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ABSTRACT

Due to the very complex composition of leachate wastewater, combining two or more physical, chemical,
or biological processes, carried out simultaneously or sequentially, is highly needed in order to obtain
effluent suitable for further discharge into sewage. In this paper, electrocoagulation coupled with
synthetic zeolite (EC-NaX), electrocoagulation coupled with ultrasound (EC-US), and two steps
electrocoagulation (EC-1st and EC-2nd) were tested for compost leachate treatment, with very high initial
organic loading and acidic pH. The comparison of each process was done in regard to the following
parameters: pH, electrical conductivity and temperature change, removal percentage of chemical oxygen
demand (COD), turbidity, total solids change, settling ability, and electrode consumption. Results highlight
the EC-NaX as the best option for the treatment of compost leachate, due to the highest removal
percentage of COD (51.91%), satisfactory removal percentage of turbidity (97%), good settling abilities, and
lowest electrode consumption. However, the final COD values in the effluent are still significantly high
for further discharge into sewage systems, thus additional treatment needs to be applied. Also, the final
acidic pH, high values of electrical conductivity, and high temperature of effluent need to be solved in

further treatment steps.
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1.INTRODUCTION

Rapid industrial and technological challenges for today's engineers as the

development during the 20th century brought
a huge number of innovations and benefits for
humanity, but at the same time increased the
negative impact on the environment, which
has recently become a global problem. With
the entry into the 21st century, technological
investigation connected with the reduction of
the emission of harmful substances into the
environment is intensified. These
investigations are also conducted with the
purpose to harmonize the preservation and
protection of the environment with further
industrial development. Wastewater
treatment has become one of the biggest

legislative regulations are becoming stricter
and require very low concentrations of
harmful substances in wastewater
discharged into the environment. Therefore,
there is an increased interest in the
development of technological solutions that
will provide us with the most effective, fastest,
most economical, and environmentally
friendly way to treat wastewater [1,2].
Electrocoagulation is well known as a
promising polishing step in wastewater
treatment [3]. Due to its simplicity,
accessibility, efficiency, shortness
considering the consumed time, and low

Journal of Sustainable Technology and Materials 1



Vukojevic
Medvidovic et al.

Comparison of electrocoagulation coupled with synthetic zeolite, ultrasound and
two steps electrocoagulation

production of sludge, the electrocoagulation
process is potentially one of the most cost-
effective wastewater treatment procedures
[4,5]. Electrocoagulation is carried out in an
electrochemical reactor (cell) equipped with
electrodes (at least one anode and cathode),
and by introducing direct current into the
aqueous medium. The electrocoagulation
process consists of destabilizing suspension,
emulsion, or dissolved contaminants using
three different mechanisms: electrochemical
reactions, coagulation, and flotation [6,7]. In
the process of electrocoagulation, aluminum
and iron electrodes are most often used due to
their relatively low price, easy availability,
and high efficiency in removing harmful
substances. Various studies have shown
higher efficiency of aluminum electrodes in
the removal of dissolved harmful organic
substances compared to other electrodes [8].
However, due to the increased complexity of
the composition of produced wastewater, the
application of EC as a stand-alone is not
enough to obtain effluent suitable for further
discharge into sewage. Recently, efforts are
being made to develop hybrid or combined
processes, which combine EC with other
physical, chemical, or biological processes,
carried out simultaneously or sequentially
(one after the other), in order to overcome the
limitations of individual processes [9,10]. An
example of such a  process is
electrocoagulation in combination with
zeolite [11,12]. Zeolites are alumosilicates,
which can be found in nature or synthesized
in laboratory conditions, by simulating
hydrothermal processes using elevated
temperature or pressure and using natural
raw materials and/or synthetic silicates.
Zeolite poses good adsorption, ion exchange,
and catalytic properties, or can be used as
molecular sieves [13]. Combined
electrocoagulation with zeolite (performed
simultaneously and sequentially) has been
investigated recently for the treatment of
landfill leachate [14-16], gold mine effluents
[12], municipal wastewater [17], and middle-
loaded compost leachate [18,19]. Results
confirm enhanced removal of COD,
ammonium, turbidity, and better settling
ability by using combined EC with zeolite
addition.

Another example of a combined EC process is
electrocoagulation and ultrasound, which
combine coagulation, flocculation, and
flotation  with  ultrasonic  cavitation.
According to Hassani et al. [20], synergistic
effects are obtained by improving the physical
and chemical changes in the aqueous
solution. Sound waves generate pressure
fluctuation that leads to enhanced generation
of reactive oxygen species and hydroxyl
radicals, which results in enhanced
mineralization of organic substances [20-22].
Electrocoagulation performed in two steps
(sequentially, one after another) is not found
in literature, even this feature can be very
efficient for the treatment of highly polluted
wastewater. Thus, in this paper, three
different combinations of EC processes
discussed previously were compared for
compost leachate treatment with a very high
initial organic load and acidic pH. To the best
of our knowledge, no such investigation has
been performed or published previously.
Electrocoagulation coupled with synthetic
zeolite (EC-NaX) and electrocoagulation
coupled with ultrasound (EC-US) is performed
simultaneously, while two steps of
electrocoagulation (EC-1st and EC-2nd) are
performed sequentially. A comparison was
based on measuring the following
parameters: pH values, electrical conductivity,
temperature, chemical oxygen demand,
turbidity, total solids, settling test, and
electrode consumption.

2. EXPERIMENTAL SECTION

2.1 Materials

Compost leachate was collected during the
composting of biowaste in the "C-
EcoForHome" composter with the use of
"Compost Help" anaerobic microorganisms.
After the anaerobic composting was
completed, in the leachate the pH value,
electrical conductivity, chemical oxygen
consumption (COD), and turbidity were
determined, according to the Standard Water
and Wastewater Testing Methods [23].
Compost leachate is characterized by acidic
pH=4.03, very high organic load (initial COD
equals 10427.6 mg 0,/L), a very high electrical
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conductivity of 3.54 mS/cm, and turbidity of
397 NTU.

Electrode material: The electrodes (cathode
and anode) for the electrocoagulation process
are made of aluminum alloy AA 2007 series
2000, in which the main alloying element is
copper (Al=92.58%, Cu=3.84%).

Synthetic zeolite: The synthetic zeolite
purchased from Sigma-Aldrich belonged to
the NaX zeolite type with r sya = 1.23. The
zeolite was crushed and sieved into
granulations of NaX particles of 160-600 pm.

2.2. Performance of coupled
electrocoagulation process

Three different coupled electrocoagulation
processes were used for compost leachate
treatment: electrocoagulation coupled with
synthetic zeolite (EC-NaX), electrocoagulation
coupled with ultrasound (EC-US), and two
steps of electrocoagulation (EC-1st and EC-
2nd). EC-NaX and EC-US are performed
simultaneously, while two steps of
electrocoagulation (EC-1st and EC-2nd) are
performed sequentially.

Electrocoagulation coupled with synthetic
zeolite (EC-NaX) was carried out in a 350 mL
of electrochemical cell, with immersed
electrodes and with the addition of 20 g/L NaX
zeolite, without adjusting the initial pH of the

solution and without the addition of
electrolyte. Distance between electrodes was
maintained at 3 cm and a mixing speed of 100
rpm. The applied current density values were
7=0.018 A/m? and the working time was 30
min.

In two steps of electrocoagulation (EC-1st and
EC-2nd), EC-1st was carried out for 30 minutes
under the same conditions previously
described but without the addition of zeolite.
In the EC-2nd, the volume of 230 mlL of
solution after the EC-1st with adjustment of
initial pH at 6.8 by adding 0.1 mol/1 NaOH, was
treated again by electrocoagulation for 30
minutes under the same conditions as EC-1st.
The efficiency of removal was determined
after the first stage and after the second stage.
Electrocoagulation coupled with ultrasound
(EC-US) was performed by immersing the
electrochemical cell into an ultrasonic bath
Asonic Pro, with a reservoir capacity of 3.2 L,
which was filled with deionized water. During
the electrocoagulation process, a 40 kHz
ultrasound was performed. The process of
electrocoagulation was carried out for 30
minutes under the same conditions
previously described but without the addition
of zeolite. Experiments labeling and working
conditions are summarized in Table 1.

Table 1. Experiments in labeling and working conditions

Experiments Working conditions
labeling Al electrode, ¢ =30 min, electrode distance = 3 cm, mixing speed =100 rpm
EC-NaX EC-NaX (160-600 pm), 7= 0.018 A/m? NaX addition=20 g/L, without pH adjustment
EC-1st EC -1st step, 7= 0.018 A/m? without pH adjustment
EC-2nd EC-2nd step 7= 0.018 A/m?, pH adjusted at 6.8
EC-US US-40 kHz, 7= 0.018 A/m? without pH adjustment
During each process, continuous (anode and cathode) on analytical balance

measurements of pH, electrical conductivity,
and temperature were performed, while the
COD, turbidity, and total solids (TS) were
determined at the beginning and at the end of
each experiment. All parameters were
determined according to Standard Methods of
Water and Wastewater Analysis [23]. After the
implementation of coupled EC process, the
settling test was conducted according to
Kynch. Also, the electrode consumption was
determined by weighing of both electrodes

before and after each experiment.
3. RESULT AND DISCUSSION

3.1. Analysis of pH, electrical conductivity,
and temperature during coupled EC
processes

3.1.1. Analysis of pH

The results of the pH values, monitored during
the coupled electrocoagulation processes are
shown in Figure 1.
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electrical resistance of the solution is,
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Figure 1. Change of pH value during ) 3
electrocoagulation coupled with synthetic
zeolite (EC-NaX), electrocoagulation coupled 2 . .
with ultrasound (EC-US), and two steps of 0 10 20 30
¢, min

electrocoagulation (EC-1st and EC-2nd)

The Initial pH value of compost leachate was
4.03. Small continuous increases in pH values
were observed during EC-1st and EC-US, while
a slightly higher increase is observed in EC-
NaX. An increase in pH values during the EC
process is expected due to anode dissolution
and the water reduction at the cathode, with
the formation of hydrogen gas and OH" ions,
which raise the pH of the solution [4,5].
However, the final pH value of the solution
reaches only 4.65, 4.71, and 5.83 for EC-1st, EC-
US, and EC-NaX processes, respectively.
Namely, during the EC process, the pH rise of
the solution usually reaches a higher pH value
(minimum 8) [17-19]. The reason for obtaining
the lower pH value in this study can be
attributed to the complex composition of the
initial compost leachate solution, which
practically acts like a buffer. This was
confirmed by adding an additional amount of
sodium hydroxide to the initial compost
leachate solution before the second step
process (EC-2nd), due to which initial pH
reached the value of 6.8. The final pH value
after EC-2nd was 8.62.

3.1.2. Analysis of electrical conductivity
Changes in the value of electrical conductivity
of the solution monitored during the coupled
electrocoagulation processes are shown in
Figure 2.

For the EC process, the higher conductivity of
the solution is an advantage, since the

Figure 2. Change in electrical conductivity,
expressed in mS/cm, during electrocoagulation
coupled with synthetic zeolite (EC-NaX),
electrocoagulation coupled with ultrasound (EC-
US), and two steps electrocoagulation (EC-1st
and EC-2nd)

Observing the experimental data, the initial
values of the electrical conductivity of
compost leachate equals 3.54 mS/cm.
However, the slightly higher initial value of
electrical conductivity of the solution is
observed at EC-2nd (4.09 mS/cm), due to the
addition of the higher amount of OH ions and
increasing the initial pH values to 6.8. After 2
minutes, a slight increase of electrical
conductivity is observed with experiments
EC-1st, EC-2™, and EC-US, followed by a slight
decrease. In the experiment with the addition
of zeolite (EC-NaX), values of electrical
conductivity are oscillating with a slight
downward trend. The decreasing trend of
electrical conductivity observed at all coupled
EC processes can be attributed to the removal
of organic particles from the solution.

3.1.3. Analysis of temperature

The results of the temperature change during
the implementation of the coupled
electrocoagulation processes are shown in
Figure 3.

Temperature  affects the speed of
electrochemical reactions and the formation
of flocs, the solubility of metal hydroxides, as
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well as conductivity of the solution during the
electrocoagulation process [5,24]. From the
obtained results, a continuous increase in
temperature up to cca 33 °C during two steps
EC process (EC-1st and EC-2nd) is observed.

45
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5 35
s
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Figure 3. Temperature change during

electrocoagulation coupled with synthetic
zeolite (EC-NaX), electrocoagulation coupled
with ultrasound (EC-US), and two steps of
electrocoagulation (EC-1st and EC-2nd)
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However, a significantly higher temperature
increase is evident with EC-NaX and EC-US,
reaching values of 41.6 and 422 °C,
respectively. For EC-NaX, the temperature
increase is probably connected with higher
electrode consumption (see Figure 8) and
higher removal percentage of COD (51.91%),
and turbidity removal (97%). In the case of EC-
US, a higher increase in solution temperature
can be also the result of the influence of US-
bath temperature. Thus, the temperature is a
parameter that should be taken into account,
as the too high temperature of the final
effluent can cause thermal pollution.

3.2. Removal efficiency analysis

3.2.1. Analysis of chemical oxygen demand
Removal efficiency is a critical factor that
contributes to the decision-making process
on whether to use a combined process or to
use the two-step EC process alone. The results
of the values of chemical oxygen demand
(COD) for each coupled electrocoagulation
process are presented in Figure 4.

100

80

60

40

COD removal, %

20

0 [ |
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EC-2nd
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Figure 4. COD values in final solution (a) and COD removal efficiency (b) for electrocoagulation
coupled with synthetic zeolite (EC-NaX), electrocoagulation coupled with ultrasound (EC-US),
and two steps electrocoagulation (EC-1st and EC-2nd)

The COD value in the initial sample reaches
over 10000 mg Oy/L, which indicates a very
high total organic loading of compost
leachate. From Figure 4, it is evident that the
best removal efficiency was obtained with EC-
NaX (51.91%), indicating that the addition of
zeolite significantly improved the EC process.
By carrying out the two-stage process without
the addition of zeolite, lower removal
percentages were obtained in the 1st stage

(only 14.50%). However, the removal
percentage in the second stage equals 41.07%,
while the total removal percentage of 1st and
2nd gives values of 49.62%, which almost
approach the removal percentage of EC-NaX.
This indicates a positive effect of conducting
the electrocoagulation procedure in two
stages. COD removal efficiency obtained by
EC-US is not so high (only 17.56%), and it is
almost the same order of magnitude as EC-1st
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stand-alone. According to Asgharian et al [22],
the removal of humic acid by EC and US
achieves decreasing removal efficiency
compared to the EC process alone. This
behavior was explained by the fact that the EC
process produces clusters of humic acid
which can be easily decanted or destroyed
while the US waves seem to disrupt the
clusters and the coagulated humic acid
dissolves again and returns to the solution.

Among coupled EC processes, the following
COD removal sequence can be obtained: EC-

30
25
20
15

Turbidity, NTU

10
5
0 [ [

EC-NaX EC-1st EC-2nd EC-US EC-1st+
EC-2nd

a)

Turbidity removal, %

NaX > EC-1st + EC-2nd > EC-US. However, the
final COD values are still significantly high for
further discharge into sewage systems, which
indicates that coupled EC processes are more
applicable for compost leachate with lower
total organic loading.

3.2.2. Analysis of turbidity

The results of measuring the turbidity of the
composting leachate before and after the
application of coupled electrocoagulation
processes are shown graphically in Figure 5.
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Figure 5. Turbidity values in final solution (a) and turbidity removal efficiency (b) for
electrocoagulation coupled with synthetic zeolite (EC-NaX), electrocoagulation coupled with
ultrasound (EC-US), and two steps electrocoagulation (EC-1st and EC-2nd)

The turbidity value in the initial sample
reaches 397 NTU, which indicates general
contamination with suspended, colloidal and
dissolved organic matter in compost leachate.
Application of all three different treatment
systems leads to high percentages of turbidity
removal, in the range of 89.54-99.32%. The
highest percentage of turbidity removal was
recorded using a two-stage electrocoagulation
process where the total removal percentage
equals 99.32%, an almost clear solution was
obtained after the second stage (turbidity in
the final solution equals 2.71 NTU).
Individually, the removal percentage after EC-
1st is 93.48%, while after EC-2nd is 89.54%. A
very high removal percentage is obtained
with EC-NaX reaching 97%, which indicates a
positive effect of combining NaX zeolite and
EC compare to single EC-1st. The use of
ultrasound (EC-US) also leads to very high
percentages of turbidity removal of 94.31%.
Among coupled EC processes, the following
turbidity removal percentage sequence is
obtained: EC-1st + EC-2nd >EC-NaX > EC-US.

3.3. Analysis of the total solids

The results of the total solids (TS) measured in
the compost leachate before and after the
application of coupled electrocoagulation
processes are shown graphically in Figure 6.

12

TS, g/L

0
Initial EC-NaX  EC-1st EC-2nd EC-US

Figure 6. Comparison of TS in initial solution
and solution after application  of
electrocoagulation coupled with synthetic
zeolite (EC-NaX), electrocoagulation coupled
with ultrasound (EC-US), and two steps
electrocoagulation (EC-1st and EC-2nd)
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The TS value in the initial sample reaches
10.33 g/L, while its values in solution after the
application of coupled electrocoagulation
processes are slightly oscillating from the
lowest of 9.9 g/L to the highest value of 11.99
g/L. The lowest value of TS in solution was
obtained with the EC-NaX and EC-2™ as
stand-alone, while slightly higher is obtained
with  electrocoagulation coupled with
ultrasound (EC-1st and EC-US). This can be
connected with lower COD removal obtained
with EC-1st and EC-US, due to which most of
the total solids are retained in the solution.

3.4. Settling test

The results of the settling test in compost
leachate after the application of coupled
electrocoagulation processes are shown
graphically in Figure 7.

18

hr,cm

—o—EC-NaX
—®—EC-1st
—O—EC-2nd

——EC-US

S N A~ N

0 5 10 15 2 25 30
t, min
Figure 7. Results of settling test after application
of electrocoagulation coupled with synthetic
zeolite (EC-NaX), electrocoagulation coupled
with ultrasound (EC-US), and two steps of
electrocoagulation (EC-1st and EC-2nd)

It can be seen that after the application of
electrocoagulation coupled with ultrasound
(EC-US) and two steps of electrocoagulation
(EC-1st and EC-2nd), there was no settling of
particles, ie. the height of the settling column
remained unchanged throughout the 30
minutes of the experiment. According to Al-
Qodah and Al-Shannag [25], the application of
ultrasound energy can cause possible
destruction of the formed colloidal hydroxides
and the formed adsorption layer on the
surface of the colloidal particles which can

negatively influence settling abilities. In the
case of two steps electrocoagulation (EC-1st
and EC-2nd), probably insufficient coagulant
dosages of aluminium occur which leads to
the formation of products contaminated with
other structures, such as residues of non-
coagulated pollutants, and residues of
‘unused’ stable micelles {Al(OH)s}, or their
destabilization products, which have a
negative impact on the settling properties [26].
However, after the application of
electrocoagulation coupled with synthetic
zeolite (EC-NaX), good settling was observed
(the height of the column is decreasing
compared to the initial value), which confirms
that the addition of NaX zeolite significantly
improves the settling ability of suspension,
which is very important in the practical
application of any EC process.

3.5. Electrode consumption analysis

The consumption of electrodes during the
experiment was determined by weighing the
anode and cathode before and after the
electrocoagulation process, and the difference
was calculated. The results of the electrode
consumption after the application of coupled

electrocoagulation processes are shown
graphically in Figure 8.
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Figure 8. Results of cathode and anode
electrode consumption after application
electrocoagulation coupled with synthetic
zeolite (EC-NaX), electrocoagulation coupled
with ultrasound (EC-US), and two steps
electrocoagulation (EC-1st and EC-2nd)

In general, the consumption of aluminum
electrodes can be explained as a consequence
of the electrochemical and chemical
dissolution of aluminum. In the case of
aluminum electrodes, both anode and cathode
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consumption occur [27]. From Figure 8, it is
evident that the lowest values of electrode
consumption are obtained with EC-1st and EC-
24 when they are performed stand-alone,
which has a final effect on lower values of
increased temperature in solution. Hoverer, if
we summarize the electrode consumption,
then the highest wvalue of electrodes
consumption is obtained with two steps of
electrocoagulation (EC-1st and EC-2nd), in
which total consumption of anode during
both steps reached values of 0.267 g, and total
cathode consumption equals 0.033 g. The
lowest cathode and anode electrode
consumption is obtained by EC-NaX (anode
and cathode electrode consumption equals
0.1848 g and 0.011 g, respectively). Slightly
higher consumption is obtained with EC-US.
Among coupled EC processes, the following
sequence for electrode consumption is
obtained: EC-1st + EC-2nd > EC-US > EC-NaX.

4. CONCLUSION

Electrocoagulation coupled with synthetic

zeolite (EC-NaX) and electrocoagulation

coupled with ultrasound (EC-US) performed
simultaneously, and two steps
electrocoagulation (EC-1st and EC-2nd)
performed sequentially, can be successfully
applied for compost leachate treatment with
very high organic load (initial COD equals

10427.6 mg O,/L), the very high electrical

conductivity of 3.54 mS/cm and turbidity 397

NTU. During the comparison of three different

coupled EC processes, the following was

observed:

e The complex composition of the compost
leachate acts like a buffer, thus only slight
increases in pH values (from initial of 4.03
to final 4.65, 4.71, and 5.83 for EC-1st, EC-
US, and EC-NaX, respectively) were
observed during EC coupled processes.
The final pH value of the compost leachate
isbelow the limit values for discharge into
surface waters and into the public sewage
system (pH=6.5-9.5).

e The decreasing trend of electrical
conductivity observed at all coupled
processes can be attributed to removal of
organic particles from the solution.
However, the final values of electrical
conductivities are very high (in the range

of 2.99-4.48 mS/cm), which can have
negative effects in case of discharge into
the natural water body.

e Two steps EC process (EC-1st and EC-2nd)
are characterized by continuous increases
in temperature (up to 33 °C), while a
significantly higher temperature increase
is evident with EC-NaX and EC-US,
reaching values of 41.6 and 422 °C,
respectively. Having in mind that a higher
temperature of final effluent can cause
thermal pollution, thus this needs to be
solved in practical application.

e The best COD removal efficiency was
obtained with EC-NaX, reaching 51.91%.
The obtained COD removal sequence is
EC-NaX > EC-1st + EC-2nd > EC-US. Even if
satisfactory values of removal efficiencies
are obtained by the application of all three
different coupled EC processes, final COD
values are still significantly high for
further discharge into sewage systems.
This indicates that coupled EC processes
should be applied for compost leachate
with lower total organic loading, or
additional treatment steps need to be
applied.

e Percentages of turbidity removal were in
the range 89.54-99.32%, with the following
turbidity removal percentage sequence:
EC-1st + EC-2nd >EC-NaX > EC-US.

e After the application of EC-NaX and EC-
2nd as stand-alone, the TS value is
slightly lower compared to the initial one
of 10.33 g/L, while a slightly higher TS is
obtained with EC-US and EC-1st.

e Good settling ability was obtained only
with EC-NaX.

e During the EC process using an aluminum
electrode, both anode and cathode
consumption occur. The following
sequence for electrode consumption is
obtained: EC-1st + EC-2nd > EC-US > EC-
NaX.

Based on obtained results, EC-NaX was found

the best option for the treatment of compost

leachate with very high organic loading, as
the highest values of COD and satisfactory
turbidity percentage removal were obtained,
good settling ability, and the lowest electrode
consumption. Also, treatment time for
simultaneous EC-NaX was twice as short
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compared to two steps electrocoagulation.
However, regarding the values of pH in the
final solution, high values of electrical
conductivity, and high temperature,
additional treatment need to be performed in
order to obtain effluent suitable for further
discharge into sewage.

Future research direction should be focused
on analyzing the EC process with other
electrode materials which are more
environmentally friendly compared to
electrodes made from aluminium alloys. Also,
proper management of obtained sludge and
floating scrum created at the top of
suspension during the EC process need to be
investigated. Electrode passivation is another
focal problem that needs to be solved during
EC application. There is some indication that
the addition of zeolite and ultrasound may
decrease electrode passivation, but future
investigations need to be performed in order
to prove these findings. In addition to all
previously mentioned, recent energy crises
require innovation regarding renewable
energy sources in order to reduce the high cost
of electrical energy consumption during
coupled EC processes.
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