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Graphical abstract

Abstract

Discharging wastewater from industries without any
treatment causes environmental pollution and endangers
biotic life. In this study, pollutant removal by
electrocoagulation (EC) process was investigated using
wastewater of the ore processing plant (magnesite
crushing and screening plant). In the EC process, iron-iron
and copper-copper electrodes were used in parallel in the
reactor. Chemical oxygen demand (COD), Sulphate,
Chromium (VI), Nickel, Zinc, Magnesium, and Total
Suspended Solids (TSS) removals were investigated in the
EC process of mineral processing industry wastewater with
the iron electrode. These pollutants were calculated as
%97.6, %95.1, %98.2, %98.1, %97.8, %88.2, and %98.9,
respectively. COD, Sulphate, Chromium (VI), Nickel, Zinc,
Magnesium, and TSS removals in the EC process of mineral
processing industry wastewater with the copper electrode
are %92.8, %94.9, %99.5, %98.7, %96.1, %91.6, and %96.9
respectively.

It has been observed that high removal efficiency can be
achieved by using the electrocoagulation process in the
treatment of ore washing wastewater resulting from the
crushing and screening processes in the Chrome Magnesite
processing plant.

Keywords: Electrocoagulation, magnesite, wastewater,
removal, heavy metal.

1. Introduction

With the emergence of industrial transformation in our
country and all over the world, there have been some
industrial and technological changes and reforms. These
developments have accelerated innovations and
mechanization in every field in order to meet the basic and
other needs of the increasing world population. While
these new technology machines facilitate production, they
also increase the amount of wastewater and the variety of
pollutants. Permanent environmental problems occur as a
result of the discharge of industrial wastewater to receiving
environments without treatment (Oden, 2020).

The concept of heavy metal ions refers to elements with a
specific gravity greater than 5.0, such as transition
elements (Al-Qodah et al., 2017; Costa, 1997). Soils relating
different aged igneous, metamorphic and sedimentary
rocks, having different origins and chemical properties are
exposed, in the Konya residential area (Horasan and Arik,
2019) . Heavy metals such as chromium, copper, and cobalt
are known to be toxic metals for living organisms and are
the most common contaminants for the environment
(James et al., 2006; Vinikour et al., 1980). Pollutants such
as Zinc, Chromium, Nickel and Lead spread to the
environment with the effect of mining and human activities
pose an ecological risk (Horasan, 2020). Potential sources
of these contaminants in industrial wastewater include
metal cleaning and coating baths, pulp, cardboard
factories, petrochemical industries, dyes and pigments,
stormwater drainage, and mining activities (Boujelben et
al., 2009; Kimbrough et al., 1999; Marshal, 1979; Naeem et
al., 2009; Rengaraj and Moon, 2002; Seven ve ark, 2018).
Heavy metals such as mercury, lead, chromium, nickel,
copper, cadmium, and zinc are not biodegradable, highly
toxic, and possibly carcinogenic.

In addition, most of the heavy metal ion salts are very
soluble in aqueous solutions. Accordingly, it is not easy to
separate these ions from aqueous solutions or wastewater
using simple separation processes such as precipitation
(Hussein et al., 2004). Furthermore, since these ions are
persistent in the environment and do not decompose to
form harmless products, it is important to purify and
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remove these toxic ions from all wastewater before being
discharged into the environment (Egila et al., 2011; Sari et
al., 2009). For the removal of heavy metals from aqueous
waste streams, adsorption (Lazaridis et al, 2005),
biosorption (Senthikumar et al., 2010), ion exchange
(Inglezakis et al., 2003), chemical precipitation (Kurniawan
et al., 2006) are used. These treatment technologies
require pH adjustment, high maintenance, high operating
costs, a long operating time, and create large amounts of
sludge, and secondary contamination. Therefore,
alternative methods were needed to overcome and/or
improve some of these problems. Electrochemical
methods: electro acquisition (Bolger et al., 2004),
electrodialysis (Marder et al., 2004), electrodeionization
(Yeon et al., 2003) and various treatment processes such as
electrocoagulation have been proposed due to cost-
effective maintenance and operation, such as high
treatment performance, low sludge formation (Kobya et
al., 2006; Kumar et al., 2004; Lakshmanan et al., 2010). In
the EC process, sheet Al or Fe electrodes are commonly
used for contaminant removal (Gomes et al., 2007; Kumar
etal.,2004). However, these types of electrodes have some
disadvantages due to their low surface area and processing
difficulties (Sik et al., 2015).

Electrochemical methods offer many possibilities for
wastewater treatment. In addition to the oxidation
process, coagulation and precipitation processes can be
used in the removal of targeted micro-pollutants (Udert et
al., 2013). Electrochemical processes for pollution
abatement have been proved viable alternatives or
complementary to biological treatment in some instances,
especially when pollutants are recalcitrant to biological
processing (Stergiopoulos et al., 2013). The method called
electrochemical coagulation, or electrocoagulation, does
not use any chemicals as coagulants. These are produced
by electrode dissolution of a sacrificial anode made of
aluminum or iron during the electrolysis process. Iron and
aluminum electrodes are widely used in the EC process
(Sudrez et al., 2016).

Treatment and improvement of textile wastewater
(Dermentzis et al., 2011), landfill leachates (Kurtoglu
Akkaya and Bilgili, 2020), petroleum wastewater
(Abdelwahab et al., 2009), diesel and biodiesel wastewater
(Chavalparit et al., 2009), bleach (Wang et al., 2009),
slaughterhouse wastewater (Asselin et al., 2008), arsenic or
fluoride-containing wastewater (Hansen et al., 2007),
heavy metal containing wastewater (Adhoum et al., 2004)
and mine water from (Nariyan et al., 2017)
electrocoagulation for purification and improvement has
been successfully carried out. Electrocoagulation is an
effective, reliable, and low-cost method to treat a wide
variety of wastewater contents and is used for the removal
of aqueous solutions containing chemical oxygen demand
(COD), paint, oil, and grease from industrial and domestic
wastewater (Adhoum and Monser, 2004; Hossini and
Rezaee, 2014, ; Rezaee et al., 2012).

In this article, the efficiency achievement of Nickel,
Chromium (VI), Zinc, Magnesium, Sulphate, TSS, and COD
removal with different electrodes, different pH values,
currents, and durations from the raw wastewater

generated in the ore preparation phase (crushing screening
plant) of the Chrome Magnesite plant were investigated.
As a result of the literature reviews, it is important for the
originality of the study, which has not been conducted
before.

2. Materials and methods

2.1. Characterization of crushing screening ore washing
wastewater

The wastewater used in this study was obtained during the
ore preparation phase (crushing and screening plant) of the
Chromium Magnesite plant in Konya province in Turkey
and stored at +4 °C. As a first step, the properties of raw
wastewater were determined. Crushing and screening
plant wastewater characterization is shown in Table 1.

Table 1. Characterization of ore washing wastewater of crushing
screening plant

Parameters Measurement value (mg/L)
pH 8,5
Conductivity, uS/cm 395
COoD 103
Chromium (VI) (Cr6) 10
Boron ( B) 1,21
Nitrate (NO3’) 10,2
Sulfate (S04%) 767
Aluminum (Al) 1,39
Nitrite ( NOy) 2,26
Zinc (Zn) 5,74
Nickel (Ni) 10,3

Contaminant analyzes were performed using the Hach
Lange DR 3900 Spectrophotometer in accordance with
appropriate methods. Other analyzes were performed
according to Standart Methods (APHA, 2017).

2.2. Experimental setup and procedure

Schematics of the experimental equipment for the EC
process are shown in Figure 1. A laboratory-scale EC
reactor was made of Plexiglass 9 cm in diameter and 13 cm
in length. Consisting of an anode and a cathode, iron and
copper electrodes consisting of anode and cathode were
used as altruistic electrodes of 6 cm width, 12 cm height
and 0.1 cm thickness, continuously cleaned with distilled
water. The total effective electrode surface area was fixed
at 150 cm? and the distance between the electrodes was
1.5 cm. In EC experiments, a digital DC power supply with a
current density of 0-30 V / 0-5 A was used (MERVESAN DC
POWER SUPPLY) to apply the current density.

During the EC process, 2 plexiglass reactors were used
simultaneously and the wastewater volumes used are
about 500 mL. A magnetic mixer was used to shake
wastewater at 100 rpm. After EC, the layer formed on the
surface of the electrode was cleaned with pure water and
weighed on the sensitive scale and the electrode losses
were calculated. HCl and NaOH (0.1 N - 1 N) solutions were
used when adjusting the pH in the reactor, and NaCl was
used at the required doses when adjusting the
conductivity. EC experiments were conducted under
conditions of pH 3-8.5, a current density of 10.67-42.67
mA/cm?, and a reaction time of 10-40 minutes. The
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analyses were carried out after each experimental study,
taking supernatant samples at the end of the 60-minute
deposition. Supernatant samples were stored in 50 ml glass
bottles at +4 °C.
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Figure 1. EC Reactor Assembly (1: Power Supply, 2: Anode
Electrode, 3: Cathode Electrode, 4: Reactor, 5: Magnetic mixer)

3. Results and discussion

In the experiments carried out to determine the most
suitable conditions for maximum pollutant removal,
variables such as electrode type, pH, contact time, and
current density were used.

3.1. Effect of different PH values on pollutant removal

By using Fe-Fe and Cu-Cu electrodes, contact time (20 min)
and current density (16 mA / cm?) are kept constant; Nickel,
Chromium (VI), Zinc, Magnesium, Sulphate, TSS, and COD
contaminant removal efficiencies at pH 3, 5, 7 and 8.5
(original pH) values were investigated. Pollutant removal
percentages are given in Figure 2 for the iron electrode and
Figure 3 for the Copper electrode.
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Figure 2. The effect of different pH values on pollutant removal.
Experimental conditions: Fe electrode, Contact time: 20 min,
Current Density 16 mA / cm?

As shown in Figure 2, maximum Nickel and Chromium (VI)
removal efficiencies were %96.02, %98.20 in the use of iron
electrodes at pH 7. Maximum, Zinc, Magnesium, TSS, COD
removal efficiencies were %96.46, %76.24, %96.98, %97.35
at pH 8.5.

As can be seen in Figure 3, in the use of copper electrodes,
Maximum Sulfate removal efficiency was %94.37 at pH 3.
Maximum Nickel, Chromium (VI), Magnesium, TSS and COD
removal efficiencies were %93.59, %98.14, %90.74, %96.43
and %92.85 at pH 8.5. The maximum Zinc removal
efficiency was %88.54 at pH 7. The removal of zinc removal
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efficiency at high pH and high efficiency indicates that
hydroxide precipitation is dominant (Matlock et al., 2002).
The maximum sulfate removal efficiency was %94.97 at pH
5.
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Figure 3. The effect of different pH values on pollutant removal.
Experimental conditions: Cu electrode, Contact time: 20 min,
Current Density 16 mA/cm?

In a study, increases in pollutant removal efficiency were
observed with the increase in pH. Providing high removal
efficiency at high pH indicates that metal ions are removed
mainly by precipitation in the form of hydroxides (Beyazit,
2014). However, the effect of pH on heavy metal ions
removal usually differs according to the particular
application. This effect could depend on the anode used,
type of pollutant, and the reaction mechanism between
them.

It has been determined that the pH value of our raw
wastewater is 8.5, there is no need for an additional
chemical addition, and the optimum pH is 8.5 considering
the maximum pollution removal efficiencies by using the
data of Figures 2 and 3.

3.2. Effect of different current density values on pollutant
removal

Using Fe-Fe and Cu-Cu electrodes, keeping contact time (20
min) and optimum pH 8.5 constant, at different current
densities (10.67 mA/cm?, 16 mA/cm?, 21.3 mA/cm?, 26.67
mA/cm?, 32 mA/cm?, 37.33 mA/cm? and 42.67 mA/cm?)
Nickel, Chromium (VI), Zinc, Magnesium, Sulphate, TSS and
COD pollutant removal efficiencies were investigated.
Pollutant removal percentages are given in Figure 4 for the
iron electrode and Figure 5 for the copper electrode.

As can be seen in Figure 4, in the use of iron electrodes;
Maximum Nickel removal efficiency was %98.14 at a
current density of 21.3 mA/cm?. Maximum Chromium (VI)
removal efficiency was % 97.50 at a current density of
26.67 mA/cm?2. Maximum Zinc and COD removal efficiency
were %88.72 and %97.65 at a current density of 16
mA/cm?. The maximum magnesium removal efficiency was
%86.84 at a current density of 42.67 mA / cm?. Maximum
Sulphate and TSS removal efficiency were %94.37; %98.85
relatively at a current density of 10.67 mA/cm?.
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Figure 4. The effect of different current density values on
pollutant removal. Experimental conditions: Fe electrode,
Contact time: 20 min, pH: 8.5
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Figure 5. The effect of different current density values on
pollutant removal. Experimental conditions: Cu electrode,
Contact time: 20 min, pH: 8.5

As can be seen in Figure 5, in the use of copper electrodes;
Maximum Nickel and Chromium (VI) removal efficiency
were %95.94, %98.94, at a current density of 37.33
mA/cm?2. Maximum Zinc, Sulphate, TSS, and COD removal
efficiency were %96.18, %89.87, %95.53, %67.09 relatively
at a current density of 10.67 mA/cm?2. The maximum
magnesium removal efficiency was obtained as %91.43 at
a current density of 42.67 mA/cm?.

Current density directly affects the rate of coagulant
formation, bubble size, and the formation of large
agglomerates that allow contaminant removal (Wang and
Chou, 2009).

Secondary reactions may occur at high current values and
cause colloids to dissipate (Harif and Adin, 2011). It has
been observed that as the current density increases, the
water in the process heats up, which negatively affects
flocculation. Consequently, and by using the data of Figures
4 and 5. when the maximum pollution removal efficiencies
are taken into consideration, it was determined that the
optimal current density was 16 mA/cm? for the Fe
electrode and 21.3 mA/cm?for the Cu electrode.

3.3. Effect of different time values on pollutant removal

Using Fe-Fe and Cu-Cu electrodes at optimum pH of 8.5,
optimum current density for Fe electrode and different
contact times (0-40 minutes), Nickel, Chromium (VI),
Nickel, Zinc, Magnesium, Sulphate, TSS, and COD removal
efficiencies were examined. As a result of these expenses,
Figures 6 and 7 were created.

As can be seen in Figure 6; Maximum Nickel, Zinc,
Magnesium, TSS removal efficiency were %90.23, %97.80,
%88.24, %96.55 in 40 min contact time. Maximum

Chromium (VI) and Sulphate removal efficiency were
%96.40, %95.15 in 10 min contact time. The maximum COD
removal efficiency was %97.52 in 20 min contact time.

100 .
Q'35— _ s S
£ gp - — T —
g 85 e .
4 80 - —
-
E 75 -
5 70 —
g 65
5 60 -
55
50
0 10 20 30 40 50
Time (Min)
—&— Nickel Chromium (V1) —&— Zinc —=— Magnesium
—#— Sulphate T55 coo

Figure 6. Effect of different contact times on pollutant removal.
Experimental conditions: Fe electrode, pH: 8.5, current density
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Figure 7. Effect of different contact times on pollutant removal.
Experimental conditions: Cu electrode, pH: 8.5, current density
21.3 mA/cm?

As seen in Figure 7; Maximum Nickel and Sulphate removal
efficiency were %98.77, %88.36 in 20 min contact time.
Maximum Chromium (VI), Magnesium, and TSS removal
efficiency were %99.51, %91.67, %96.94 in 40 min contact
time. Maximum Zinc and COD removal efficiency were
%95.83, %81.93 in 10 min contact time.

Considering the maximum impurity removal efficiencies by
using the data of Figures 6 and 7 in the time optimization,
it was determined that the optimal contact time was 20
minutes for the FE electrode and 30 minutes for the Cu
electrode. Sufficient coagulant formation cannot be
achieved when the contact time is kept short. However,
when the contact time is kept long, decreases in efficiency
have been observed due to the deterioration of the flocks.
In a study with Al electrode, similar results were obtained
in COD and Chromium removal efficiency depending on
time (Daniel Villalobos-Lara et al., 2021).

3.4. Comparison of obtained results with literature data

The performance of the EC process depends on various
factors such as current density, type of electrode material
and distance between electrodes, initial pH of the
wastewater, and treatment time. However, the main
factors are current density, reaction time, and pH (Al-
Qodah and Al-Shannag, 2017; Gomes et al., 2007; Kobya et
al., 2011a, 2011b). The initial pH of wastewater is an
important variable and often strongly affects the efficiency
of contaminant removal. During the EC process, the pH
changes, so it mostly refers to the initial pH of the
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wastewater. However, the effect of pH on the removal
efficiency of heavy metals is application-specific (Adhoum
et al., 2004; Basha et al., 2008; Heidmann and Calmano,
2008). It has been shown in the literature that the removal
of heavy metals can be performed at various initial pH
values ranging from 2.4 to 8 (Gomes et al., 2007; Hamdan
and El-Naas, 2014; Kobya et al., 2011a, 2011b; Song et al.,
2016). It has been determined that the pH value of our raw
wastewater is 8.5. On the other hand, the current density
is another important parameter and plays a vital role in EC
performance. The range of density values available varies
and depends on various factors such as the type and
amount of contaminants to be removed from the
wastewater. The results of previous studies show that the
applied current density values vary between 2 and 400A /
m? and the typical values of the current density applied to
remove heavy metal ions are between 4 and 80 mA / cm?
(Al-Qodah and Al-Shannag, 2017; Gomes et al., 2007; Song
et al., 2016). Determined that the optimal current density
Table 2. Comparison of results with previous studies

ALTUNAY et al.

was 16 mA/cm? for the Fe electrode and 21.3 mA/cm? for
the Cu electrode. The last important operating parameter,
the reaction or treatment time, and the efficiency of
removal of contaminants depend significantly on the
reaction time, as coagulant production from the anode
increases with time. The efficiency of pollutant removal
increases with increasing reaction time until it reaches the
maximum value in the optimum reaction time. Many
authors have found that the optimum time values in the
literature for removal of heavy metals are between 10 and
60 minutes (Akbal and Camci, 2010; Gomes et al., 2007;
Hamdan and El-Naas, 2014; Kobya et al., 2015; Song et al.,
2016). Time optimization, it was determined that the
optimal contact time was 20 minutes for the FE electrode
and 30 minutes for the Cu electrode. The results of
previous studies on the removal of COD and heavy metals
in wastewater from the crushing and screening plant using
the EC method are summarized in Table 2.

Water Parameters considered Results
References tvoes Pollutants Electrodes Co Conductivity J H t ENC Re (%)
vP (mg/L) (mS/cm) (mA/cm?) P (min)  (kWh/m3) )
Akbal and 193,
. . 100, 100,
Camci Real Cr, Ni, Cu Fe-Al x 6 526, 4 2A 3 20 - 100
(2012) 335
2960,
325
K k D ! 7
abuket  poar ODCL A2 125, ; 25 8 90 225 %0, 75, 90,
al. (2014) Ni, Zn, Cu 100, 97
145,
91.5
93.2
Al-Shannag ’
Cr, Ni, Zn, elik-Celik 57.6, >97 for all
etal. Real ¢ ¢ 8.9 4 9.56 45 6.25
(2015) Cu X6 20.4, parameters
33.3
475,
Oden and COD, 5983,
) >90 for all
Sari-Erkan Real Color, Cr, Fe-Fe x 2 358, 17.1 - <2 30 -
. parameters
(2018) Ni, Zn 8.1,
149.3
32.350,
Oden COD, Cu, >90 for all
Real . Fe-Al x 2 77.5, 1756 - <9 30 -
(2020) Ni parameters
54.8
A. Daniel
. 14000,
Villalobos- COD, TSS, 70, >90,
Real Al-Al x 6 6000, 50 - 7 40 1.98
Lara et al. Cr, >90
25
(2021)
103,
COD, 767,
SO4%, Cr 10,
. ] Fe-Fe x 2 20- >85 for all
This study Real (V1), Ni, 10.3, 395 - 8.5 -
Cu-Cux 2 30 parameters
Zn, Mg, 5.76,
TSS 48.40,
0.273

4. Conclusions

In this study, the effect of electrode type, electrolysis time,
wastewater pH, and current density on pollutant removal
from the wastewater of the ore processing plant
(magnesite fracking and screening plant) in the

electrocoagulation process with the use of Fe and Cu
electrodes was investigated. As a result of the researches,
it is seen that the variables of current density, electrolysis
time, and pH affect the removal efficiency at the central
level. High pollutant removal efficiencies were obtained
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under optimum conditions. As a result of the experiments,
the following results were obtained:

» Nickel, Chromium (VI), Zinc, Magnesium, Sulphate,
AKM and COD removal efficiencies under optimum
conditions; %96,60, %98,20, %97,80, %88,24,
%95,15, %98,98 and %97,65 on iron electrode;
%98,77, %99,51, %96,18, %91,67, %94,97, %96,94
ve %92,85 on copper electrode.

» The wastewater produced in the crushing and
screening meets the specified direct discharge limit
value of turkey Water Pollution Control Regulation
(COD <80 mg /L, zinc <3 mg/ L, the total chromium
<2 mg/ L) (Environment and Urban Ministry), and in
this experimental study, high COD, TSS, Zinc, the
Chromium removal efficiency was obtained and this
wastewater was made less harmful.

» Electrocoagulation with Iron and Copper electrodes
is a safe, reliable, convenient, and efficient way of
removal. The highest removal efficiency for the
removal of heavy metals such as COD, Sulphate,
Chromium (VI), Nickel, Zinc, Magnesium, and TSS in
the wastewater of the ore processing plant
(magnesite crushing and screening plant) is pH 8.5
foriron electrode, current density of16 mA / cm?, 20
min contact time; for copper electrode, it is pH 8.5,
current density of 21.3 mA / cm?, 30 min contact
time. It has been observed that it is a good
treatment method by achieving pollutant removal
efficiency of over 85% under the optimum
conditions found.

» It is also valuable in that the data obtained are
obtained as a result of real wastewater treatment.
These data will shed light on the treatment of
mining industry wastewater and help design
industrial-type treatment plants.

» The EC process depends on electrical energy
generated from non-renewable sources. This has
disadvantages such as high operating costs and
indirect pollution caused by burning fossil fuels to
generate  electricity. To eliminate these
disadvantages, it is necessary to use sustainable
renewable energy sources such as wind or tidal
energy, photovoltaic modules (Dominguez-Ramos
et al., 2010), or biogas produced from anaerobic
fermentation of waste materials (Fernandes et al.,
2015).

» The anode and cathode are the most important parts
of the EC cell system. However, in most cases, the
anode suffers from rapid consumption and the
electrode undergoes passivation. For this, further
research should be conducted to improve the
performance of both electrodes and to use new
electrode materials containing more cost-effective
electrodes (Fernandes et al., 2015).

» More extensive research is needed in the areas of
process optimization, modeling, scale-up, and
process integration to prove the reliability of this
technology for large-scale wastewater treatment.
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