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ABSTRACT

In this study, electrochemical treatment of urban wastewater with electrical conductivity of 1000 uS cm™ and chemical oxy-
gen demand of 250 mg L' was investigated using the variables of initial pH value, current density and flow rate. Elec-
trocoagulation was used, in which aluminum and stainless steel were selected, as the electrochemical treatment process. The
electrocoagulation process was operated in continuous mode. The data obtained in experimental studies show that the best
COD removal efficiency occurred in experiments where the initial pH value was 6. The increase in current density from
5 A to 15 A decreased the removal efficiency from 79 to 67%. The increase in flow rate under constant current density
also reduced the efficiency of removal as expected. In experiments in which current density and flow rate were examined
together, the increase in flow rate allowed the application of higher current densities. This situation led to considerable
reductions in energy consumption values, even if the COD removal efficiency did not significantly increase. The high COD
removal obtained with the use of high flow rate and high current density indicates that the electrocoagulation process can
be used for high flow rate municipal wastewater treatment.
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1. Introduction

Untreated discharge of urban wastewater into the
aqueous environment poses potential risks for
humans, animals and ecosystems due to the content
of chemical and microbiological pollutants. Among
the targets and priorities for 2030 in the United
Nations Sustainable Development Goals (2015) are
the improvement of water quality by reducing the
discharge of hazardous materials and the proportion
of untreated wastewater, and safe reuse of water.
Today, urban wastewaters are discharged into the
receiving environment after they have been treated in
wastewater treatment plants. However, water scarcity
caused by the increase in population and agricultural
and industrial activities has led to the development of
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methods for obtaining safe treated water for use in
irrigation, aquifer feeding and drinking water produc-
tion [1].

Wastewater treatment plants consist of primary,
secondary, and sometimes advanced treatment pro-
cesses with different biological, physical, and chemi-
cal technologies. Nowadays, domestic wastewater
treatment plants around the world use many treat-
ment processes, including conventional activated
sludge treatment, anaerobic-anoxic-oxic (A2/0),
anaerobic-oxic (A/O), sequencing batch reactor
(SBR) and oxidation ditch. The removal efficiency of
a wastewater treatment plant depends on the process
used and also depends on the capacity of the waste-
water treatment plant [2].

Electrocoagulation (EC) has been successfully
employed for treatment of various wastewaters such
as vegetable oil refinery wastewater [3], surfactant
[4,5], food processing [6], semiconductor [7], print-
ing [8], mining [9], heavy metal [10,11], tannery
[12], boron [13], dairy [14], poultry [15], slaughter-
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house [6], pulp and paper mill [16], dye effluent [17]
and arsenic contaminated drinking water [18]. EC
involves in situ generation of coagulants by electro-
lytic oxidation as a result of applying direct current
with an appropriate anode (for example, iron and alu-
minum) [19]. The metal ions generated during EC
form charged metal hydroxide ions and neutral metal
hydroxides The low solubility of these hydroxides,
mainly at pH values in the range of 6.0-7.0, generates
flocs in the wastewater, and pollutants incorporated into
these flocs are removed. The EC process removes pol-
lutants principally by coagulation, adsorption, precip-
itation and flotation [20]. The electrocoagulation
process is influenced by many factors such as the
contact time, current density, initial pH of wastewater
and distance between the electrodes.

Classical activated sludge systems are generally
used in the treatment of domestic wastewater. How-
ever, in addition to the removal of solid and organic
matter, the necessity of removing other inorganic
materials during the treatment process led to the
necessity to develop different treatment methods.
Electrocoagulation is one of these methods.

In this process, metal ions are produced due to the
application of direct current through the metal elec-
trode and these metal ions form metal hydroxides in
the electrochemical cell. In electrocoagulation pro-
cesses, the coagulating species are produced in situ
and the process generally consists of three succes-
sive stages: (i) formation of coagulants by electro-
lytic oxidation of the sacrificial electrode, (ii)
destabilization of the contaminants, particulate sus-
pension and breaking of emulsion, and (iii) aggrega-
tion of the destabilized phases to form flocs [21].

If aluminum is used as the anode electrode, the
reactions given in equations 1-4 occur.

Anode:

Al > Al3+(aq)+ 3e (1)
Cathode:

2H20(|) +2e — Hz(g) + 2OH_(aq) (2)
In the solution (with dissolved oxygen):

Al3+(aq)+ 3H20 e AI(OH)3 + 3H+(aq) (3)
nAl(OH); — Al,(OH)sn 4)

The electrocoagulation technique has some advan-

tages such as shorter reaction time, rapid sedimentation
of electro-generated flocs, less sludge production,
absence or less additional chemicals, simple equip-
ment and easy operation. The objective of this study
is to optimize urban wastewater removal by electro-
coagulation. Aluminum was used as anode material
and stainless steel was used as cathode in the monop-
olar configuration. The effects of initial pH of waste-
water, current density, reaction time and flow rate on
the COD removal efficiency and energy consumption
were investigated.

2. Materials and Method

In the study, domestic wastewaters with weak char-
acteristics were used (Metcalf and Eddy, 2002). COD
was 250 mg L™, while BODs was 175 mg L, sus-
pended solids (SS) were 80-100 mg L™ and 1000-
1050 uS cm™ of electrical conductivity. The experi-
ments were carried out at 15+3°C. In the continu-
ously operated electro-coagulation system, a tubular
reactor with total volume of 500 mL was used. The
reactor consisted of a telescopic stainless-steel cath-
ode with inner diameter of 60 mm and aluminum
anode with outer diameter of 50 mm. A Chroma
brand digitally controlled direct-current power sup-
ply (62024P—40-120 model 0-40V, 1-120A) was
used to supply the required power. A WTW brand
multi-meter was used to adjust pH, conductivity and
temperature of the wastewater at the beginning of the
reaction and to read these values instantly during the
reaction. Total surface area of the plates was
1400 cm? and the distance between the electrodes
was 5 mm. In the experiments, the effect of wastewater
flow rate, initial pH of wastewater and current density
were examined as wastewater treatment parameters.
The experimental system is given in Fig. 1.

Experimental conditions and work intervals are
shown in the table below (Table 1).

Chemical oxygen demand (COD) analyses were
used to examine the parameters affecting the electro-
coagulation process for domestic wastewater treat-
ment. COD analyses were conducted according to the
closed system (reflux) method as specified in the
standard methods [22]. The following equations were
used for calculation of the experimental data [23, 24];

Calculation of treatment efficiencies,

Co 6

Remocal efficiency = x 100 &)
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Anode:

(aluminum)
Al Al +3e

263

In the solution (with dissolved oxygen):
AL, +3H,0 > A(OH), +3H;,,
I nAI(OH), — Al_(OH),,

&5

Cathode:;
(stainless steel)

2H,0+2¢” > H,, +20H,,

DOMESTIC WASTEWATER

Fig. 1. Experimental setup.

Multiparameter

' Continuous Electrocoagulation System

Table 1. Parameters affecting the electro-coagulation process for domestic wastewater treatment.

Parameters Parameter Intervals Constant Variables
Initial pH (pH;) 5-6-7-178 T=15+3°C, 10 A
Current density (A) 5-10-15-20 pH=6, T=15+3°C, 10 mL min'

Flow rate (mL min™)

10, 25, 50, 75, 100

pH=6, T=15+3°C

C, initial pollutant concentration (mg L) and C,
the concentration of the pollutant remaining in the
wastewater at time t (mg L™).

Calculation of energy consumptions

W(kw—h) _ VxIxt

m3 0
W, the value of energy consumption (kW-h m™), I

applied current density (A), V potential difference in

the system (volt), t reaction time (minute), and &total
wastewater volume (m?).

(6)

3. Results and Discussion

Effects of the wastewater initial pH value, flow rate
and current density on COD removal efficiency were
examined in the system.

3.1 Effect of initial pH on COD removal and
energy consumption

pH is a significant operating parameter that influ-
ences performance in electrochemical processes. The
formation and stability of aluminum hydroxyls
during electrolysis, as well as solubility of their prod-

ucts, are primarily dependent on the initial pH of
wastewater. Therefore, initial wastewater pH influ-
ences COD removal in both acid and basic solutions
[25]. Accordingly, the initial pH values of the waste-
water were adjusted to 5, 6, 7 and the natural pH
value (7.8) to examine effect of pH on the removal
efficiency, and the experiments were carried out.
During the experiment, the pH value of the wastewa-
ter was not interfered with from the outside. The pH
of the wastewater changed as a result of electrochem-
ical reactions.

To investigate the effects of these parameters flow
rates of 10, 25, 50, 75 and 100 mL min™' were used
with current density of 10 A. At all pH values, the
effluent water pH values tended to fall with the
increase in flow rate, as seen in Table 2.

In addition, none of the initial pH values exceeded
the final pH 9.5. This shows that the content of
wastewater has buffering properties around pH=9.5.
Under high pH conditions, Ca'? and Mg*? in waste-
water may precipitate together with AI(OH); in the
form of hydroxide, causing a pH drop. It is thought
that this situation is caused by the total hardness of
approximately 150 mg L™ CaCOjs in the wastewater.
Ca*? ions, which have a large share of the total hard-
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Table 2. Change in pH values of effluent depending on flow rate.

Flow rate, mL min

1

Initial pH value 10 25 50 75 100
pHe
5 9.02 8.81 8.58 8.36 8.13
6 9.08 9.01 8.85 8.55 83
7 9.32 9.12 8.94 8.75 8.52
7.8 9.45 9.25 9.05 8.91 8.70
’ 100 =¥=10 mL/min —©~25 mL/min ——50 mL/min

Al(OH); (amorphous)

AI(OH),"

log A" activity
5

pH

Fig. 2. Activity diagram for aluminum depending on the
pH of the environment.

ness, tend to precipitate in the form of CaCO; due to
the following reaction around pH 9-9.5.

2Ca”" +2(HCO;) +20H —2CaCO;+2H,0

The withdrawal of OH- ions from the solution for
CaCO; precipitation caused the pH value to remain at
a certain level. This situation has a similar trend to
studies conducted by various researchers in the litera-
ture [26,27] because when pH >11, Al flocs turn into
soluble Al compounds and cause a decrease in floc
formation. This negatively affects the separation of
pollutants from the wastewater. Thanks to this feature
of domestic wastewater treatment, the electrocoagu-
lation process offers flexible operation in terms of
pH. Fig. 2 shows the distribution of Al species
depending on the pH of the environment [28].

The reason for the decrease in the effluent pH val-
ues due to the increasing flow rate is thought to be the
decrease in residence time of the wastewater in the
reactor linked to the increased flow rate. Therefore,
the decrease in the contact time between the pollutant
and the electrochemically-produced AI(OH); flocs is
an important factor affecting the pH variation. The

| —©—75 mL/min —+—100 mL/min

®©
(=}

N
f=}
T

COD removal efficiency, %
) N
(=] (=]

Initial pH of wastewater

Fig. 3. The change in COD removal efficiencies vs initial
pH as a function of flow rate at 10 A and 15°C.

change of COD removal efficiencies vs initial pH as
function of flow rate is given in Fig. 3.

For all initial pH values, which were investigated
at constant current density, the increase in flow rate
decreased COD removal efficiencies. The reason for
this is that as the flow rate increases, the duration of
the electrical field to which the wastewater is
exposed becomes shorter and the pollutants cannot
be sufficiently oxidized. In addition, the highest
removal efficiencies at all flow rates occur when the
initial pH value of the wastewater is 6-7. When Fig. 2
is examined, the solubility of aluminum is very low
at pH values between 6.5-7.8. In this pH range, where
aluminum has the lowest solubility, it is thought to
provide the fastest COD removal since there is suffi-
cient flocculant in the aquatic environment [29].

The effect of initial pH of wastewater on energy
consumption was investigated at constant current den-
sity of 10 A at all flow rates, and is shown in Fig. 4.

The highest energy consumption value was
obtained at the lowest flow rate (25 mL min™') under
constant current density. This trend is applicable to
all pH values studied, and it is believed that the basic
reason is that the electrical resistance increases
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Fig. 4. The change in energy consumption vs initial pH of
wastewater as a function of flow rate at 10 A and 15°C.

depending on the increased contact time inside the
reactor.

The conductivity of the solution is an important
factor that affects the efficiency and power consump-
tion of EC; the higher the conductivity, the lower the
power consumption of EC [30]. The highest energy
consumption occurred at pH 7.8, which is the natural
pH of the wastewater, at all current densities. This is
an expected result. Concentrated HCI was added to
the wastewaters to obtain pH values below the natu-
ral pH value. This increased the conductivity of the
wastewater. The increased conductivity decreased the
potential difference applied to the system under con-
stant current density. This decrease caused a decrease
in energy consumption values according to Equation
6. Flow rate values of 10 mL min™' were also exam-
ined with respect to energy consumption, but they are
not shown in Fig. 4 because the results were very
high.

3.2 Effect of current density on COD removal and
energy consumption

The applied current density (j) controls the electro-
chemical reactions that occur in solution (electrodis-
solution rate, gas evolution, electroflotation, water
reactions, etc.) as well as their continuation and
kinetics. Consequently, j defines (with the applied
potential) the energy consumption associated with
the operation of the electrochemical process [31].

Experiments were conducted using wastewater
with initial COD concentration of approximately
250 mg L' at the current densities of 5, 10 and 15 A
to investigate the effect of current density on COD
removal efficiency in a continuous system using the
electrocoagulation method. The experiments were

80 180
E
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S =
2 =
575 {120 2
2 2
s 1 90 g
<
2 2
£ 70 160 8
E el
on
2 120 3
o ——COD —¥-EC @
65 : : 0
5 10 15

Current density, A

Fig. 5. The effect of current density on COD removal and
energy consumption, pH= 6, T=15°C, flow rate=10 mL min".

carried out at 10 mL min™ of flow rate and pH=6.
COD removal efficiencies and energy consumption
values at the different current densities are shown in
Fig. 5.

The increase in current density increased the efflu-
ent pH values. Effluent pH of wastewater was
obtained as 8.2 for 5 A, 9.08 for 10 A and 9.21 for 15
A. Increasing the current density increases the
amount of dissolved AI** and causes the pH to rise
faster. In this case, the pH range of 6-7, where the
highest COD removal is achieved, is quickly
exceeded. This means that the produced AI*" ions are
used inefficiently. In this case, the COD removal effi-
ciencies decrease [32]. According to Fig. 5, the high-
est removal efficiency was obtained at 5 A. In Fig. 5,
the COD removal efficiency decreased from 79% to
67% depending on the increase in current density.
This situation contradicts the known theory. How-
ever, examining the event only by considering the
increase in current density will cause an error. In
order to understand the negative effects of increase in
current density on COD efficiency at low flow rate
values, current density, flow rate and electrolyte pH
value should be considered together. Current density
determines the coagulant matter amount electro-
chemically generated in the reactor. The increase in
current density increases the amount of AI*" ions
released per unit time. However, when pH values are
examined carefully, the current densities of 10 and 15
A raised pH values of the effluent above the pH inter-
val that is suitable for AI(OH); formation.

In Fig. 5, the increase in the current density also
increased the energy consumption. According to the
V=I*t equation, the increase in the current density
will mean an increase in the potential difference
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applied to the system, so the energy consumption of
the system increases. The energy consumption values
at pH;=6 were obtained as 33 kW-hm™ at 5 A,
115kW-hm?at 10 A and 175 kW-hm? at 15 A. In
this case, applying high current density to the system
leads to rapid depletion of the electrodes, a decrease
in the removal efficiency and an increase in energy
consumption.

3.3 Effect of flow rate on COD removal and
energy consumption

Contact time is another effective parameter for
COD removal in the electrocoagulation process. In
the electrocoagulation reactor, reactants, electro-
chemical transformation and products occur on the
electrode surfaces. As the wastewater flow rate
increases, the contact time decreases, and the rate of
transport of the reagent to the electrode surface and
the products to the solution increases [33]. Experi-
ments were carried out at different flow rates at cur-
rent density values of 10, 20, 30 and 40 A and
wastewater pH=6, where the best removal results
were obtained, and the results are shown in Fig. 6.

When the initial wastewater pH value is kept con-
stant, the pH value of the effluent increases faster as
the current applied to the system increases. The efflu-
ent pH values were obtained as 7.75, 8, 8.1 and 8.2
for 10, 20, 30 and 40 A, respectively. As seen in Fig.
6, if the flow rate and the current density are
increased together, COD removal efficiencies are
greatly increased. The reason for this is the decrease
in the residence time at high flow rates, but the
increase in the dissolution rate of AI** ions dissolved
at the anode with the increase of the current density
and the more efficient use of the AI(OH); flocs
formed. The current density flowing through the sys-
tem affects not only the removal efficiency, but also
the electricity consumption. The electricity consump-
tion values obtained as a result of the experiments
performed at different current densities and different
flow rates are shown in Fig. 7.

Energy consumption values were calculated with
the help of potential differences occurring when cur-
rent density and flow rate were increased simultane-
ously, and higher energy consumption values occur at
lower flow rates. Energy consumption values
decrease as the flow rate increases, but also increase
as the current density applied to the system increases.
Energy consumption values at different flow rates

100
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COD removal efficiency, %
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Fig. 6. The change in COD removal vs flow rate as
function of current density, pH;=6, T=15°C.
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Fig. 7. The change in energy consumption vs flow rate as
function of current density, pH;=6, T=15°C.

were 67 kW-h m™ at 25 mL min™! for 20 A, 48 kW-h
m at 50 mL min™' for 30 A, 46.67 kW-h m™ at 75
mL min™ for 40 A and 28 kW-h m™ at 100 mL min"'
for 40 A. The obtained experimental data for energy
consumption are shown in Fig. 7.

4. Conclusions

In this study, the usability of the continuous system
electrocoagulation process for domestic wastewater
treatment was investigated. In the study, firstly,
experiments were performed for different flow rates
and different wastewater pHs and it was determined
that the most suitable wastewater initial pH was
around 6. In addition, regardless of wastewater pH,
the pH measured at the system outlet never exceeded
9.5. This provides great flexibility for the treatment
of domestic wastewater with the electrocoagulation
system. At all flow rates studied, the highest removal
efficiencies were obtained in the pH range of 6-7,
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where the solubility of AI(OH); is lowest.

In the studies about the effect of current density on
COD removal efficiency, the increase in the current
density passing through the system at constant flow
rate affected the COD removal efficiency negatively.
The reason for this is that the aluminum produced
cannot be used efficiently since the increase in the
current density increases the amount of dissolved alu-
minum but increases the pH too fast. Besides, it was
determined that the COD removal efficiencies
increase if the current density that passes through the
system is increased together with the flow rate. In
studies about the effect of flow rate on COD removal
efficiency, the highest result was obtained with a flow
rate of 75 mL min under 40 A. It was also observed
that the amount of energy per unit volume of treated
wastewater decreased. For this reason, it is important
to increase the flow rate and current density together,
taking into account the pH values that allow the high-
est floc formation rate to ensure optimum operating
conditions.

One of the biggest problems encountered in the
biological treatment of domestic wastewater is that it
is difficult to treat due to low organic matter content.
As a result of these studies, the domestic wastewater
of enterprises with low flow rate and organic matter
content can be easily treated with a continuous flow
electrocoagulation system instead of large and com-
plex treatment systems that are difficult to operate.
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