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Abstract The presence of urea in wastewater can
give rise to many issues, including the proliferation of
algae as a consequence of eutrophication as well as
the discharge of ammonia, which exerts a detrimental
impact on aquatic organisms. To assess the efficacy
of several treatment strategies for lowering urea con-
centrations, this study compared the removing perfor-
mances of electrocoagulation (EC) with those of con-
ducting electrocoagulation and chemical coagulation
in sequence (EC-CC) or vice versa (CC-EC). Many
effective parameters of electrocoagulation have been
studied, such as current density, spacing between
electrodes, electrolyte type, and electrolysis time. A
scanning electron microscope was used to investigate
the electrode morphology, and a Fourier transform
infrared was conducted to analyze the formed sludge.
The electrocoagulation was carried out at its optimum
conditions at 30 A/m?, and the chemical coagulation
was conducted using three types of iron coagulants:
FeSO,, Fe,(S0O,);, and FeCl;. The results showed
insufficient improvement in urea removal for syn-
thetic and domestic wastewater via EC-CC, regardless
of the coagulant type. The urea removal efficiency via
EC-CC improved by less than 0.5% and 5.5% for syn-
thetic and domestic wastewater, respectively. In con-
trast, CC-EC proved a better improvement for urea
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removal for both synthetic and domestic wastewater,
but only for FeCl,. Treatment by CC-EC at 30 A/m?
for 60 min using iron electrodes and 0.5 g/L of FeCl,
resulted in an improvement in the removal efficiency
of urea by about 3.4% and 10.40% for synthetic and
domestic wastewater, respectively. CC-EC achieved
better removal of COD from domestic wastewa-
ter than that achieved by EC-CC by 6%. The results
obtained from the study indicate that the CC-EC
process is a cost-effective method for removing urea
from both synthetic and domestic wastewater.

Keywords Urea removal - Electrocoagulation -
Chemical coagulation - Integrated electrocoagulation
with chemical coagulation

1 Introduction

The conservation of water resources is a significant
challenge in the twenty-first century. The subject at
hand is confronted with a multitude of challenges,
including but not limited to population expansion,
deforestation, accelerated urbanization, industrial
development, and the phenomenon of global cli-
mate change. Freshwater supply and aquatic ecosys-
tems are both severely impacted by water pollution,
and access to clean drinking water is restricted and
under stress these days (Hakizimana et al., 2017).
Microplastics, pharmaceuticals, pesticides, inorganic
anions, heavy metals, and organic compounds are
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all significant contaminants that pose a threat to the
environment and must be eliminated (Dolatabadi &
Ahmadzadeh, 2020; Dolatabadi et al., 2022, 2023;
Jing et al., 2021; Urbariczyk et al., 2016). Hence, it is
imperative to devise effective technologies and strat-
egies for the treatment and control of wastewater to
uphold its quality and enhance its volume on a sig-
nificant scale, all the while ensuring the preservation
of the environment and the promotion of sustainabil-
ity. This includes handling the treatment and manage-
ment of various types of wastewater, such as those
originating from urban, industrial, and agricultural
sources (Dolatabadi et al., 2023; Hakizimana et al.,
2017).

Among the organic compounds present in many
types of wastewater is urea. The extensive use of urea
results in the production of substantial quantities of
urea. Urea exists in the environment by being used as
a raw material in plants and industries, human waste-
water, and leachate from agriculture fields and farms
(Urbariczyk et al., 2016). Urea itself is not toxic,
but its hydrolysis to ammonia causes eutrophica-
tion, which causes damage to marine life (Urbaiczyk
et al., 2016). As part of stricter environmental regu-
lations, it is imperative to reduce urea concentrations
in effluent from wastewater treatment facilities. The
maximum acceptable urea concentration in effluent
is 10 mg/L (Hernlem, 2005). Many techniques have
been applied for urea removal, such as chemical and
electrochemical oxidation, adsorption, hydrolysis
of urea, decomposition by a strong oxidant, biologi-
cal treatment, and catalytic decomposition (El Ghe-
riany et al., 2022; Urbariczyk et al., 2016; Zaher &
Shehata, 2021). According to previous studies, the
electrochemical approach holds promise as it can
oxidize urea even in mild working circumstances
(Cataldo Hernandez et al., 2014; Singla et al., 2017,
2018, 2019; Urbarczyk et al., 2016; Zhang et al.,
2018). Furthermore, harmless gases (N, and CO,) are
the primary products of decomposition. Renewable
energy sources, such as photovoltaic panels, can be
used to power the process, making it environmentally
friendly because electrons are used to oxidize the urea
(Cho et al., 2014; Millan et al., 2021; Perez-Rodri-
guez et al., 2018). Nicolau et al. in 2014, recovered
urea and converted it to power using a urea bioreactor
(GAC-urease) (Nicolau et al., 2014).

Electrocoagulation (EC) is an efficient method
for treating different types of pollutants by forming
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active coagulants that destabilize the suspended and
dissolved pollutants (Gafoor et al., 2020; Moussa
et al., 2017). EC merges the advantages of coagula-
tion, floatation, and electrochemistry, so it is a prom-
ising technology in wastewater treatment (Bajpai
et al., 2022). EC was used for the removal of different
types of pollutants, such as organic and inorganic pol-
lutants, heavy metals, suspended solids, and emerg-
ing contaminants (Dolatabadi et al., 2021; Jing et al.,
2021). Compared to chemical coagulation, electro-
coagulation relies on the in situ generation of coagu-
lant species by passing an electric current through a
sacrificial anode (Hakizimana et al., 2017; Moussa
et al., 2017). In addition, the sludge produced from
the electrocoagulation process is much less than that
produced from chemical coagulation (Moussa et al.,
2017). However, there are some disadvantages to
using electrocoagulation, such as electrode consump-
tion and energy utilization (Shamaei et al., 2018). The
main processes that occurred during the electroco-
agulation process are as follows: (i) oxidation at the
anode; (ii) formation of gas bubbles at the cathode;
(iii) precipitation and floatation of the formed metal
hydroxides (Hakizimana et al., 2017; Mollah et al.,
2004). During applying electric current through the
electrodes, oxidation and reduction reactions occur at
the anode and the cathode, respectively (Hakizimana
et al., 2017; Mollah et al., 2004). The destabilization
of suspended solids depends on the existence of metal
hydroxides formed by the oxidation reactions, which
produce the cations. During electrocoagulation, the
following reactions take place at the electrodes:

1. Fe — Fe*? + 2e~ for coagulation (at the anode)
2. 2H,0 + 2e"— H, + 20H" for flotation (at the
cathode)

Likewise, the electro-oxidation reactions of urea
occur as follows:

3. CO(NH,), (o) + 60H ;o) = Ny (o) + SH,O () +
CO, ) + 6e” (at the anode)

4. 6H,0 ) + 6e™— 3H, ,, + 60H",, (at the cath-
ode)

5. CO(NH,); (o) + HO ) = Ny ) + 3H, () +
CO, () (overall)

The elimination of urea has been investigated
by the implementation of an electrocoagulation
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technique employing various electrode materials
(Mamdouh et al., 2021; Safwat et al., 2020; Safwat
& Matta, 2020). In the year 2020, Safwat and Matta
successfully accomplished a 66% elimination of urea
from synthetic wastewater using zinc as an anode
(Safwat & Matta, 2020). In a study conducted by
Safwat et al. (2020), it was shown that the utilization
of titanium as an anode resulted in a urea removal
efficiency of 59%. Additionally, when aluminum was
employed as the anode, the urea removal efficiency
was observed to be 40% (Safwat et al., 2020). Copper
and iron as anode have been shown to remove 40%
and 51% of urea, respectively, from synthetic waste-
water (Mamdouh et al., 2021). Based on the results
obtained from electrocoagulation investigations con-
ducted on synthetic and domestic wastewater, it is
advisable to enhance the process or integrate it with
complementary treatment techniques to enhance the
efficiency of urea removal.

Many researchers integrated EC with other tech-
nologies in wastewater treatment, and some of them
demonstrated potential cost, energy savings, and
enhanced the removal efficiency such as biological
treatment, chemical coagulation, adsorption, reverse
osmosis, and membrane filtration (Arambarri et al.,
2019; Azerrad et al., 2019; Deveci et al., 2019; Dola-
tabadi et al., 2022; Hussin et al., 2019; Swain et al.,
2020). The combination of electrocoagulation with
chemical coagulation (EC-CC) is an emerging water
treatment process that merges the merits of both elec-
trocoagulation (EC) and chemical coagulation (CC)
techniques (Shamaei et al., 2018). Reducing the sepa-
ration time, better characteristics of sludge, such as
its low water content, and simplifying the process of
dewatering are the gained merits of combining EC
with CC. The economic viability of implementing a
combined electrocoagulation and chemical coagula-
tion (EC-CC) treatment approach for brewery waste-
water has been established based on an analysis of
energy consumption. This is primarily attributed to
the high efficiency of nutrient removal and the result-
ing reduction in expenses associated with sewer dis-
charge (Swain et al., 2020). Therefore, the primary
objective of this research is to examine the efficacy
of employing sequential electrocoagulation (EC) and
chemical coagulation (CC) techniques for the removal
of urea. It is worth noting that this study represents
the first attempt to explore the potential of this combi-
nation for urea removal.

2 Materials and Methods
2.1 Wastewater Samples

A synthetic wastewater sample was made by adding
1 g/L of urea (99% purity) and 0.5 g/L of sodium
chloride (99.50% purity) to 1 L of distilled water. The
second type of wastewater was domestic wastewater
taken from the Benha wastewater treatment plant, and
Table 1 expresses their characteristics.

2.2 Electrocoagulation Reactor Design

Fig. 1 represents the electrocoagulation reactor setup.
The experiment consists of two electrodes submerged
in a 1-L glass beaker containing a magnetic stirrer,
and the electrodes are connected to a power supply of
31 V/5 A. The two electrodes are made of iron with
dimensions of (4 cm X 12.5 cm). The dimensions of
the immersed part of the electrodes are (4 cm X 9
cm). Iron material was used in our study as a result
of its availability, reliability, and nontoxicity (Elaz-
zouzi et al., 2019). The experiment was done in a
batch reactor for 60 min. The first trial of the experi-
ment was done at a gap distance of 3 cm, and then
two further alternative spacings (2 and 4 cm) were
investigated. The stirring speed was set at a modest
level of 100 rpm to avoid shearing the flocs. (Attour
et al., 2014). The electrodes were washed with dis-
tilled water and cleaned before every trial to remove
any impurities from the surface of the electrodes. The
samples were taken at 2, 5, 10, 20, 40, and 60 min
and these samples were filtered to remove any sludge
formed during the process. Current density varia-
tions, spacing between electrodes, electrolyte type,
and electrolysis time have been examined. Using
energy-dispersive X-ray spectroscopy (EDX) to ana-
lyze the anode electrode as shown in Fig. 2.

Table 1 Properties of domestic wastewater

Characteristic Unit Value
pH - 7.80
Conductivity pS/cm 1290
TDS mg/L 778
COD mg/L 560
Urea mg/L 793
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Fig. 1 The configuration of
electrocoagulation experi-
ment

MAGNETIC STIRRER WITH HOT PLATE

1- DC power supply 31V/5A.

2- Magnetic stirrer with hot plate.
3-  Anode (iron).

4- Cathode (iron).

5- Beaker (1 L Pyrex).

6- Magnet Bar.

Fig. 2 EDX for the iron
electrode
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2.3 Chemical Coagulation with Different Types of
Coagulants

To determine the most effective coagulant for urea
elimination, a comparative analysis was conducted
using three different types of iron coagulants. This
analysis involved doing a jar test, which allowed for
the evaluation of each coagulant’s performance and
determining the optimal dosage. An investigation was
conducted to examine the impact of ferrous sulfate,
ferric sulfate, and ferric chloride at concentrations
ranging from 0.1 to 0.5 g/L on the elimination of
urea. The mixing procedure consisted of three stages:
an initial period of quick mixing at 125 rpm for 30 s,
followed by a subsequent stage of mixing at 75 rpm
for a duration of 2 min, and finally, a final stage of
mixing at 25 rpm for a duration of 5 min. After the
mixing process, the reactors were left undisturbed for
a duration of 30 min to facilitate the settling of the
flocs (Swain et al., 2020).

@ Springer

2.4 Electrocoagulation and Post-Chemical
Coagulation (EC-CC)

The experimental setup involved the initial imple-
mentation of the EC process, followed by the appli-
cation of chemical coagulation. The EC involves the
examination of four significant factors, including cur-
rent density, electrode spacing, electrolyte type, and
electrolysis time, with the objective of identifying
the optimal conditions for each parameter variation.
The EC was repeated until the following durations
were reached: 2 min, 5 min, 10 min, 20 min, 40 min,
and 60 min, to determine the optimal time for urea
removal. Following each electrocoagulation process,
a subsequent step involves the application of conven-
tional chemical coagulation. This is achieved through
the addition of an optimal dosage of coagulant, as
determined through the jar test. The optimum dose of
coagulant was determined to be 0.5 g/L of every type
of coagulant, as shown in Fig. 3.
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Fig. 3 Comparison of using different types of coagulant at
various concentrations

2.5 Chemical Coagulation Followed by
Electrocoagulation (CC-EC)

The current configuration involved the first imple-
mentation of the CC procedure, followed by the
subsequent execution of the EC procedure. Both
procedures adhered to the identical sequence of
stages as delineated in the preceding section.

2.6 Analysis

Each experiment was performed twice, and the
analyses were conducted with three replicates. The
results are expressed as mean values. The determi-
nation of urea was done using HPLC. COD was
determined using the closed reflux titrimetric
method. Using a multi-meter to determine pH, TDS,
conductivity, and temperature. Based on the for-
mula: removal efficiency (%) = C"C;C %100, the per-
centage of urea and COD removaol was calculated,
where C, is the influent concentration of urea or
COD and C, is the effluent concentration of urea or
COD. A Fourier-transform infrared (FTIR) spec-
trometer (Bruker VERTEX 80 (Germany) combined
Platinum Diamond ATR, comprising a diamond
disk as that of an internal reflector in the range
4000-400 cm™! with resolution 4 cm™!, refractive
index 2.4) was used to analyze the sludge formed
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Fig. 4 Effect of changing current density on urea removal
(urea conc. = 1000 mg/L, CD=10, 20, 30 A/m?, time=60 min)

during the process and scanning electron micros-
copy (SEM) (JEOL JSM 6510 lv) to inspect the
morphology of the electrode.

3 Results and Discussion
3.1 Effect of Current Density on Urea Removal

The impact of altering current density on the elimina-
tion of urea from synthetic wastewater is presented in
Fig. 4. For all different current densities, there was a
significant increase in urea removal during the initial
phase of the treatment period, followed by a modest
rise during the latter phase of the process. During the
initial phase of the process, the observed augmenta-
tion in the percentage of urea removal can be attrib-
uted to the dissolution of the anode and the subse-
quent formation of gas bubbles because of the applied
current on the anode (Hakizimana et al., 2017; Mollah
et al., 2004). The desorption phenomena in the final
stage of the process significantly influence the level at
which urea is eliminated. Additionally, it is possible
that the presence of a passivation layer on the anode
surface also impacts the rate of urea removal (Haki-
zimana et al., 2017; Mollah et al., 2004). In our inves-
tigation, it was observed that a rise in current den-
sity resulted in an increase in the presence of metal
hydroxides, which can absorb urea, leading to a cor-
responding increase in urea elimination (Hakizimana

@ Springer
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et al., 2017; Shahedi et al., 2020). The maximum urea
elimination rate was observed to be 49.90% at a cur-
rent density of 30 A/m* over a duration of 60 min.

3.2 Effect of Inter-Electrodes Spacing

The electrocoagulation process is significantly
impacted by the gap distance between the electrodes,
which also has an impact on the electrocoagulation
cell’s ohmic potential and energy depletion (Gafoor
et al., 2020; Safwat et al., 2019). The impact of
altering the spacing between the two electrodes on
urea elimination at a current density of 30 A/m? is
depicted in Fig. 5. The maximum elimination of urea
was achieved at 3 cm. The configuration of the sys-
tem may exert the most significant influence on ini-
tiating this phenomenon. The utilization of a circular
reactor results in the 3 cm distance between the elec-
trodes being equivalent to the separation between the
electrodes and the beaker walls. This relationship is
directly linked to the cross-section of the reactor. The
uniformity of spacing at the reactor implies that (i)
the flocs distribution is homogeneous, (ii) minimizing
the flocs disruption that may occur in the case of 2 or
4 cm as a gap distance (Mamdouh et al., 2021; Safwat
et al., 2020). The urea removal efficiency experiences
a decline at the lowest gap distance, primarily due to
the degradation of flocs generated for urea removal by
settling. This degradation is attributed to the collision

60
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50 —&—4 cm
~40+
$
=
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£ 3
«
£
= 20
10
0 T T T T T T
0 10 20 30 40 50 60
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Fig. 5 Effect of changing spacing between the electrodes
on urea removal (urea conc. = 1000 mg/L, CD=30 A/m?,
time=60 min, spacing=2, 3, 4 cm)
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resulting from the heightened electrostatic attraction
(Naje et al., 2017; Nandi & Patel, 2017; Safwat &
Matta, 2020). Furthermore, the electrical resistance
between the electrodes exhibits a positive correla-
tion with the distance between the electrodes (Gafoor
et al., 2020). The optimal urea removal efficiency is
56% when the distance between the electrodes is 3
cm.

3.3 Effect of Electrolyte Type

The assessment of EC efficiency and overall energy
consumption is significantly influenced by the con-
ductivity of the solution. The augmentation in con-
ductivity yields a corresponding enhancement in pol-
Iution removal efficacy while concurrently leading
to a reduction in electricity usage (Nandi & Patel,
2017; Tahreen et al., 2020). The type and concen-
tration of the electrolyte have a major impact on the
conductivity of an aqueous solution (Mahmoud et al.,
2013; Moussa et al., 2017). The elimination effi-
ciency of urea is significantly influenced by the elec-
trolyte (Mamdouh et al., 2021; Safwat et al., 2020).
The investigation focused on two electrolyte types,
namely NaCl and Na,SO,, primarily chosen for their
widespread availability and minimal toxicity (Acha-
rya et al., 2022). Fig. 6 shows the effect of the elec-
trolyte type on the removal of urea using electroco-
agulation. Both forms of electrolytes are present at

60

—&— Nacl
—&—Na,so,
50 H
—~ 40
S
=
-
2 30
2
<
2
= 20+
10 4
0 T T T T T T
0 10 20 30 40 50 60

Time (min)

Fig. 6 Effect of electrolyte type on urea removal (urea conc. =
1000 mg/L, CD=30 A/m?, time=60 min, electrolyte dose=0.5
g/L)



Water Air Soil Pollut (2023) 234:723

Page 7 of 14 723

a concentration of 0.5 g/L in the electrocoagulation
process’s aqueous solution. The elimination of urea
exhibits a positive correlation with time for both NaCl
and Na,SO,; however, NaCl demonstrates the highest
level of accomplished urea removal. The observed
discrepancy in results can be attributed to the greater
conductivity of NaCl compared to Na,SO,, as well as
the presence of chloride ions. These factors contrib-
ute to a reduction in the required voltage for achieving
a certain current density due to the mitigation of the
IR drop (El Gheriany et al., 2022). The experimen-
tal results indicate that the elimination efficiencies of
urea were determined to be 56.05% and 40.20% for
NaCl and Na,SO,, respectively.

3.4 Electrolysis Time Effect

The electrocoagulation treatment time plays a major
role in affecting the removal efficiency of pollutants
(Bajpai et al., 2022). The removal efficiency has a
positive correlation with time until it reaches the opti-
mal electrolysis duration. However, subsequent to this
point, the removal efficiency remains constant due to
the abundance of flocs (Bajpai et al., 2022; Jing et al.,
2021). The experiment involved studying the electro-
coagulation process for a duration of 120 min, utiliz-
ing a current density of 30 A/m?, and maintaining a
3-cm internal distance between the electrodes. Fig. 7
illustrates the influence of electrolysis time on the
elimination of urea from synthetic wastewater. The
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Time (min)

Fig. 7 Effect of electrolysis time on urea removal (urea conc.
= 1000 mg/L, CD=30 A/m?, time=60, 120 min)

maximum elimination efficiency of urea observed
was 60.50% over a duration of 120 min. After a dura-
tion of 60 min, the electrocoagulation process exhib-
ited a marginal increase in the removal efficiency
of urea, rising from 56 to 60.50%. This agrees with
prior research, indicating that the rate of urea oxida-
tion decreases as the electrolysis time increases. This
phenomenon can be related to the sluggish adsorption
of urea on the surface of the electrodes, which sub-
sequently reduces the rate of the anodic reaction and
leads to increased polarization (El Gheriany et al.,
2022). The duration of one hour for treatment may be
deemed significant due to the marginal improvement
in urea elimination observed with an additional hour.

3.5 Characterization of the Formed By-products
Obtained from EC using FTIR

To specify the characteristics of EC sludge, Fourier
transform infrared spectral analysis was performed.
Fig. 8 shows the comparison of the FTIR of the
sludge formed in the absence and presence of urea
through an EC experiment conducted at 30 A/m? for
60 min. The sludge was subjected to filtration using
filter paper and subsequently air-dried for a duration
of 24 h at ambient room temperature, then investi-
gated by FTIR. It is shown that there are significant
differences between the FTIR of the two samples
because of the presence of urea in the second sample.
For the second sample sludge, some bands emphasize
the presence of urea compound groups. The presence
of the OH group is indicated by the significant range
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Fig. 8 FTIR spectral analysis of the by-products
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of frequencies seen between 2800 and 3900 cm™, as
well as between 1400 and 1800 cm™!. The presence
of the OH group confirms the incidence of adsorp-
tion, which is one of the removal mechanisms of urea
(Mamdouh et al., 2021; Safwat et al., 2020). The fre-
quencies of the area between 3300 and 3400 cm™!
belong to the N-H stretching. The C=0 in urea is
shown at a band of 1626 cm™! and the C—N stretch-
ing is shown at 1465 cm™".

3.6 Investigation of the Morphology of Electrode

Fig. 9 shows the SEM images for the iron electrode
before and after the electrocoagulation process which
was conducted at 30 A/m’. The electrocoagulation
process causes corrosion, which ensures the occur-
rence of the treatment. The active side of the anode
electrode creates oxygen at the surface, which con-
sumes the electrode materials and leads to the forma-
tion of large voids (Safwat et al., 2019; Yilmaz Nayir
& Kara, 2018). The electrode surface pitting causes
non-uniform corrosion, which is considered worse
than uniform corrosion because it cannot be predicted
(Mamdoubh et al., 2021).

3.7 Performance of (EC-CC) and (CC-EC) with
Synthetic Wastewater for Removal of Urea

The implementation of CC-EC yielded the high-
est overall efficiency in removing urea from syn-
thetic wastewater, as depicted in Fig. 10. The high-
est recorded efficiency for urea removal was 59.40%

WD14mm SS38 x500 50pm

(a)

“SEl 30kv

when employing chemical coagulation with 0.5 g/L
of FeCl;, followed by a 60-min electrocoagulation
process at 30 A/m% This slight enhancement can be
attributed to the rise in chloride ion concentration,
leading to an augmentation in chlorine current effi-
ciency. In their study conducted in 2022, El Gheriany
et al. observed a positive correlation between chlorine
current efficiency and the rate of urea decomposi-
tion, which in turn influenced the rate of urea oxi-
dation (EI Gheriany et al., 2022). The application of
ferrous sulfate in CC prior to conducting EC yields
reduced results due to diminished conductivity levels.
Moreover, the application of ferric sulfate as a coagu-
lant prior to performing EC results in a reduced rate
of urea removal compared to EC alone, potentially
attributed to the lack of chloride ions. The results of
the implementation of EC-CC indicated that there
was a lack of significant enhancement in urea elimi-
nation for synthetic wastewater, irrespective of the
specific coagulant utilized, as illustrated in Fig. 10.
The insufficient utilization of coagulant dosage may
be the underlying cause for the limited enhancement
in the rate of urea removal.

3.8 Performance of EC-CC/CC-EC with Domestic
Wastewater for Removal Urea and COD

The application of CC-EC demonstrated the most
optimal efficacy in the elimination of urea and COD
from domestic wastewater, as illustrated in Figs. 11
and 12, respectively. The maximum efficiency
observed for the elimination of urea was 39.10%,

(b)

Fig. 9 SEM image: a Fe electrode before the EC process and b Fe electrode after the EC process

@ Springer



Water Air Soil Pollut (2023) 234:723

Page 9 of 14 723

60 4
50 4

40

=

>

g

2304

: ——EC

2 —— EC-CC(FeSO,)
204 —— CC(FeSO,)-EC

——EC-CC(Fe,(SO,);)

104 CC(Fey(SO,),)-EC

0 T T T T T

——EC-CC(FeCly)
—— CC(FeCly)-EC

[ eC
I EC-CC(FeSO,) [ CC(FesO,)-EC
I EC-CC(Fey(80,);)  [] CC(Fey(SO,),)-EC

I EC-CC(FeCly) Il CC(FeCly)-EC
59.4
60 56 56.2 56.4 56.2
53.3
50
40
= 342
S
=}
£
5 30 4
8
204

10

0 10 20 30 40 50

(a) Urea removal within time using
EC, EC-CC, and CC-EC.

Fig. 10 Comparison of using EC only, EC-CC, and CC-EC
for removal of urea from synthetic wastewater (urea conc. =
1000 mg/L, time=60 min, pH=7.80). a Urea removal within

40 4
354
30+
S
<25
s
g
<
5 20
s —e—FEC
S 154 —— EC-CC(FeSO,)
—— CC(FeSO,)-EC
10 4 —— EC-CC(Fe,(SO,);)
—+— CC(Fe,(S0,),)-EC
5 —— EC-CC(FeCly)
—— CC(FeCl,)-EC
0 T T T T T T
0 10 20 30 40 50 60

Time (min)
(a) Urea removal within time using
EC, EC-CC, and CC-EC
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achieved with the application of CC (0.5 g/L of
FeCl;)-EC under the previously determined optimal
conditions. As previously stated, the application of
FeCl; enhances the decomposition of urea because of
the increased efficiency of chlorine current (El Gheri-
any et al., 2022). The addition of FeSO, or Fe,(SO,);
results in a modest improvement, potentially

0L

Treatment type

(b) Urea removal after 60 min of treatment
using EC, EC-CC, and CC-EC.

time using EC, EC-CC, and CC-EC. b Urea removal after 60
min of treatment using EC, EC-CC, and CC-EC

EC

Il EC-CC(FeSO,) [ cC(FeSO,)-EC
[ EC-CC(Fey(SO,);)  [[0] CC(Fey(SO,),)-EC
I EC-CC(FeCly) I CC(FeCly)-EC

391
404 36.8

30.3

Urea removal (%)

Time (min)

(b) Urea removal after 60 min of treatment
using EC, EC-CC, and CC-EC

time using EC, EC-CC, and CC-EC. b Urea removal after 60
min of treatment using EC, EC-CC, and CC-EC

attributable to the augmented conductivity of the
solution after their addition.

The highest achieved efficiency for COD elimi-
nation was 90.18% while employing a CC with a
concentration of 0.5 g/L of ferric chloride prior to a
60-min electrocoagulation process. The COD elimi-
nation performance in the CC-EC studies exhibited
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Fig. 12 Comparison of using EC only, EC-CC, and CC-EC
for removal of COD from domestic wastewater (COD=560
mg/L, time=60 min, pH=7.80). a COD removal using
EC, EC-CC, and CC-EC (coagulant is FeSO,). b COD

a notable enhancement when compared to the earlier
experiments with EC and EC-CC. This demonstration
aligns with prior research endeavors that aimed to
improve the removal of COD from brewery wastewa-
ter (Swain et al., 2020).

3.9 Cost Analysis (Consumption of Electricity, and
Electrodes)

The importance of cost analysis is significant in the
implementation of wastewater treatment procedures.

@ Springer

100

. EC
¢ EC-CC(Fey(SOy)5)
4 CO(Fey(SO,),)-EC
80 %
3 } }
< 60+
: i
e
: i
2
a -
8 40 i )
- [
20
0 T T T T T T
0 2 5 10 20 40 60

Time (min)

(b) COD removal using EC, EC-CC, and
CC-EC (Coagulant is Fex(SOs)3)

-CC(FeSO,) [ CC(FeSO,)-EC
C(Fey(SO,);) [ CC(Fe,(SO,),)-EC
-CC(FeCl,) I CC(FeCl)-EC
100

89.6 90.2

843

80

@
S
N

a
S
L

COD removal (%)

204

Treatment type

(d) COD removal using EC, EC-CC, and
CC-EC after 60 min treatment.

removal using EC, EC-CC, and CC-COD removal using EC,
EC-CC, and CC-EC after 60-min treatment.EC (coagulant is
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The total expenditure associated with EC operations is
mostly dependent on the utilization of electrode mate-
rial and the amount of electrical energy needed for
the treatment procedure (Khadir et al., 2021; Ozyo-
nar et al., 2020). The equations Eq (1) and (2) can be
used to calculate the energy consumption and electrode
material usage.
_Vxixt

Qenergy - T (n
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Mxixt

Qelectrode = VxTxf )

where V = average cell voltage (V), i = applied cur-
rent (A), t = electrolysis time (h), V = volume of
wastewater in EC units (L), M is the molar mass of
the iron electrode (55.845 g/mol), n is the number of
electrons (2 for iron), and f is the Faraday constant
(96,485 °C/mol).

Operating cost =a Qenergy + ﬁ Qelectrode +v Qcoagulant

3)
where a is the cost of the electricity unit ($/kWh),
is the price of the iron electrode ($/kg), y is the coag-
ulant cost ($/kg)’ and Qenergy’ Qelectrode’ and Qcoagulant
are the quantities consumed during the process (per
m> of treated wastewater). Equation (3) was utilized
to determine the treatment’s operating costs.

Fig. 13 illustrates that the operational expenses
associated with EC and EC-CC exhibit a notable
degree of similarity. The utilization of CC-EC as
a treatment method resulted in a maximum urea
removal rate of 59.40% for synthetic wastewater and
39.10% for domestic wastewater. The cost associ-
ated with the CC-EC method is marginally lower
compared to the EC procedure, while also exhib-
iting superior efficacy in terms of urea removal.
These results indicate that the CC-EC method,
when employing ferric chloride as a coagulant,
is the most effective and economical approach for

0.40
EC
Eec-cc (FeSO,)
0.35 4 =] CC-EC (FeSO,)
——] EC-CC (Fe,(SO,),)
[ CC-EC (Fe,(SO,),
0.30 = ec-cc (FeCl,)
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RER
0.10 4 | = B E
i E I
| B B
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0.00 — ]

Type of treatment

(a)

eliminating urea, particularly in terms of domestic
wastewater treatment.

4 Research Limitations

One of the limitations of this work is the absence of
data regarding the concentrations of iron ions in the
effluent. The quantification of ion concentrations in
the effluent was not conducted in this investigation, as
the primary objective of the study was to assess the
efficacy of the EC, EC-CC, and CC-EC methods in
eliminating urea from both synthetic and domestic
wastewaters.

5 Conclusions

This research conducted a comparative analysis of
the efficacy of electrocoagulation, chemical coagula-
tion, and sequential electrocoagulation and chemical
coagulation methods in eliminating urea from both
synthetic and domestic wastewater samples. The
results of this investigation indicate that the utiliza-
tion of CC-EC resulted in the most optimal efficiency
for the removal of urea from both synthetic and
domestic wastewater, with FeCl; being employed as
a coagulant. The maximum urea removal rate using
CC-EC as a treatment procedure was 59.40% for syn-
thetic wastewater and 39.10% for domestic waste-
water. The CC-EC approach has a somewhat lower

0.40 =T
E=leccc (Feso,)
0.35 E= ccEc (Feso,)
E=JEeccC (Fey(S0,),)
=3 ccEC (Fey(s0,),
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Fig. 13 Comparison of operating cost for EC, EC-CC, and CC for removal of urea from a synthetic wastewater and b domestic

wastewater.
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cost in comparison to the EC procedure. Based on
the results, the CC-EC is the most effective and eco-
nomical approach for eliminating urea, particularly in
terms of domestic wastewater treatment. It is advis-
able to augment the coagulant dose in the CC-EC
system to get enhanced effectiveness in urea removal.
However, it is imperative to thoroughly examine the
metal content present in the effluent. Future research
may focus on the assessment of the synergistic effects
achieved by integrating electrocoagulation and
adsorption techniques, with the aim of optimizing the
efficiency of urea removal.
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