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Urea removal using electrocoagulation process with copper and iron electrodes
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ABSTRACT

The ability to remove urea from wastewater was investigated using an electrocoagulation pro-
cess (EC). Two electrodes were examined: iron and copper. Several parameters were investigated
to demonstrate the performance of the system. These parameters include voltage, electrolyte type,
and the gap distance. Results showed that the removal efficiencies reached 40.15% at 6 V for the
copper electrode and 51% at 12 V for the iron electrode, after 90 min. In a comparison of EC with
chemical coagulation, EC was found to perform better. Fourier transform infrared and scanning
electron microscopy were performed to investigate the characteristics of the produced sludge and
the electrode surface. The electric energy consumption for iron and copper electrodes were 112.8
and 32.4 kWh/m?, respectively. Results showed that more iron electrode was consumed than copper

electrode under the same conditions.
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1. Introduction

Urea is present in the ecosystem as a contaminant not
only from wastewater production but from many other
sources, such as leakage from farms, effluent from plants
using it as a raw material, and as a final product of mam-
malian protein metabolism [1,2]. While urea itself has low
toxicity, it decomposes into ammonia and hydrogen, which
can be toxic in natural marine environments. Many tech-
niques have been used to remove urea from wastewater,
including the hydrolysis process, enzymatic decomposition,
adsorbent removal, decomposition by a strong oxidant,
removal by biological treatment, and use of a catalyst [1,3].
Electrochemical oxidation of urea has various advantages
over other techniques, as it does not require the addition
of large amounts of chemicals to wastewater or a supply
of oxygen for the cathode. Furthermore, the production of
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secondary pollution is unlikely to occur, and the system
setup is simple. Because of these benefits, electrocoagula-
tion is considered a better technology than other oxidation
processes [4,5].

The theory behind the electrocoagulation process depends
on destabilizing repulsive forces that keep particles sus-
pended. In addition, the mechanism for removing these par-
ticles from wastewater begins when the flocs have formed
because of the destabilization of repulsive forces, and
these flocs induce the suspended particles to settle out of
solution [4-7].

Throughout the electrocoagulation process, a solution
containing an electrolyte is used as a conductive medium.
Two electrodes are immersed in this solution, and a
direct voltage is applied to the electrodes [4-7]. The elec-
trocoagulation process consists of three main phases:
(i) anode oxidation, (ii) cathode gas bubble formation, and
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(iii) sedimentation and flotation of the generated flocs.
Two reactions occur as soon as an electric current act on
the electrodes: an oxidation reaction occurs at the anode
that generates cations, and reduction reactions occur at
the cathode [4-7]. The cations produced in the oxidation
reactions form metal hydroxides, which are responsible
for the destabilization of suspended solids. At the cathode,
hydrogen gas is generated continuously, leading to particle
flocculation. The floatation or washing out of the pollutants
is achieved by the flocculated particles [4-7]. Charge neu-
tralization, adsorption, or sweep coagulation are considered
other pollutant removal techniques [4-7]. The reactions
occurring at the electrodes during the electrocoagulation are
as follows (where M refers to the metal in the electrodes):

M — M" + ne” for coagulation (at the anode), and 1)
2H,O +2e” — H, + 20H- for flotation (at the cathode) )

Similarly, the urea electro-oxidation reactions occur as
follows [4]:

CO(NH,),(aq) + 60H (aq) = N,(g) + 5SH,0(1) + CO,(g) +
6e (at the anode) 3)

6H,O(1) + 6e- — 3H,(g) + 60H(aq) (at the cathode) (4)
CO(NH,),(aq) + H,O(l) = N,(g) + 3H,(g) + CO,(g) (overall) (5)

Electrocoagulation was able to remove several types of
pollutants from aqueous solutions, such as phenols, heavy
metals, domestic wastewater, industrial wastewater, and
other pollutants [8-11]. Several electrodes can be used as
anodes for the electrocoagulation process, such as alumi-
num, iron, copper, zinc, and titanium [5,10,12,13]. In most
modern literature reviews of the electrochemical treatment
of urea, special attention is given to the use of various types
of anode materials such as boron-doped diamond, nickel,
platinum, ruthenium-titanium oxide, or other boron-doped
electrodes. Studies have investigated the ability of the elec-
trocoagulation process to remove urea from aqueous solu-
tions. When using aluminum and titanium electrodes, the
removal efficiencies were 40% and 59%, respectively [14].
When using zinc electrodes, the removal efficiency was
66% [2]. Since electrocoagulation showed promising results
regarding the ability to reduce the concentration of urea in
aqueous solutions, it is important to further investigate this
process to reach the optimum design that maximizes the
removal efficiency of urea [2,14]. One of the parameters that
widely affects the performance of the electrocoagulation
process is the types of electrodes. Therefore, it is necessary
to investigate the performance of new anode materials for
urea removal. To the best of our knowledge, this research
is the first to investigate iron and copper anodes for the
treatment of urea-contaminated water streams by electro-
coagulation. In this study, tests and experiments were con-
ducted using a bench-scale electrocoagulation cell to study
the removal of urea. The removal rates of urea and pH were
investigated by studying the effects of changing voltage, the
type of the electrolyte, the anode material, and gap distance

between electrodes when the urea is dissolved in the syn-
thetic or real wastewater.

2. Materials and methods
2.1. Characteristics of wastewater

Two wastewater samples were used in this research. The
first sample of synthetic wastewater was created by mix-
ing and dissolving urea (99% purity) and sodium chloride
(99% purity) into distilled water to obtain urea and sodium
chloride concentrations of 1 and 0.40 g/L, respectively.
The second sample was collected from a wastewater treat-
ment plant in Cairo, Egypt. The characteristics of the real
wastewater containing urea are shown in Table 1.

2.2. Electrocoagulation system setup

The experiment was processed in a batch reactor con-
sisting of a glass beaker with magnetic stirring for 90 min
at atmospheric pressure and a temperature of 22°C + 2°C.
A DC power supply (3-12 V) was used to control the electri-
cal current applied to the two electrodes that were parallel
to each other with a gap distance of 4.50 cm. A surface area
of 30 cm? was used for the iron, copper, and stainless steel
(SS) electrodes, and 21 cm? of this area was immersed in the
solution. Stainless steel was used as the cathode material,
and either iron (Fe) or copper (Cu) was used as the anode
material. In order to prevent the shearing of the flocs, the
stirring speed was kept at a low level of 100 rpm. The elec-
trolysis duration period was 5-90 min. Distilled water was
used to wash and clean the electrodes before they were used
to remove any impurities on the surface of the electrodes.
Samples were withdrawn periodically: every 5 min for the
first 20 min of the experiment, then every 10 min for the
40 min following the first 20 min, at 60 min, and finally at
90 min. Filtration of the withdrawn samples was necessary
to remove any sludge formed during electrolysis. All exper-
iments were conducted for each anode type to assess and
examine the effect of changing the spacing between the elec-
trodes from 4.5 to 3 cm, changing electrolyte type, increasing
the surface area of the anode, and finally using the system
with real wastewater for urea removal.

2.3. Analysis

Several analytical measurements were performed on
the influent and effluent to assess the removal treatment of
urea over time: (i) calculating the urea removal efficiency
(percentage) after the process of electrocoagulation accord-
ing to removal efficiency percentage = (C, — C) x 100/C,

Table 1
Characteristics of real wastewater

Parameter Unit Value
pH - 7.68
COD mg/L 150
Urea mg/L 1,000
Total dissolved solids (TDS) mg/L 570
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where C, represents the influent concentration of urea, while
C, represents the effluent concentration of urea; (ii) analy-
sis of the sludge formed using a Fourier-transform infra-
red (FTIR) spectrometer; and (iii) inspection of the anode
morphologies using a scanning electron microscopy (SEM).
Conventional chemical coagulation has been conducted and
was used for a comparative analysis with the electrocoag-
ulation process using jar tests. Copper sulfate and ferric
sulfate were used in chemical coagulation to simulate cop-
per and iron electrodes. Conventional chemical coagula-
tion included flash mixing for 90 s at 100 rpm followed by
a gentle mixing for 20 min at 30 rpm, and a 20 min settling
duration. Samples were then collected for further analysis
[15]. Fig. 1 shows the setup of the electrocoagulation unit.

3. Results and discussion
3.1. Dependence on voltage for the EC process

The voltage applied between the electrodes is respon-
sible for generating hydrogen bubbles, and the accu-
mulation and growth of flocs encourages the electrode
dissociation in order to generate coagulant species [4-7,15].
The performance of the iron and copper electrodes was
analyzed at 3, 6, 9, and 12 V. Fig. 2 shows the variation and
comparison of the urea removal efficiencies vs. the treat-
ment time for the two electrodes at all operational volt-
ages. As presented in these Fig. 2, for all applied voltages,
the rate of urea removal rapidly increased during the first
30 min of the electrocoagulation process for both electrode
types. After 30 min, the desorption phenomenon reduces
the rate of urea removal as well as the removal efficiencies
of the electrocoagulation process. In addition, the presence
of oxide layers on the anode surface causes the passivation
effect, which affects the efficiency of the electrocoagula-
tion process [4-7,15]. These oxide layers form because of
the oxidation reactions. Although the oxidation reaction
encourages the corrosion phenomena, it may also stabilize
the oxide layers on the anode surface. The greatest removal
efficiencies for urea occurred after 90 min with values of
51% at 12 V for iron and 40.15% at 6 V for copper. Thus, the
iron electrode performed better than the copper electrode.
The current efficiencies were found to be 52% and 72% for
iron and copper electrodes, respectively. The applied volt-
age affects the rate at which ions are released in the form
of Cu* or Fe*, which affects the resulting coagulation

rate. Consequently, the metal hydroxide generation rate
increases in the wastewater, leading to an increase in urea
removal efficiencies. The pollutant adsorption phenomena
will also occur on the surfaces of metal hydroxides, oxides,
and oxyhydroxides [4-7,15]. Pollutant reduction may also
occur as a result of the destabilization mechanism, which
consists of three procedures: compression of the double
layer, charge neutralization, and floc formation [4-7,15].
In addition, the production of hydrogen bubbles into solu-
tion helps to remove the pollutants through the flotation
process. Furthermore, increasing the voltage applied to
the anode leads to an increase in the rate of hydrogen bub-
ble production, as well as a reduction in the bubble size.
When the copper electrode was used as an anode, the max-
imum efficiency of urea removal did not occur at the max-
imum voltage. One explanation of this phenomenon might
be that when a higher voltage is applied to the system, the
turbulence of the system increases. When the turbulence
in the system is very high, the process of coagulation is
unstable and the agglomeration of the particles is affected
by this instability, as the particles do not have enough time
to accumulate and remove pollutants. During the electroco-
agulation process, pH values increased slightly for all volt-
ages applied to the system with respect to time. A possible
reason for this pH increase may be the reactions that take
place at the cathode, which are responsible for the formation
of hydroxyl ions and hydrogen bubbles [4-7,15].

3.2. Effect of gap distance between electrodes

The gap distance between electrodes has an import-
ant effect on the electrocoagulation process and affects
the ohmic potential related to the electrocoagulation cell
and energy depletion [4,5]. In this study, the effects of
electrode gap distance were tested at 12 and 6 V for the
iron and copper electrodes, respectively. Fig. 3 illustrates
the urea removal efficiencies at various electrode spacing
intervals (3.0 and 4.5 cm). The higher removal efficien-
cies of urea were obtained at 3.0 cm spacing. The system
configuration may play the most important role in caus-
ing this phenomenon. With a gap distance of 3 c¢m, the
distance between the electrodes is similar to the spacing
value between the electrodes and the beaker walls, and the
similarity of the distances is related to the reactor cross-
section, as a circular reactor was used. Thus, a gap distance

Fig. 1. Setup of electrocoagulation unit.
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Fig. 2. Urea removal efficiencies vs. time at various voltage values: (a) Fe electrode and (b) Cu electrode.
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Fig. 3. Urea removal efficiencies at various electrode spacing for the optimum voltages.

of 3 cm leads to the following: (i) a uniform distribution of
the flocs inside the beaker and (ii) a decrease in floc turbu-
lence (because of the small separation between electrodes)
that might occur through mixing, leading to an increase in
the electrostatic effect that prevents particle collision. The
behavior of the floc formation is reversed with a large spac-
ing, as a strong reduction in floc formation was observed
[7,15-17]. For all spacings, the level of pollutant removal

was similar. For the first 30 min of the experiment, pollutant
removal occurred rapidly, and the removal rate decreased
thereafter. The highest removal efficiencies detected for
urea removal with a gap distance of 3 cm were 49.65% for
the copper electrode and 59% for the iron electrode. The
removal efficiencies when using the copper electrode were
greater than those obtained with the iron electrode, possibly
because the rate of floc generation was higher when using
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the iron electrode. The removal efficiencies demonstrate
that the electrocoagulation process is much better with the
iron electrode than with the copper electrode.

3.3. Influence of changing the surface-area-to-volume ratio

One of the most important factors in the reactor
design for the electrocoagulation process is the ratio of
the immersed electrode surface area to the volume of the
treated solution (S/V ratio) [18-20]. As described in the
literature, there is a direct relation between the S/V ratio
and the current density consumption. The current density
decreases when the S/V ratio increases; therefore, the S/V
parameter has a major effect on the performance of the elec-
trocoagulation process. In this research, an increase in the
S/V ratio was studied by increasing the surface area of the
anode and determining the effect on the efficiency of urea
removal. Surface areas of 30 and 60 cm? were tested. Fig. 4
shows the influence of changing the S/V ratio on the urea
removal efficiency vs. time for the optimum voltage for the
copper and iron electrodes. The highest removal efficiencies
were obtained with an anode surface area of 60 cm? 46.80%
for the copper electrode and 57% for the iron electrode.
The larger anodes may have greater removal efficiency
because a larger surface area motivates electrical transport,
which leads to an increase of the resistance of the electro-
chemical cell. Consequently, urea dissolves more readily,
and the overall removal efficiency of urea increases.

3.4. Influence of electrolyte type on the
electrocoagulation performance

The electrolyte has a major effect on the removal
efficiency of urea. The availability and suitability of an
electrolyte material, as well as its effect on human health,
must be considered. Calcium chloride (CaCl)) and sodium
chloride (NaCl) meet the above-mentioned criteria, as they
are both non-toxic for human health and regularly avail-
able. The major supporting role of the electrolyte during the
electrocoagulation process is to increase the conductivity
of the treated solution. The type of electrolyte also affects

Cu at 6 volt for surface area 60 cm?2

== Cu at 6 volt for surface area 30 cm2
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the generation rate of several oxidants in the treated solu-
tion [21]. To study the effect of electrolyte type on the urea
removal efficiency, two electrolytes were tested: NaCl and
CaCl,. The concentration used for both electrolytes was
0.40 g/L. Fig. 5 shows the removal efficiencies of urea over
time with CaCl, and NaCl at the optimum voltages for each
type of electrodes. A higher removal efficiency with CaCl,
as an electrolyte was observed possibly because CaCl, has
higher conductivity than NaCl, resulting in the improved
chemical dissolution of urea, which encourages electrical
transport in the electrochemical cell. Greater electrical trans-
port increases the electrochemical cell resistance and the
dissolution of urea, ultimately increasing the urea removal
efficiency. Removal efficiencies were found to be 46.16%
and 58.65% for copper and iron electrodes, respectively.

3.5. FTIR spectral analysis for the by-products
from the electrocoagulation process

FTIR spectral analysis was carried out to investigate and
clarify the by-products generated from the electrocoagula-
tion process. For each electrode, two sludge samples were
analyzed using FTIR spectral analysis. Thus, the analysis
was performed on a total of four sludge samples. The first
two sludge samples contained only the electrolyte (blank
sample), and the second two samples contained both the
electrolyte and urea. Figs. 6 and 7 show the FTIR spectral
analysis of the by-products for the blank and urea-contain-
ing sludge samples (obtained at 6 and 12 V using copper
and iron electrodes), respectively. There are differences
between the FTIR spectra for the various sludge sam-
ples. The FTIR spectra of the two blank samples obtained
with different anodes show differences between 400 and
4,000 cm™, proving the presence of dissimilar components.
These dissimilar components occurred as a consequence of
the dissolution of either copper or iron electrodes during the
electrocoagulation process [22]. The spectra for the other two
urea-containing sludge samples show an enormous-ranging
and maximum band between 1,350 and 1,850 cm™ which
occurred again between 2,850 and 3,850 cm™, representing
the presence of an OH group. When the OH group exists,
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Fig. 4. Influence of changing the S/V ratio on the urea removal efficiency vs. time.
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the adsorption of the reverse ions improves throughout
the settling process. Thus, adsorption is one of the removal
methods throughout the electrocoagulation process.

3.6. Investigation of electrode morphologies

The morphologies of the copper and iron electrodes
were investigated before and after the electrocoagulation
process at a voltage of 6 V for copper and 12 V for iron.
Fig. 8 presents the SEM images of the two types of elec-
trodes before and after the electrocoagulation process. For
each of the copper and iron anodes, corrosion occurred
because of the electrocoagulation process, providing evi-
dence for the treatment. The outer surfaces of both types
of anode were investigated using SEM, and cracks and
small voids were observed on the copper electrode surface.

30.00 K’

(c)

Nevertheless, the outer surface of the iron anode was
rough with large voids. The large number of cracks and
voids on the outer surfaces of both electrodes result from
the consumption of the electrode materials on the active
side of the anodes, which is a consequence of the creation
of oxygen at the anode surface [5,22]. The corrosion that
occurred on the surface of the copper electrode was uni-
form, while non-uniform corrosion occurred on the iron
electrode as a result of the surface pitting. Uniform corro-
sion is considered better than non-uniform corrosion
here because it can be predicted more easily.

3.7. Performance of chemical coagulation

We examined the influence of various concentrations
(10-160 g/L) of copper sulfate and ferric sulfate on urea

HV | mag
30.00 kV| 8 000

O] R —
EMRA (Cu

(d)

Fig. 8. SEM image: (a) Fe electrode, (b) Cu electrode prior to the EC process, (c) Fe electrode and (d) Cu electrode following

the EC process.
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removal performance by conventional coagulation meth-
ods. Results were compared with those obtained from the
electrocoagulation process [5,23]. Fig. 9 shows the jar tests
using copper sulfate and ferric sulfate. Fig. 10 shows the
performance of conventional coagulation for urea removal
at various chemical coagulant dosages. When copper sulfate
is used, the urea removal efficiency increased with increas-
ing dosage, indicating better performance than ferric sulfate
for all dosages, except 160 g/L, for which the behavior was
reversed. The highest urea removal efficiency achieved was
70% for ferric sulfate and 58% for copper sulfate when using
an elevated coagulant dose of 160 g/L. The performance
when using copper sulfate as the coagulant was better
than that obtained via the electrocoagulation process, indi-
cating that the electrocoagulation process is less efficient
than chemical coagulation when using a copper anode for
urea treatment. In contrast, results obtained with the iron
anode in the electrocoagulation treatment are better than
those obtained using chemical coagulation at all dosages,
except 160 g/L, where the removal efficiency by chemical
coagulation was much better.

3.8. Performance of EC with real wastewater

In this study, a comparison was conducted with syn-
thetic wastewater using real wastewater for both copper
(at 6 V) and iron (at 12 V) electrodes to study the effect of
the electrocoagulation process with real wastewater. Both
urea and chemical oxygen demand (COD) were measured
for the real wastewater samples. Urea was measured to
facilitate the comparison with synthetic wastewater, while
COD was measured because real wastewater can contain
other pollutants that can compete for the flocs formed and
so affect the efficiency of urea removal. The highest COD
removal efficiencies after 90 min were 25% and 32% for the
copper and iron electrodes, respectively. The COD removal
efficiency was much higher for the iron electrode than the
copper electrode for most of the electrocoagulation process.
Fig. 11 shows urea removal efficiencies vs. time for cop-
per and iron electrodes at optimum voltages when using
real wastewater. The highest rate of urea removal was
achieved with the iron electrode, indicating that the perfor-
mance of the iron electrode is better than that of the copper

(a)

Fig. 9. Jar test using (a) cupric sulfate (pentahydrate) and (b) ferric sulfate hydrate.

electrode for the treatment of urea. The removal efficien-
cies obtained after 90 min were observed to be 32% in the
case of iron and 25% in the case of copper. There are many
reasons for the increase in COD removal efficiency. First,
the metal hydroxide generation rate increases as a result
of the increased metal ion dissolution rate [8,24]. Second,
the pollutant adsorption phenomenon occurs on the sur-
faces of metal hydroxides, oxides, and oxyhydroxides [25-
28]. Third, the quantity of pollutants is reduced when the
production of hydrogen bubbles in the solution increases,
as the bubbles help to remove the pollutants through the
flotation process. During the electrocoagulation process,
pH values increased slightly for all applied voltages with
respect to time, possibly because of reactions at the cath-
ode that transform water into hydroxyl ions and hydrogen
bubbles [29-32]. After 90 min, the pH values for both cop-
per and iron anodes are similar, suggesting that the water
molecule separation occurs equally with both electrodes.
The dissolution of copper produces divalent Cu?* ions that
form the copper hydroxide, the thermodynamically favored
compound at a pH higher than 7. The dissolution of iron
produces Fe*" at pH ranges between 7 and 9. The forma-
tion of these hydroxides is preferred at higher pH values,
and the hydroxides trap colloids/contaminants, remov-
ing them from the treated solution through the settling
process, thereby increasing the rate of COD removal. The
urea removal efficiency in real wastewater may be lower
than in synthetic wastewater because the presence of addi-
tional pollutants can affect the electrocoagulation process.

3.9. Economic evaluation of electrocoagulation process

To optimize the electrocoagulation process, both the
electrical energy cost (EEC) and the consumption of the
electrode material (EMC) should be calculated. EEC can be
calculated using the following equation (Eq. (6)):

) :Ixet

EEC (kWh/m3 (6)

where the current intensity, the cell voltage, the electrolysis
time, and the active volume of the reactor are represented
by I (A), U (V), t (h), and V (m?), respectively. The EEC for

(b)
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Fig. 11. Urea removal efficiencies vs. time for Cu and Fe electrodes at optimum voltages when using real wastewater.

iron and copper electrodes were 112.8 and 32.4 kWh/m?,
respectively. The electrical energy consumption for the cop-
per electrode was lower than that for the iron electrode.
EMC can be obtained using the following equation (Eq. (7)):

MxIxt

BMC (8/m’)= vy

@)

where the molar mass of the electrode, the number of
electrons, and the Faraday constant are represented by
M (g/mol), z, and F (96,500 c/mol), respectively. The values
of electrode consumption at maximum removal were 9.8
and 6.4 g/m® for iron and copper electrodes, respectively.
Thus, a greater mass of iron electrodes was consumed than
of copper electrodes.

4. Conclusions

This study was carried out to evaluate the removal
efficiency of urea using the electrocoagulation process.
This evaluation used two types of anodes: copper and
iron. The obtained results indicated that the iron elec-
trode provides much higher urea removal efficiencies than

the copper electrode. The highest urea removal efficiency
obtained was around 51% at 12 V when using an iron elec-
trode, and 40.15% at 6 V when using a copper electrode.
Higher removal efficiencies were obtained with a gap dis-
tance of 3 cm than with a distance of 4.50 cm. When CaCl,
was used as an electrolyte, removal efficiencies were greater
than those obtained when using NaCl as an electrolyte.
The FTIR spectra of the two samples show that the finger-
prints for the two sludge samples drawn from the elec-
trocoagulation cell for the two anodes were not identical,
providing proof of the presence of dissimilar components.
The morphologies of the copper and iron electrodes were
investigated before and after the electrocoagulation pro-
cess at a voltage of 6 V for copper and 12 V for iron using
the SEM. Corrosion occurred to the anodes because of the
electrocoagulation process, providing evidence of the treat-
ment. The urea removal efficiency using the electrocoagu-
lation process with the iron electrode is much higher than
using conventional chemical coagulation, while the reverse
is true when using copper electrodes. The urea removal effi-
ciency in real wastewater was lower than that obtained in
synthetic wastewater because of the presence of additional
pollutants that can affect the electrocoagulation process.
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