15) to present
theoretical dissolution rate values in terms of (mg/l) to allow
easier calculation of current efficiency for mild steel electrodes

and to better compare it value with that of iron. The final for-
mula adopted for calculating theoretical dissolution for mild
steel anode is as follows:



Fig. 10 Effect of current density on energy consumption when using iron and steel electrodes.

Table 5 Theoretical and actual dissolution for iron and steel electrodes at different current densities.

CD Dissolution amount for Fe based electrodes (mg/l)

TD-Iron * AD-Iron * TD-Steel * AD-Steel *

5 mA/cm2 58.55 60 58.063 60.4

10 mA/cm2 117.10 111.6 116.127 108

15 mA/cm2 175.65 165.6 174.19 161.6

20 mA/cm2 234.20 220.8 232.253 215.2

*TD: theoretical dissolution calculated, AD: actual dissolution measured.
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Ctheoretical dissolution mg=lð Þ ¼ I� t� 1000

F� V
�
X Wi

ni� fi
ð17Þ

The current efficiency (CE) was used as a performance indi-
cator for both electrodes, as it is helpful to identify if there was
any variation in the utilization efficiency of current with regard

to metallic dosing between the two electrodes. The current effi-
ciency was calculated using the following formula:

CE %ð Þ ¼ Cmeasured dissolution mg=lð Þ
Ctheoretical dissolution mg=lð Þ � 100% ð18Þ

The results of theoretical calculations and measures of mass
change for both electrodes examined are presented in Table 5.

As demonstrated, the dissolution rate for iron electrodes
was slightly higher than that of mild steel electrodes. This
was somewhat consistent with theoretical calculations that

show mild steel to theoretically produce a lower metal dosage
during electrolysis, mainly due to the lower molecular weight
of Mn and the presence of carbon in mild steel. Such differ-

ences could also be a result of experimental error.
Assigning different valence values for Mn had no consider-

able effect on the theoretical dissolution rates calculated
(Fig. 11), and so a valence value of 7 was adopted for Mn when

presenting a comparison (Table 5). The lower dissolution rate
of mild steel is further evidence that it was the physical and
mechanical properties that allowed for better removal efficien-

cies, since the coagulating dosage released was higher for iron.
The results indicate that super faradaic efficiencies can be
obtained using either iron or mild steel electrodes at low CD

(5 mA/cm2), while at higher CD, the current efficiency is
reduced to below 100% (Fig. 12).

This suggests that pitting corrosion, which increases disso-
lution beyond theoretical values, was more dominant at mini-

mal CD, while side reactions that limit dissolution rate were
more dominant at higher CD for either type of electrodes
(Chen et al. 2000; Mouedhen et al., 2008; Shen et al., 2003).

The results presented in this section highlight the importance
of optimization efforts that aim to reduce CD required when
using Fe-based electrodes such as iron and mild steel for the

treatment of HLGW using EC, as it seems that current is
not only a driving factor of energy and cost, but also to side
reactions that limit current efficiency. Finally, the results
obtained lead to conclude that dissolution rate was not behind

the superiority of mild steel electrodes with regards to removal
efficiency, and that alloying composition or physical properties
do not account for significant variation in current efficiency,

unlike CD which significantly reduced current efficiency.

3.2.4. Operational costs

According to Adhoum and Monser (2004), the primary cost

factors of the EC process include consumptions of energy
and electrode material. And so, operational costs associated
with the use of EC technique for the treatment of HLGW in



Fig. 11 Theoretical dissolution rate calculated for mild steel

when assigning different valence values for Mn.

Fig. 12 Current efficiency for iron and steel electrodes at

different current densities.

Table 7 Operational costs of electrocoagulation process when

using iron and steel electrodes.

Electrode

type

Operational cost factors

Electrical cost ($/

m3)

Material cost ($/

m3)

Total cost ($/

m3)

Iron 0.037 0.06 0.097

Steel 0.014 0.04 0.054
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this study were determined for each electrode type examined
based on dissolution rates and energy consumption.

The process of cost calculation incorporated results

obtained under optimum CDs assigned for each electrode
(Table 6). Based on assigning Jordanian market prices for cost
factors, it was found that using mild steel electrodes demon-

strate lower operational costs (Table 7). This conclusion would
be obtained regardless of pricing systems used; this is because
mild steel electrodes allowed for higher removal efficiency at a

lower CD density when compared with iron electrodes. This
Table 6 Optimum operational conditions assigned in this study for

Electrode type Optimal operational variables assigned

Current density (mA/cm2) Direct current (A)

Iron 10 0.16

Steel 5 0.08
resulted in lower material mass requirement (dissolution) and
lower energy consumption (Table 6).

Results obtained on comparison between iron and mild
steel electrodes for EC treatment of HLGW in this study are
summarized in Table 8. As demonstrated, operational cost is

another criterion in which mild steel is superior to iron as an
electrode material for treatment of HLGW. Better COD
removal and current efficiencies are also obtained when using

mild steel electrodes.
The experimental results show how EC can substantially

improve grey water quality, and due to the compactness and
high optimization amenity of EC, it has good potential for

applications such as decentralized wastewater treatment and
reuse in agriculture and municipal uses like toilet flushing.
Optimization and exploring different electrode characteristics

reflected a substantial reduction in operating costs, this high-
lights the importance of bench scale and pilot testing prior
to application of EC technology. This also shows that materi-

als of almost identical composition can yield significantly dif-
ferent results. This study suggests the need for further testing
of some aspects that were only speculative in this research.
Some specific aspects are suggested including exploring the

impact of alloy and mechanical properties of electrodes on
removal of specific chemical ions, the oxidation states of coag-
ulating metallic ions and hydroxides, and bubble formation

and generation. Exploring these aspects would provide valu-
able insights into the effect of metal properties on the treat-
ment process of GW and can substantially reduce the cost of

the treatment process.

4. Conclusions

In this study, iron and mild steel electrodes were compared for the

treatment of highly loaded grey water (HLGW) using an electrocoag-

ulation technique. The comparison was achieved at different current

densities (5, 10, 15, and 20 mA/cm2) which were applied in the EC reac-

tor for 10 min of reaction time. The results demonstrated that, for both

electrodes, cathodic reactions were dominated at higher applied cur-

rent densities (>10 mA/cm2), while anodic reactions were dominated

at lower applied current densities (<10 mA/cm2). Both electrodes

demonstrated good removal efficiencies of COD and turbidity. The

increasing CD did not substantially improve removal efficiency for

either iron or mild steel but was shown as a driving factor for side reac-

tions that limit current efficiency for both electrodes. However, mild
iron and steel electrodes.

Energy consumption (kWh/m3) Dissolution rate (g/m3)

0.672 111.6

0.254 60.4



Table 8 Summary of results obtained for using iron and steel electrodes under optimal conditions.

Electrode type Performance indicators

COD removal % Turbidity removal % Current efficiency (%) Energy consumption kWh/m3 Operational cost ($/m3)

Iron 85.3 94 95.30 0.672 0.097

Steel 86.5 92 104.02 0.254 0.054
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steel electrodes demonstrated lower operational costs as they required

lower CD (5 mA/cm2) and lower dissolution rate to remove 86.5% of

COD in comparison with iron electrodes which required relatively

higher CD (10 mA/cm2) to remove 85.3% of COD, and thus mild

steel-based electrodes are considered superior to iron electrodes. Both

electrodes showed higher current efficiencies at minimal CD applied,

suggesting that current effects pitting corrosion similarly for both elec-

trodes. The CD affected dissolution rates similarly for both electrodes,

but iron anodes showed higher passivation, which supports that the

physical properties of electrodes were the influencing factor, rather

than the dosage of coagulating species. At optimum conditions, anal-

ysis of operating costs in terms of energy consumptions and electrode

materials requirements were 0.054 $/m3 and 0.097 $ /m3 achieved by

steel and iron electrodes, respectively. The results of this study show

that two electrode materials with almost identical chemical composi-

tions can produce different results. It is speculated that the physical

characteristics of electrode materials, namely surface smoothness,

may had impacted bubble formation and deposition. The study recom-

mends that the effect of mechanical and physical properties of elec-

trode materials and testing different alloys of similar metals should

be further explored as it can reflect a substantial reduction in operating

costs of EC treatment of HLGW, rather than only exploring and inves-

tigating different materials.
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Barıs�çı, S., Turkay, O., 2016. Domestic greywater treatment by

electrocoagulation using hybrid electrode combinations. J. Water

Process Eng. 10, 56–66. https://doi.org/10.1016/j.jwpe.2016.01.015.

Behbahani, M., ALAVI, M. M., & Arami, M. (2011). A comparison

between aluminum and iron electrodes on removal of phosphate

from aqueous solutions by electrocoagulation process. Int. J.

Environ. Res., 5(2):403-412. Doi: 10.22059/IJER.2011.325.

Boinpally, S., Kolla, A., Kainthola, J., Kodali, R., Vemuri, J., 2023. A

state-of-the-art review of the electrocoagulation technology for

wastewater treatment. Water Cycle 4, 26–36. https://doi.org/

10.1016/j.watcyc.2023.01.001.

Boyjoo, Y., Pareek, V.K., Ang, M., 2013. A review of greywater

characteristics and treatment processes. Water Sci. Technol. 67 (7),

1403–1424. https://doi.org/10.2166/wst.2013.675.

Chen, G., 2004. Electrochemical technologies in wastewater treatment.

Sep. Purif. Technol. 38 (1), 11–41. https://doi.org/10.1016/j.

seppur.2003.10.006.

Chen, X., Chen, G., Yue, P.L., 2000. Separation of pollutants from

restaurant wastewater by electrocoagulation. Sep. Purif. Technol.

19 (1), 65–76. https://doi.org/10.1016/S1383-5866(99)00072-6.

Daghrir, R., Gherrou, A., Noel, I., Seyhi, B., 2016. Hybrid Process

combining electrocoagulation, electroreduction, and ozonation

processes for the treatment of grey wastewater in batch mode. J.

Environ. Eng. 142 (5), 04016008. https://doi.org/10.1061/(ASCE)

EE.1943-7870.00010.

Damaraju, M., Bhattacharyya, D., Kurilla, K.K., 2017. Removal of

recalcitrant carbon from an industrial wastewater using electroco-

agulation. Int. J. Civ. Eng. 15, 697–703. https://doi.org/10.1007/

s40999-017-0187-6.

Das, D., Nandi, B.K., 2021. Treatment of iron ore beneficiation plant

process water by electrocoagulation. Arab. J. Chem. 14, (1). https://

doi.org/10.1016/j.arabjc.2020.11.008 102902.

Dixon, A.M., Butler, D., Fewkes, A., 1999. Guidelines for greywater

re-use: Health issues. Water Environ. J. 13 (5), 322–326.

Eriksson, E., Auffarth, K., Henze, M., Ledin, A., 2002. Characteristics

of grey wastewater. Urban Water 4 (1), 85–104. https://doi.org/

10.1016/S1462-0758(01)00064-4.

Eriksson, E., Andersen, H.R., Madsen, T.S., Ledin, A., 2009.

Greywater pollution variability and loadings. Ecol. Eng. 35 (5),

661–669. https://doi.org/10.1016/j.ecoleng.2008.10.015.

Flenner, P., 2007. Carbon Steel Handbook. EPRI, Palo Alto,

CA, 1014670, 15.
Gasmia, A., Elboughdirib, N., Ghernaoutb, D., Hannachia, A.,

Halimb, K.A., Khanf, M.I., 2022. Electrocoagulation process for

removing dyes and chemical oxygen demand from wastewater:

Operational conditions and economic assessment—A review.

Desalination Water Treat 271, 74–107. https://doi.org/10.5004/

dwt.2022.28792.

Ge, J., Qu, J., Lei, P., Liu, H., 2004. New bipolar electrocoagulation–

electroflotation process for the treatment of laundry wastewater.

Sep. Purif. Technol. 36 (1), 33–39. https://doi.org/10.1016/S1383-

5866(03)00150-3.

Giresunlu, E., Baykal, B.B., 2016. A case study of the conversion of

grey water to a flush water source in a Turkish student residence

hall. Water Sci. Technol. Water Supply 16 (6), 1659–1667. https://

doi.org/10.2166/ws.2016.078.

Janpoor, F., Torabian, A., Khatibikamal, V., 2011. Treatment of

laundry waste-water by electrocoagulation. J. Chem. Technol.

Biotechnol. 86 (8), 1113–1120. https://doi.org/10.1002/jctb.2625.

Kabdas�lı, I., Vardar, B., Arslan-Alaton, I., Tünay, O., 2009. Effect of

dye auxiliaries on color and COD removal from simulated reactive

dyebath effluent by electrocoagulation. Chem. Eng. J. 148 (1), 89–

96. https://doi.org/10.1016/j.cej.2008.08.006.

Karichappan, T., Venkatachalam, S., Jeganathan, P.M., 2014. Opti-

mization of electrocoagulation process to treat grey wastewater in

batch mode using response surface methodology. J. Environ.

Health Sci. Eng. 12 (1), 29. https://doi.org/10.1186/2052-336X-12-

29.

Kim, R.H., Lee, S., Jeong, J., Lee, J.H., Kim, Y.K., 2007. Reuse of

greywater and rainwater using fiber filter media and metal

membrane. Desalination 202 (1–3), 326–332. https://doi.org/

10.1016/j.desal.2005.12.071.

Kurt, U., Gonullu, M.T., Ilhan, F., Varinca, K., 2008. Treatment of

domestic wastewater by electrocoagulation in a cell with Fe–Fe

electrodes. Environ. Eng. Sci. 25 (2), 153–162. https://doi.org/

10.1089/ees.2006.0132.

Lakshmi, P.M., Sivashanmugam, P., 2013. Treatment of oil tanning

effluent by electrocoagulation: Influence of ultrasound and hybrid

electrode on COD removal. Sep. Purif. Technol. 116, 378–384.

https://doi.org/10.1016/j.seppur.2013.05.026.

Li, F., Wichmann, K., Otterpohl, R., 2009. Review of the technolog-

ical approaches for grey water treatment and reuses. Sci. Total

Environ. 407 (11), 3439–3449. https://doi.org/10.1016/j.

scitotenv.2009.02.004.

Lin, C.J., Lo, S.L., Kuo, C.Y., Wu, C.H., 2005. Pilot-scale electro-

coagulation with bipolar aluminum electrodes for on-site domestic

greywater reuse. J. Environ. Eng. 131 (3), 491–495. https://doi.org/

10.1061/(ASCE)0733-9372(2005)131:3(491).

Liu, M., Ma, S., Wang, X., Wang, M., Zhao, Y., Yan, Z., Xue, T.,

2022. Effective removal of dissolved silica from white carbon black

wastewater by iron electrode electrocoagulation: Process optimiza-

tion and simulation. J. Water Process Eng. 47,. https://doi.org/

10.1016/j.jwpe.2022.102812 102812.

Mohamed, R.M.S.R., Adnan, M.N., Mohamed, M.A., Kassim, A.H.

M., 2016. Conventional water filter (Sand and Gravel) for ablution

water treatment, reuse potential, and its water savings. J. Sustain.

Dev. 9 (1), 35. https://doi.org/10.5539/jsd.v9n1p35.

Mollah, M.Y., Morkovsky, P., Gomes, J.A., Kesmez, M., Parga, J.,

Cocke, D.L., 2004. Fundamentals, present and future perspectives

of electrocoagulation. J. Hazard. Mater. 114 (1), 199–210. https://

doi.org/10.1016/j.jhazmat.2004.08.009.

Mollah, M.Y.A., Schennach, R., Parga, J.R., Cocke, D.L., 2001.

Electrocoagulation (EC)—science and applications. J. Hazard.

Mater. 84 (1), 29–41. https://doi.org/10.1016/S0304-3894(01)00176-

5.

Mouedhen, G., Feki, M., Wery, M.D.P., Ayedi, H.F., 2008. Behavior

of aluminum electrodes in electrocoagulation process. J. Hazard.

Mater. 150 (1), 124–135. https://doi.org/10.1016/j.

jhazmat.2007.04.090.

https://doi.org/10.1016/j.cej.2012.05.065
https://doi.org/10.1016/j.cej.2012.05.065
https://doi.org/10.1016/j.memsci.2014.11.010
https://doi.org/10.1016/j.memsci.2014.11.010
https://doi.org/10.1021/es902145g
https://doi.org/10.1021/es902145g
https://doi.org/10.1016/j.chemosphere.2022.136668
https://doi.org/10.5004/dwt.2017.21379
https://doi.org/10.1016/j.jwpe.2016.01.015
https://doi.org/10.1016/j.watcyc.2023.01.001
https://doi.org/10.1016/j.watcyc.2023.01.001
https://doi.org/10.2166/wst.2013.675
https://doi.org/10.1016/j.seppur.2003.10.006
https://doi.org/10.1016/j.seppur.2003.10.006
https://doi.org/10.1016/S1383-5866(99)00072-6
https://doi.org/10.1061/(ASCE)EE.1943-7870.00010
https://doi.org/10.1061/(ASCE)EE.1943-7870.00010
https://doi.org/10.1007/s40999-017-0187-6
https://doi.org/10.1007/s40999-017-0187-6
https://doi.org/10.1016/j.arabjc.2020.11.008
https://doi.org/10.1016/j.arabjc.2020.11.008
http://refhub.elsevier.com/S1878-5352(23)00661-5/h0155
http://refhub.elsevier.com/S1878-5352(23)00661-5/h0155
https://doi.org/10.1016/S1462-0758(01)00064-4
https://doi.org/10.1016/S1462-0758(01)00064-4
https://doi.org/10.1016/j.ecoleng.2008.10.015
https://doi.org/10.5004/dwt.2022.28792
https://doi.org/10.5004/dwt.2022.28792
https://doi.org/10.1016/S1383-5866(03)00150-3
https://doi.org/10.1016/S1383-5866(03)00150-3
https://doi.org/10.2166/ws.2016.078
https://doi.org/10.2166/ws.2016.078
https://doi.org/10.1002/jctb.2625
https://doi.org/10.1016/j.cej.2008.08.006
https://doi.org/10.1186/2052-336X-12-29
https://doi.org/10.1186/2052-336X-12-29
https://doi.org/10.1016/j.desal.2005.12.071
https://doi.org/10.1016/j.desal.2005.12.071
https://doi.org/10.1089/ees.2006.0132
https://doi.org/10.1089/ees.2006.0132
https://doi.org/10.1016/j.seppur.2013.05.026
https://doi.org/10.1016/j.scitotenv.2009.02.004
https://doi.org/10.1016/j.scitotenv.2009.02.004
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:3(491)
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:3(491)
https://doi.org/10.1016/j.jwpe.2022.102812
https://doi.org/10.1016/j.jwpe.2022.102812
https://doi.org/10.5539/jsd.v9n1p35
https://doi.org/10.1016/j.jhazmat.2004.08.009
https://doi.org/10.1016/j.jhazmat.2004.08.009
https://doi.org/10.1016/S0304-3894(01)00176-5
https://doi.org/10.1016/S0304-3894(01)00176-5
https://doi.org/10.1016/j.jhazmat.2007.04.090
https://doi.org/10.1016/j.jhazmat.2007.04.090


A comparison between iron and mild steel electrodes 15
Mourad, K.A., Berndtsson, J.C., Berndtsson, R., 2011. Potential fresh

water saving using greywater in toilet flushing in Syria. J. Environ.

Manage. 92 (10), 2447–2453. https://doi.org/10.1016/

j.jenvman.2011.05.004.

Murugananthan, M., Raju, G.B., Prabhakar, S., 2004. Removal of

sulfide, sulfate and sulfite ions by electro coagulation. J. Hazard.

Mater. 109 (1–3), 37–44. https://doi.org/10.1016/j.

jhazmat.2003.12.009.

Nasr, M., Ateia, M., Hassan, K., 2016. Artificial intelligence for

greywater treatment using electrocoagulation process. Sep. Sci.

Technol. 51 (1), 96–105. https://doi.org/10.1080/

01496395.2015.1062399.

Nidheesh, P.V., Scaria, J., Babu, D.S., Kumar, M.S., 2021. An

overview on combined electrocoagulation-degradation processes

for the effective treatment of water and wastewater. Chemosphere

263,. https://doi.org/10.1016/j.chemosphere.2020.127907 127907.

Obi, C.C., Nwabanne, J.T., Igwegbe, C.A., Ohale, P.E., Okpala, C.O.

R., 2022. Multi-characteristic optimization and modeling analysis

of electrocoagulation treatment of abattoir wastewater using iron

electrode pairs. J. Water Process Eng. 49,. https://doi.org/10.1016/j.

jwpe.2022.103136 103136.

Potrich, M.C., Duarte, E.D.S.A., Sikora, M.D.S., Costa da Rocha, R.

D., 2022. Electrocoagulation for nutrients removal in the slaugh-

terhouse wastewater: comparison between iron and aluminum

electrodes treatment. Environ. Technol. 43 (5), 751–765. https://

doi.org/10.1080/09593330.2020.1804464.

Sanchez, M., Rivero, M.J., Ortiz, I., 2010. Photocatalytic oxidation of

grey water over titanium dioxide suspensions. Desalination 262 (1),

141–146. https://doi.org/10.1016/j.desal.2010.05.060.

Shafaei, A., Rezayee, M., Arami, M., Nikazar, M., 2010. Removal of

Mn 2+ ions from synthetic wastewater by electrocoagulation
process. Desalination 260 (1), 23–28. https://doi.org/10.1016/j.

desal.2010.05.006.

Shen, F., Chen, X., Gao, P., Chen, G., 2003. Electrochemical removal

of fluoride ions from industrial wastewater. Chem. Eng. Sci. 58 (3),

987–993. https://doi.org/10.1016/S0009-2509(02)00639-5.

Smith, E., Bani-Melhem, K., 2012. Grey water characterization and

treatment for reuse in an arid environment. Water Sci. Technol. 66,

72–78. https://doi.org/10.2166/wst.2012.167.

Vasudevan, S., Lakshmi, J., Jayaraj, J., Sozhan, G., 2009. Remediation

of phosphate-contaminated water by electrocoagulation with

aluminium, aluminium alloy and mild steel anodes. J. Hazard.

Mater. 164 (2), 1480–1486. https://doi.org/10.1016/j.

jhazmat.2008.09.076.

Wang, Y.H., Lin, S.H., Juang, R.S., 2003. Removal of heavy metal

ions from aqueous solutions using various low-cost adsorbents. J.

Hazard. Mater. 102 (2–3), 291–302. https://doi.org/10.1016/S0304-

3894(03)00218-8.

Xu, L.J., Sheldon, B.W., Larick, D.K., Carawan, R.E., 2002. Recovery

and utilization of useful by-products from egg processing wastew-

ater by electrocoagulation. Poult. Sci. 81 (6), 785–792. https://doi.

org/10.1093/ps/81.6.785.

Yadav, A.K., Singh, L., Mohanty, A., Satya, S., Sreekrishnan, T.R.,

2012. Removal of various pollutants from wastewater by electro-

coagulation using iron and aluminium electrode. Desal. Water

Treat. 46 (1–3), 352–358. https://doi.org/10.1080/

19443994.2012.677560.

Zipf, M.S., Pinheiro, I.G., Conegero, M.G., 2016. Simplified greywater

treatment systems: Slow filters of sand and slate waste followed by

granular activated carbon. J. Environ. Manage. 176, 119–127.

https://doi.org/10.1016/j.jenvman.2016.03.035.

https://doi.org/10.1016/j.jenvman.2011.05.004
https://doi.org/10.1016/j.jenvman.2011.05.004
https://doi.org/10.1016/j.jhazmat.2003.12.009
https://doi.org/10.1016/j.jhazmat.2003.12.009
https://doi.org/10.1080/01496395.2015.1062399
https://doi.org/10.1080/01496395.2015.1062399
https://doi.org/10.1016/j.chemosphere.2020.127907
https://doi.org/10.1016/j.jwpe.2022.103136
https://doi.org/10.1016/j.jwpe.2022.103136
https://doi.org/10.1080/09593330.2020.1804464
https://doi.org/10.1080/09593330.2020.1804464
https://doi.org/10.1016/j.desal.2010.05.060
https://doi.org/10.1016/j.desal.2010.05.006
https://doi.org/10.1016/j.desal.2010.05.006
https://doi.org/10.1016/S0009-2509(02)00639-5
https://doi.org/10.2166/wst.2012.167
https://doi.org/10.1016/j.jhazmat.2008.09.076
https://doi.org/10.1016/j.jhazmat.2008.09.076
https://doi.org/10.1016/S0304-3894(03)00218-8
https://doi.org/10.1016/S0304-3894(03)00218-8
https://doi.org/10.1093/ps/81.6.785
https://doi.org/10.1093/ps/81.6.785
https://doi.org/10.1080/19443994.2012.677560
https://doi.org/10.1080/19443994.2012.677560
https://doi.org/10.1016/j.jenvman.2016.03.035

	A comparison between iron and mild steel electrodes for the treatment of highly loaded grey water using an electrocoagulation technique
	1 Introduction
	2 Materials and methods
	2.1 Grey water collection and sampling criteria
	2.2 Experimental setup and procedure
	2.3 Analytical procedures
	2.4 Description of electrode materials

	3 Results and discussion
	3.1 Characteristics of raw grey water
	3.2 Changes in physiochemical proprieties
	3.2.1 Changes in pH, conductivity, and current stability
	3.2.2 Removal efficiency
	3.2.3 Metal dissolution and current efficiency
	3.2.4 Operational costs


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	References


