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ARTICLE INFO ABSTRACT

Handling Editor: Raf Dewil The performance of electrocoagulation-flotation (ECF) process can profoundly be affected by the reactor design
and electrode configuration. These may, in turn, influence the removal efficiency, flow hydrodynamic, floc
formation, and flotation/settling characteristics. The present work aimed at developing a new spiral electrode
configuration to enhance the ECF process. To do so, the impacts of parameters such as energy consumption,
removal efficiency of the contaminants from industrial wastewater with a composition of turbidity, emulsified
oil, and heavy metals (Si, Zn, Pb, Ni, Cu, Cr, and Cd), as well as stirring speed and foaming have been investi-
gated. Comparison was also made between the experimental results of the new electrode configuration with the
conventional rectangular cell with plate electrode configuration with the same volume and electrode surface
area. The findings revealed that energy consumption of the spiral electrode configuration within the operating
times of 10, 20, 30, 32, 48, and 70 min, was approximately 20% lower compared to that of the conventional ECF.
Moreover, the maximum and minimum removal efficiency of 97% and 60% were obtained for turbidity and TOC
for the stirring speed of 500 rpm and Reynolds number of 10,035, respectively. Finally, the formed gas bubbles
tilted toward the center due to the enhanced flow hydrodynamic which resulted in substantial reduction of foam
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formation.

1. Introduction

Strict environmental legislations and regulations concerning the
discharge of wastewater are continuously increasing (Mouedhen. et al.,
2008). Many industrial processes (e.g. metal processing industry) de-
mand tremendous amount of water, which may ultimately be converted
into wastewater. This situation is not sustainable given the scarcity of
water in many parts of the world. Thus, wastewater needs to be treated
properly, in order to obtain a purity level for reuse in the industrial
processes or other purposes (Barrera-Diaz et al., 2012).

Electrocoagulation-flotation (ECF) can potentially be utilized in in-
dustrial wastewater treatment by applying a current to the electrodes
from an external power source that produces metal coagulant in-situ by
dissolving sacrificial electrodes (Vik et al., 1984). At the negatively
charged cathode, water is electrolyzed to produce OH and Ha(g)
(Mansoorian et al., 2014). In general, aluminium (Al) or iron (Fe) are
commonly used as EC electrodes (Chen, 2004) (Mohammadi et al.,
2017). The utilization of Al or Fe electrodes depends primarily on the
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solution’s pH. According to the Al/Fe pH diagram, the suitable pH for
formation of AI(OH)3 ranges from 5.5 to 7.5 and for the Fe electrode, an
alkaline pH would be sufficient. Electrocoagulation-flotation is capable
of reducing waste production in wastewater treatment due to vertical
electrode configuration, in which, the gas bubbles that are formed on the
cathode could then attach to contaminants before rising to the surface,
under which higher removal efficiency would be expected. In horizontal
EC configuration though, the reactor depth is not enough, causing
meagre impact of gas bubbles. The ECF process has successfully been
applied for removal of pollutants, and also turbidity as a measure of
water clarity that can be affected by various pollutants (Zongo et al.,
2009) (Solak et al., 2009), emulsified oil (Canizares et al., 2008), heavy
metals (Heidmann and Calmano, 2008), dyes (Phalakornkule et al.,
2010) (Zidane et al., 2008), and phenols (Adhoum and Monser, 2004)
(Ugurlu et al., 2008) from synthetic and real wastewaters.

The ECF technique would have several advantages to overcome the
drawbacks of other treatment processes (Ingelsson et al., 2020), e.g. low
sludge production, low maintenance costs, and treatment of multiple
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Fig. 1. Schematic and constructed rectangular cell configuration with plate electrodes.

contaminants in one pass (Bandaru et al., 2020). Nevertheless, it is still
prone to some drawbacks in long term operation (Ingelsson et al., 2020)
such as precipitation and deposition of solids on the electrodes over time
(passivation problems), or non-uniform electrode consumption which
may be caused as a result of the non-uniform potential and current
density on the electrode surface (Bandaru et al., 2020) (Garcia-Segura
et al., 2017) (Miiller et al., 2019).

Higher ECF efficiency is closely associated with the dissolution of
anode, hence the production of aluminium metal ions which can be
strengthened by increasing the number of electrodes to get a larger
active surface (Brahmi et al., 2019a) (Hakizimana et al., 2017). This
would, in turn, prevent the generation of a significant ohmic resistance,
which would not only depend on the number of electrodes, but also the
configuration of electrodes (Brahmi et al., 2019a). Although the most
common design of ECF reactor in conventional applications is
open-vertical-plate electrode configuration in a rectangular cell but
mixing is the main drawback of this cell geometry, as vertical electrodes
may serve as barrier which may disrupt the flow hydrodynamics
(Hakizimana et al., 2017).

The overall performance of the ECF process can be affected by its
design which may influence the operating parameters such as removal
efficiency, flow pattern, flocs formation, and flotation/settling charac-
teristics (Hansen et al., 2007). The removal of contaminants is closely
associated to the production of coagulants inside the ECF reactor, indi-
cating the performance of the mass transport of Al** ions. Thus, to
improve the formation of coagulants, a turbulent flow regime would be
desired to enhance the mixing of dissolved metal and hydroxide as such
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that the removal efficiency of ECF would be expected to increase
(Hansen et al., 2007) (Noorzalila Muhammad et al., 2019) (Trinh et al.,
2021).

Rectangular cells still dominate the market and can be utilized for
plate electrodes. Thus the foremost common design in typical applica-
tions is the open vertical-plate cell, which is also equipped by a settler.
Vertical electrodes are similarly spaced in parallel, which would make
the scale-up much simpler. Furthermore, this configuration provides
easier cleaning of electrodes, but the main drawback of this cell geom-
etry is the poor and insufficient mixing (Hansen et al., 2007). In a
conventional rectangular electrode configuration, the flow circulation
between the electrode plates is often inadequate. The limited circula-
tion, in turn, can lead to a range of complications, most notably, fouling
on the anode electrode. In fact, in the electrocoagulation process, the
anode plays a crucial role. As soon as an electrical current is applied, the
anode, typically made of a metal such as aluminium or iron, releases
metal ions into the water. These ions interact with contaminants, lead-
ing to coagulation. This reaction forms larger particles or ’flocs,” which
can then be easily separated from the water. The deposition of anode
occurs when particles, impurities, or precipitated secondary products
accumulate on the surface. Accordingly, anode performance can be
affected severely, reducing its effectiveness in releasing metal ions and
thereby reducing electrocoagulation efficiency. In addition, the flow
may not be strong enough to push out the generated gas bubbles from
the cathode. This is because the accumulation of hydrogen bubbles
around the electrodes is shown to cause high internal resistance between
the electrodes, impeding ion migration and ultimately reducing the

Fig. 2. Schematic and constructed cylindrical cell configuration with spiral electrodes.



E. Jafari et al.

Journal of Environmental Management 347 (2023) 119085

Fig. 3. a) Conventional experimental setup, b) Innovative experimental setup.

efficiency of the EC cell (Noorzalila Muhammad et al., 2019). Gas
bubbles, which are mainly produced by oxygen and hydrogen and are
formed during the electrolysis process on the cathode, could also form a
lot of foam as time elapses. The foam will significantly decrease the
efficiency of the ECF process, and the voltage can rise sharply, thereby
increasing the energy consumption of the process (Jafari et al., 2023).

Given the above-mentioned operating drawbacks of the parallel
plate electrode configuration, a new cylindrical cell configuration with
spiral electrodes is proposed and designed in this study. The main notion
was to enhance the ECF process in terms of contaminant removal effi-
ciency and energy consumption. Therefore, the objectives of this study
were to 1) design and implement a cylindrical ECF reactor with spiral
electrodes; 2) assess the performance of the new ECF configuration in
terms of contaminant removal efficiency and energy consumption; 3)
compare the performance of the new design against a conventional
rectangular ECF reactor with parallel plate electrode configuration.
These objectives have been followed by treatment of industrial waste-
waters which contained turbidity, emulsified oil, and heavy metals (Si,
Zn, Pb, Ni, Cu, Cr, and Cd). The comparison of two ECF configurations
were also made in terms of removal efficiency, flow regime, energy
consumption, and foam formation.

2. Materials and methods
2.1. Experimental setup

The conventional ECF cell was made up of 1.71 L rectangular acrylic
glass. It was used in this study for two reasons, i) it is widely used in
industrial electrocoagulation processes; and ii) for the sake of compar-
ison with the new cylindrical cell with spiral electrodes. Plate
aluminium electrodes (alloy EN AW-1050A which is the purest form of
aluminium with purity of 99.5%), were used in connection with an outer
part for collection of probable formed foam (Fig. 1). To compare the test
results, a cylindrical cell with two aluminium electrodes in spiral shape
(anode and cathode) with the same volume, material, and electrode
surface area (S = 714 cm? for both anode and cathode) was constructed
(Fig. 2). A distance of 5 mm between the electrodes was considered for

both configurations to reduce energy consumption and increase the
removal efficiency. The experimental setup has been presented in Fig. 3,
in which the ECF cells (a: conventional experimental setup and b:
Innovative experimental setup) were placed on a magnetic stirrer and
the supplied DC (Direct Current) power was connected to the electrodes
at a given operating time. In continuous mode, the feed flows to the cell
through the inlet pipe, located in the bottom, which would then be
drained from the outlet pipe. Nevertheless, in this study, the inlet and
outlet pipes were closed so that, the cells would only be operated in
batch mode as the first phase, to accurately estimate the coagulant
concentration, energy consumption, and formation of foam for a speci-
fied operating time. In the future, a continuous mode will also be
investigated. The characteristics of both ECF configurations are as
follows:

. Total volume of Reactor: 1.71 L

. Volume of free space (top of the reactor): 0.19%10 3 m

. Volume of electrode space (solid + liquid): 1.14 L

. Volume of stirrer and primary settling space (bottom of the reactor):
0.285 L

5. Volume of foam collection part: 0.225 L for conventional and 0.53 L

for cylindrical ECF

6. Volume of Al- electrodes (solid): 0.285 *10~> m?

7. Totzal electrode surface: 1428 cm? (anode: 714 cmz, cathode: 714

cm?)

3

A WN -

It should also be pointed out that, when calculating the current
density, only the area of one electrode would be taken into account
provided that the area of the anode is equal to that of cathode.

2.2. Sampling and analytical measurements

The wastewater, used in this work, was collected from a major metal
manufacturer in Germany. To consider the dependency of removal ef-
ficiency with concentration, the feed was diluted with deionized water
then analyzed according to Table 1. The major characteristics of this
feed, as presented in Table 1, include turbidity which was analyzed for

Table 1

Feed analysis of different concentrations.
Parameters Cr Cu Pb Zn Si TN TOC Turbidity pH
Unit/conc. mg/L mg/L mg/L mg/L mg/L mg/L mg/L NTU
Feed 1 (no dilution) 10.1 5.54 2.22 13.6 154 2189 31,895 15,300 8.9
Feed 2 (30% W-+70% F) 5.19 2.99 1.21 7.21 119 1045 15,015 8410 8.7
Feed 3 (50% W-+50% F) 3.61 2.14 0.84 5.33 76.6 745 10,740 5700 8.8
Feed 4 (70% W+30% F) 2.13 1.51 0.45 3.16 33.6 434 6135 3115 8.8
Feed 5 (80% W-+20% F) 1.49 1.18 0.29 2.40 22.2 304 4205 1990 8.9
Feed 6 (90% W+10% F) 0.80 0.83 0.15 1.31 12.2 158 2270 1096 8.8

oF: feed, W: deionized water
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Fig. 4. Sketch of Eq. (1) and Eq. (2) inside the EC reactor. The inert electrode is
usually the same material as anode, adopted from (Lima, 2019).

remaining colloidal particles by a turbidity meter (model Turb 430 IR
produced with Xylem, Germany), total organic carbon that was
measured by TOC (Total Organic Carbon) Vcpy Shimadzu and method of
DIN EN 1484, and heavy metals (Cr, Cu, Pb, Zn, and Si) with ICP-OES
Spectra (Inductively Coupled Plasma Optical Emission spectroscopy)
Avio 200 and method of EN ISO 11885 (E 22). The major composition of
total nitrogen (TN) was ammonium which is a weak acid and serves as
buffer solution. Accordingly, no change in pH was expected with the
dilution of solution.

2.3. Experimental procedure

A power supply (PS-3010F, 30V, 10 A) provided DC current in gal-
vanostatic mode. To avoid the occurrence of passivation, prior to each
test, the electrodes were washed with 2% HCI for about 1 min then
rinsed with deionized water. The electrodes were examined before and
after washing and rinsing with the diluted 2% HCI and water to examine
if the surface roughness has changed. In many instances though, no such
changes were noted but the electrode was replaced if the changes were
noticeable. In total, 60 runs were carried out in this work, out of which 7
runs as calibration tests and 53 runs as the main tests. The influential
experimental parameters in our study were the current density (CD),
operating time, and stirring speed which were measured before and after
each test. Other parameters such as pH, electrolyte conductivity, and
temperature were measured in order to monitor the process. The ex-
periments were designed as such that each parameter varied systemat-
ically while keeping others constant, which allowed to isolate the impact
of each parameter on the desired objective function.

The solution volume in all tests was equal to 1300 ml to make sure
that the electrodes were fully covered by the solution. As volume
changes can affect a variety of system parameters, thus the same initial
volume of 1300 ml was maintained in all runs to ensure consistency and
also to facilitate better comparison of the results. Based on the feed
concentrations (Table 1), a range of current from 3 A to 10 A was applied
to determine the optimum current density for each concentration. After
electrolysis, the electrodes were removed and the reactor was used as a
settling tank so that the samples were taken after 15 min once the ECF
was turned off. The purpose of this settling period was to allow larger
particles or ’flocs’ which were formed during the electrocoagulation
process to settle. This made the subsequent filtration process more
efficient by reducing the burden on the filter and preventing potential
clogging issues. Thereafter, the solution was filtered with a paper filter
size of 20 pm followed by the one with 5 pm. The utilization of a settling
tank before filtration was due to the formation of flocs which may take a
while. This has to be carried out in a separate reactor, where the flocs
had ample time to become bigger. The filtration efficiency will be

Journal of Environmental Management 347 (2023) 119085

reduced if one filters the outflow after the ECF, since some flocs are small
enough to pass through the filter. For the sake of consistency, several
selected tests were repeated to make sure that the results are repro-
duceable. It should be noted that during experiments, only negligible
deposition was observed on the stir bar which, nevertheless, did not
noticeably impact the overall results of electrocoagulation process.

3. Results and discussion
3.1. Theory

In ECF, as soon as an external direct current is applied, then a
sequence of electrochemical reactions would take place at the anode and
cathode of an electrolytic cell. ECF involves the generation of in-situ
metal coagulants by electrolytic dissolving sacrificial anode materials
(aluminium or iron) (Barrera-Diaz et al., 2011).The metal used in this
research was aluminium. The anodic process, in turn, involves the
oxidative dissolution of aluminium into aqueous solution as expressed in
Eq. (1) and Fig. 4. On the cathode, the reductive dissociation of water
occurs as shown in Eq. (2) and Fig. 4. The term "inert" in Fig. 4 was used
to underline that the primary electrochemical reactions occur on the
anode. Nonetheless, the aluminium cathode may also subject to negli-
gible dissolution as observed in this study.

Anode: Aly—Ally +3e” @
Cathode: 2H,0 + 2¢~ — HZ(g) + ZOH(;q) (2)

The cathodic reaction (Eq. (2)), has three important implications that
can be used to improve the ECF process so then higher pollutant removal
efficiency would be expected:

1) reaction in Eq. (2) provides hydroxyl ions (OH™) which would then
react in the bulk solution with aluminium cations to form coagulants;

2) the produced hydrogen gas (H2) contributes to the destabilization of
colloidal particles leading to flocculation, and finally

3) pollutants can be floated by their adhesion onto small bubbles
formed by hydrogen evolution (electroflotation) (Burns et al., 1997),
(Poon, 1997), (Casqueira et al., 2006).

It should be also noted that in EC there are two anodic reactions, the
primary reaction that is discussed in Eq. (1), and secondary reactions
which in the EC related literature, have received least attention. The
secondary reactions, as underlined below, in the current of an
adequately high potential are likely to occur at the anode present in
wastewater, especially oxygen evolution, such as direct oxidation of
organic compounds such as HyO or Cly (Brahmi et al., 2015).

In bulk: 2Claqy< Clag) + 2€ (3
In bulk: 2H0 (aq)<> Oz + 4H(y) + 4™ ()

Aluminium ions (AI*), produced by electrolytic dissolution of the
anode which may serve as coagulant reagent, could hydrolyze and form
mononuclear complexes according to the following sequence (Barrer-
a-Diaz et al., 2011):

AP + H,0 — AIOH)*" + HY 5)
AIOH*" + H,0 — AI(OH) + H* (6)
AI(OH)™2 + H20 — Al(OH); + H* %)
AI(OH); + Hz0 — AI(OH); + H' (8)

Reactions (5) to (8) represent a sequence of progressive hydrolysis of
AR+, Reactions (6) and (7) show the sequential steps in the hydrolysis of
aluminium ions in water. In particular, reaction (6) shows the hydrolysis
of AIOH?" to form Al(OH)3 and a proton (H"), while reaction (7) shows
the subsequent hydrolysis of AI(OH) " to form aluminium hydroxide (Al
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Table 2
Optimum conditions of the ECF process (conventional and innovative) for removal of contaminants for different concentrations.
Feed number Volume (ml) Curent density (mA/cm?) OT (min) Stirring (rpm) Initial pH Final pH Initial EC (mS/cm) Final EC (mS/cm)
1 1300 9.32 70 400 8.9 9.04 4.7 3.5
2 1300 9.32 48 400 8.7 9.4 3.2 2.2
3 1300 9.32 32 400 8.8 9.4 2.3 1.5
4 1300 5.83 30 400 8.8 9.3 1.7 1.1
5 1300 5.83 20 400 8.9 8.97 1.7 1.4
6 1300 5.83 10 400 8.8 9.1 0.88 0.66

(OH)3) and another proton (H™).

3.2. Removal efficiency of contaminants

In the ECF process, the removal efficiency of contaminants is affected
by parameters such as current density (Chen et al., 2000), coagulant
dosing rate (Holt et al., 2005), operating time, pH value (Jiang et al.,
2002), concentration, and stirring speed (Ahmed et al., 2018). As stated
in section 2.2, to consider the effect of initial concentration on the
removal efficiency, the feed was diluted to prepare solutions with
different concentrations as outlined in Table 1. Although the pH value
was not affected by dilution, nevertheless, current density, operating
time, and electro conductivity have profoundly been affected due to
decrease in the contaminant concentration.

The extent of the chemical reaction can be expressed in terms of
Faraday’s law, through which, the mass of dissolved metal can be
calculated theoretically. According to this law (see eq. (9)), the release
of metal ions in electrocoagulation for the formation of metal complex
(e.g. AI(OH)3) as coagulant, is a function of current and operating time.
Thus, to minimize energy demand and associated costs with the metal
consumption, and also to prevent the re-stabilization of suspended
particles, it was crucial to carefully determine the optimal conditions for
current density and operating time, as defined below:

it
n= Z_F ()]
in this equation, n is the mass of dissolved anode (g), i stands for the
current (A), t is the electrolysis time (s), F represents the Faraday’s
constant (F = 96,500 C mol 1), and z is the cation charge (z = +3 for Al
or +2 for Fe) (Barrera Diaz et al., 2005) (Panizza and Cerisola, 2004).

Table 2 reports the optimum conditions of ECF (the same conditions
for conventional and innovative) for removal of contaminants for
different concentrations. The optimum conditions were attained in
accordance with the maximum removal efficiency, when the exact
dosage of coagulants would be released in the solution. Since the cell
volume and electrode surface of conventional and innovative ECF are
similar, then at optimum conditions, the operating parameters are also

similar. Spiral electrode configuration in cylindrical cell outperformed
consistently when compared with the rectangular cell in terms of
removal efficiencies. As a result of enhanced flow dynamics in the cy-
lindrical setup, the coagulant (aluminium ions) was more evenly
distributed throughout the feed (wastewater).

It is imperative to understand the underlying reactions when dis-
cussing electrocoagulation. The aluminium anode releases Al** ions into
the wastewater. Hydrolysis reactions then form monomeric and poly-
meric species from these ions. By reacting with contaminants, these
species destabilize them, enabling them to coagulate and be removed
from the feed. As a result of the enhanced mixing in the cylindrical setup,
these reactions occur more effectively, resulting in a higher removal
rate. On the other hand, the conventional rectangular setup may not
provide enough mixing, which would lead to zones where the coagulant
concentration is not optimal, hence lower removal efficiency would be
expected.

As presented in Table 2, the optimum current density for the diluted
concentrations (feed 4, 5, and 6) was obtained to be 5.83 mA/cm? and
for the higher concentrations (feed 1, 2, and 3), it was 9.32 mA/cm?. The
reader is referred to supplementary materials for the experimental data
points that led to optimum values in this table. According to Faraday’s
law, the concentration of metal in the solution depends on operating
time (hydrolysis time) and current. Thus, the operating time and Al*®
concentration decreased at lower concentrations. The evolution of pH is
also presented in this table. It is noteworthy that EC can be utilized as a
pH regulator because it increases the acidic pH and reduces the alkaline
pH. In this study, although the initial pH is alkaline and the reduction of
pH is expected, nevertheless, an increase in pH was observed. This
contradiction can be attributed to the high concentration of particles
and organics in the solution. Under such circumstances, the contami-
nants (e.g. SiO5, organic matters) may partially react with anode elec-
trode thus less coagulants are expected to form. This may, in turn, cause
higher concentration of hydroxide ions in the solution. Fig. 5 presents
the images of formed flocs in the settling tank and filtrated solution for
different feed concentrations based on Table 1. As it can be seen, with
the reduction of concentration from feed 6 to feed 1, the behaviour of
sludge would also change. In feeds 5 and 6, due to the low concentration

Feed Nr. Feed 3
Feed = -

Formed

flocs after

15 min of
settling time
Filtrated with
paper

filter 20 pm

Fig. 5. Images of different feed concentrations (see Table 1), formed flocs and filtrated solutions.
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Table 3
Comparison of contaminant removal efficiency between conventional and innovative ECF configurations (case study: Feed 1).
Parameters Turbidity (NTU) TOC (mg/L) Si (mg/L) Zn (mg/L) Pb (mg/L) Cu (mg/L) Cr (mg/L)
Feed 1 (no dilution) 15,300 31,895 154.1 13.6 2.22 5.54 10.1
Treated with Conventional-ECF 839.0 14,515 41.70 1.66 0.43 0.82 1.92
Treated with Innovative-ECF 486.0 12,735 4.08 0.46 <0,10 0.16 1.22
4 . so that the gravity force dominates which finally causes flocs to get
M Conventional ECF M Innovative ECF . . .
settled. The latter is more effective in removal of heavy metals.

120.0 In removal of contaminants, the performance of spiral ECF was su-
000 perior to the conventional one for all concentrations. For instance, the
S results of feed 1 were compared between the conventional and spiral
§ 80.0 ECF configurations which can be found in Table 3, and Fig. 6. The better
g performance of the cylindrical cell is mainly due to much more mixing
£ 600 between the coagulants and contaminants which resulted in higher ef-
'_g" 200 ficiency of ECF. In other words, in the cylindrical ECF, the electrode
£ configuration would propel coagulants and contaminants towards the
“ 200 center of the cell causing better mixing. In conventional ECF though,

poor mixing is the prime drawback that causes lower removal efficacy
0.0 . o (see section 3.3). These findings are consistent with those of Emamjo-
Cr Cu Pb Zn Si TOC Turbidity

Feed Compositions

Fig. 6. Comparison of removal efficiency between conventional and innovative
ECF configurations (case study: feed 1).

Table 4
Removal efficiency of contaminants for different concentrations in the innova-
tive ECF configuration.

Turbidity TOC Si Zn Pb Cu Cr
(NTU) (%) (%) (%) (%) (%) (%)
Feed 97 60 97.3 96.6 95 97 88
1
Feed 98 54 98 96.2 94.2 93.6 86.5
2
Feed 98.7 65 99 98.7 97.6 97 92
3
Feed 98.6 64 98.6 99.3 98 920 98
4
Feed 98 40 95.5 99 96.5 93 91
5
Feed 99.7 69 97 99.2 93.2 95.4 93.5
6
120
100
X
)
c 80
@
2
% 60
©
3 a0
£
[}
o
20
0
0 1 2 3 4 5 6 7 8
Feed compositions (mg/I)
—8—Feed 1 —@—Feed?2 Feed 3 Feed4 —@—Feed5 —@—Feed6

Fig. 7. Comparison of the removal efficiency for different concentrations in
innovative ECF configuration 1: Turbidity, 2: TOC, 3: Si, 4: Zn, 5: Pb, 6: Cu,
7: Cr).

of impurities, the flocs with low density were formed which then floated
on the surface of the solution. On the contrary, for feeds 1 and 2, as the
concentration of impurities increases, the coarse flocs would be formed

meh and Sivakumar (2009), who reported profound removal efficiency
of electrocoagulation for various pollutants. However, the efficiency of
spiral ECF system surpassed the one that is reported by Kobya et al.
(2007), especially in the treatment of textile wastewaters.

The removal efficiency of contaminants for different concentrations,
only for the cylindrical ECF, is also presented in Table 4 and Fig. 7. As it
can be seen, although the tests for both cells have been carried out at the
same conditions, for all concentrations (feeds 1-6), the removal effi-
ciency is higher than the conventional one. This superiority can pri-
marily be attributed to better flow condition in terms of better mixing
due to electrode and cell configuration which also improved the mass
transfer. Fig. 7 shows that compared to other contaminants, TOC was
less efficiently reduced in both ECF configurations. This can be
explained for two reasons: 1) pH effect and 2) high concentration of
suspended solids. Once the pH value is higher than 8, then the removal
efficiency of oil contents would be decreased. This occurrence has also
been reported by Merma et al. (2020). They investigated the effect of pH
value when it changed from 4 to 12 on removal of an oily wastewater
from mining industry using electrocoagulation. They reported that the
highest removal efficiency was obtained at pH 4.06 thus for oily
wastewaters, pH should be lower than 8.1.

3.3. Effect of ECF configuration on flow hydrodynamic

Flow hydrodynamics in the reactor should be augmented to meet
three principal expectations:

1) Removal of gas bubbles which may be generated on the cathode. If
these gas bubbles remain on the electrode surface, then they may
cause smaller electrode active surface. To keep the removal effi-
ciency unchanged under such circumstances, then higher voltage
would be required which implies excessive energy consumption.
Reduction of polarization phenomenon on the anode surface would
be essential for the prevention of fouling (passivation). Increased
turbulence and shear forces at higher flow rates can dislodge parti-
cles that tend to settle on electrode surfaces. This would, in turn,
prevent fouling and maintains the efficiency of electrocoagulation
processes.

3) Enhancement of mass transfer and better mixing between coagulants

and contaminants.

2

—

The flow hydrodynamics in the cell cannot be enhanced only by
stirring as it may otherwise cause higher energy consumption. Instead,
the electrode configuration would play an important role. The disad-
vantage of conventional ECF, in which the plate electrodes are placed in
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Fig. 8. Effect of stirring on removal of gas bubbles and foam in conventional and spiral configurations (al, a2: no stirring), (b1, b2: stirring speed 400 rpm).

Fig. 9. A typical image of attached gas bubbles on the electrode surface in the
conventional ECF (passive cathode).

a rectangular cell, is closely associated to the flow hydrodynamics be-
tween the electrodes which may not be sufficient to propel the con-
taminants to the cell surface. This can be related to the plate
configuration, which would complicate the removal of gas bubbles or
the reduction of polarization on the electrodes. Moreover, the dead
zones in the corners of the rectangular cell are prone to lower mixing
(Bayar et al., 2011), (Trinh et al., 2021).

To increase mixing in the ECF process, the spiral electrode configu-
ration inside a cylindrical cell is expected to increase the flow velocity
between electrodes, so then the mass transfer coefficient is anticipated
to increase. This allows sufficient contact time between coagulants and

a1l a2

Stationary part
A

Moving part

Y
Stationary part

contaminants which may finally give rise to higher removal efficiency
(see section 3.2). Naje et al. (Ahmed et al., 2019), investigated the
enhancement of ionic mass transfer coefficient using electrocoagulation
with rotating anode and reported that the mass transfer coefficient in-
creases with the rotational speed.

In the course of laboratory tests in this work, similar behavior was
also observed. Fig. 8 compares the conventional and spiral configura-
tions for two different operating conditions of without and with stirring
speed of 400 rpm. Fig. 8-al and 8-a2 show both ECFs when the stirring
speed was zero. As it is evidently demonstrated, the foam and gas
bubbles have covered the surface of both cells. On the contrary, Fig. 8-b1
and 8-b2 show that for the stirring speed of 400 rpm, the gas bubbles and
foam were almost removed from the surface of the innovative ECF.
Moreover, due to the centripetal force, the formed foam and gas bubbles
tend to move toward the center of the cell. For the conventional ECF
though no such behavior was observed. Fig. 9 shows that the gas bubbles
would remain close to the electrode surface in the conventional ECF
since the flow condition between the plates was not sufficient to remove
the generated gas bubbles.

To confirm the experimental work and compare the flow hydrody-
namic of the cylindrical ECF with the conventional one, a fluid flow
simulation using Computational Fluid Dynamics (CFD) with similar di-
mensions and conditions, as those presented in Figs. 1 and 2, was per-
formed (see Fig. 10). For the geometrical construction, the Ansys
SpaceClaim environment was used. In general, to use the sliding mesh
tool in Fluent, each cell in simulation was divided into two main parts, 1)
a moving part (the space of stirring) and 2) out of the moving part
(stationary part). Similar to experimental study, a water volume of 1300
ml was considered for both cells. Similar stirrer dimension and stirring
speed of 400 rpm were considered for conventional and cylindrical ECF
configurations. The flow model of “SST k-omega” was selected for the
turbulent flow regime and the model of “Volume of Fluid (VOF)” was
used to simulate two-phase (water and air) flow.

Fig. 10. The moving and stationary parts and the meshing system, determined for both configurations in Ansys Fluent, al and b1: conventional ECF, a2 and b2:
Innovative ECF.
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Fig. 12. The velocity contour in different vertical positions a) conventional ECF, b) Innovative ECF.

An efficient ECF configuration would preferably provide a uniform
flow distribution between the electrodes. The comparison of flow ve-
locity distribution between the conventional and cylindrical ECF con-
figurations has been shown in Figs. 11 and 12. As it can be seen, the
uniformity and velocity in the cylindrical ECF are greater than those in
the conventional ECF. In the conventional ECF, the vertical plate elec-
trodes serve as barrier against flow circulation, so then flow cannot be
circulated and distributed evenly between the electrodes. This is a
condition under which, fouling is anticipated to occur under the
passivation of electrodes. Under such circumstances, fouling potential
increases on the anode electrode and reduces the mass transfer coeffi-
cient. Moreover, the formed gas bubbles, which reduce the electrode
surface on the cathode, cannot be pushed out, resulting in voltage in-
crease and energy consumption (see also Fig. 9). It should be also
pointed out that in cylindrical ECF, the enhanced flow velocity on the
surface, would create vortices. They would, in turn, cause lower foam
formation, while very slow flow on the surface of the conventional ECF
led to much more foaming. This behavior was also observed during the
laboratory tests (see section 3.5 and Fig. 14). The impact of flow hy-
drodynamics, as highlighted in this study, are consistent with the ob-
servations of Zodi et al. (2011), for the treatment of textile wastewater.
However, the cylindrical configuration with spiral electrodes proved to
be more effective in terms of mixing and turbulence that provided better
removal of the contaminants from the cell.

3.4. Energy consumption and voltage rise

The cost of electrical energy (kWh m’s) can be calculated from the
following equation (Brahmi et al., 2019b):

C:U*I*‘—t/ (14)

where U is the voltage (V), I is the current (A), t is the time of electrolysis
(h) and V is the volume (m?) of solution. To reduce energy consumption,
the voltage should be reduced as much as possible. High current in-
creases ohmic drop (IR drop) and voltage between electrodes. IR drop
results from the ohmic resistance of the electrolyte R, which can be
explained as follows (Hakizimana et al., 2017):

l

Rzg* 15)

=

where [ is inter-electrode distance (cm) and k stands for the conductivity
of electrolyte (mS/cm) and S is the electrode surface area (cm?). Ac-
cording to this equation, higher conductivity decreases ohmic resistance
that leads to lower energy consumption. Fekete et al. (2016) reported 2
mS/cm for reduction of the effect of conductivity on IR-drop. One of a
key problem of EC process which increases cell voltage and energy
consumption is the passivation of the cathode that can be avoided by
optimization of flow pattern and the current reversal frequency (Hansen
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Table 5
Energy consumption of different feed concentrations for innovative ECF.
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Feed Measured Al Almolar mass Al F(C It (C) Time Average Stirrer energy ECF Power Total Energy  Total Energy
Nr. ) (g/mol) Charge mol 1) (min) v spent (kWh) Energy (kWh) (kWh) (kWh/m>)
Feed 1 2.4 27 3 96500 25733 70 291 0.007 0.02 0.027 20.8
Feed 2 1.65 27 3 96,500 17691 48 3.135 0.0048 0.015 0.0198 15.2
Feed 3 1.14 27 3 96500 12223 32 3.22 0.0032 0.01 0.0132 10.2
Feed 4 0.63 27 3 96500 6755 30 3.59 0.003 0.006 0.009 6.9
Feed 5 0.46 27 3 96500 4932 20 3.1 0.002 0.004 0.004 4.6
Feed 6 0.22 27 3 96500 2358 10 4.08 0.001 0.0025 0.0035 2.67
F: Faraday’s constant; C: Coulomb; V: Voltage; J: Joule.
Table 6
Voltage increase and metal consumption for different feed concentrations and operating times.
Feed number Voltage (V) Conventional ECF Innovative ECF Time (min) Current (A) Measured Al (g) Calculated
Al (®)
Feed 1 initial Voltage (V) 4.57 2.57 70 8 2.4 3.13
Final Voltage (V) 5.7 3.26
Feed 2 initial Voltage (V) 3.26 2.57 48 8 1.65 2.14
Final Voltage (V) 4.33 3.7
Feed 3 initial Voltage (V) 3.2 2.87 32 8 1.14 1.43
Final Voltage (V) 4.58 3.57
Feed 4 initial Voltage (V) 3.58 3.24 30 5 0.63 0.84
Final Voltage (V) 5.45 3.94
Feed 5 initial Voltage (V) 3.6 3.23 20 5 0.46 0.56
Final Voltage (V) 3.07 2.97
Feed 6 initial Voltage (V) 4.44 3.86 10 5 0.22 0.28
Final Voltage (V) 5.19 4.30
7.4
6.9
6.4

Voltage (V)

0 10 20 30 40

Operating time (min)

Spiral-ECF (30 min)

= = = Conventional-ECF (30 min)

Spiral-ECF (70 min)
= = = Conventional-ECF (70 min)
Spiral-ECF (10 min)

Conventional-ECF (10 min)

Spiral-ECF (48 min)
= = = Conventional-ECF (48 min)

60 70

Fig. 13. Comparison of voltage increase for different feed concentrations and operating time of 10, 30, 48, and 70 min (Dash line: conventional ECF, solid line:

innovative ECF).

et al., 2007). It should be stated though that the influence of the
passivation layer on electrical resistance is a limitation of our model in
this study. The energy consumption has been calculated in Table 5 based
on the amount of metal (aluminium) released into the solution, as
determined by Faraday’s law (Eq. (9)):

n= % — it = nzF ,(1 C (Electric charge) = 1A*1s), (C: coulomb, A:
Amp, s: second).

Example: calculation of energy consumption for Feed 1 (innovative
ECF):

it = (42) » 3 % 96500 = 0.25 * 105 C charge is needed in 70 min, i.e.
~ 6 C/s.

Average voltage = 2573326 — 3 9] V,

The dissolution of 2.4 g Al requires 0.25 + 105 C * 2.91 V = 0.072 MJ
= 0.02 kWh electric energy for 1300 ml solution volume.

It should also be noted that a charge of 6 C/s correspond to a CD of 7
mA/cm?, whereas, for feed 1, the CD of 9.32 mA/cm? has been used.
This gap can be explained as the difference between the measured dis-
solved metal and the calculated one (see Table 6). The measured values

were lower than the calculated ones from the Faraday’s law. This is
because the Faraday’s law assumes that all the supplied current could be
passed through the cell and does not consider other factors that may
affect metal dissolution such as the actual amount of current that passes
through the cell (Cruz et al., 2019). Similar results have been reported
elsewhere (Lima, 2019) (Naje et al., 2016) (Brahmi et al., 2019b)
(Vepsalainen et al., 2012) (Cruz et al., 2019). It should be noted that the
mass of electrodes was not measured directly due to minimal and
difficult-to-measure mass loss from the electrodes.

Fig. 13 compares the voltage rise between the conventional and
spiral ECF configurations. In general, two reasons can be expressed for
increasing voltage in ECF. Firstly, the formation of a passive film (gel
layer) on the anode that develops resistance (Brahmi et al., 2019b), and
secondly, on the cathode electrode, the hydrogen gas would be formed.
The bubbles that insulate the cathode surface would then be generating
an oxide film on the electrode surface (passivation effects). This problem
increases the total electrical resistance and to attain the optimal removal
results in excessive consumption of electrical energy (Martinez et al.,
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Time | Conventional ECF Volume of Innovative ECF Volume of
(min) foam (cm?3) foam (cm?3)
After 23 5.6
5
min
After 76 8.4
10
min
After 153 14
15
min
After 228 85
20
min

Fig. 14. Comparison of produced foam after 5, 10, 15, and 20 min.

2000). As discussed in section 2.1, to address these problems and pre-
vention of voltage rise, the flow hydrodynamic around the electrodes
must be augmented for the bubbles to be pushed out and enhancement
of mass transfer near the anode electrode (Mollah et al., 2004a). As
shown in Fig. 13, while the electrolyte and operating conditions in both
cells (conventional and innovative) were similar, nevertheless, lower
voltage was experienced for all concentrations (feeds 1-6) for the spiral
ECF. Mollah et al. (2004a) also underlined the importance of energy
efficiency in electrocoagulation systems. Their results revealed that
operating parameters, such as current density, would greatly influence
the energy consumption. The spiral ECF design demonstrated a more
efficient energy consumption. This becomes even more relevant when
compared with the conventional systems, which have been reported to
often consume more energy, especially at higher current densities, as
noted by Emamjomeh and Sivakumar (2009).

3.5. Foaming

Aluminium hydroxide (AI(OH)3) and hydrogen gas (Hy) could be
formed during the ECF process (Landels et al., 2019). As soon as the flocs
are generated, then the electrolytic gas bubbles in the liquid create a
flotation effect. This, in turn, causes their density to be lower than the
surrounding liquid, removing the pollutants to the floc-foam layer at the
liquid surface (Mollah et al., 2004b) (Landels et al., 2019). The produced

10

foam on the liquid surface would then degrade the ECF efficiency due to
the high volume of foam (Mohammadi et al., 2017).

Fig. 14 compares the generated foam after 5, 10, 15, and 20 min.
Evidently, the rectangular ECF process had less effective stirring, leading
to less mixing at the liquid surface. This is because the plate electrode
acts as a barrier to flow circulation within the cell, resulting in the
production of a uniform foam layer that can thicken over time. This
thickening can substantially reduce the efficiency of the electrochemical
process and may cause a sharp rise in voltage, thereby increasing energy
consumption. Conversely, the enhanced flow dynamics in the cylindrical
ECF lead to migration of gas bubbles to the cell centre which, in turn,
generates small vortices in the central part of the cell. These phenomena
reduce the rate of foam formation over time, thereby increasing the
efficiency of the ECF process. It should finally be pointed out that this
study primarily aimed at comparing the efficiencies of conventional and
cylindrical ECF configurations, nonetheless a detailed analytical com-
parison, in terms of SEM, FTIR, XRD, etc., would also be imperative
which is currently underway.

4. Conclusions

The main objective of this study was to develop a spiral electrode
configuration for enhancing the functionality of the ECF process. The
impact of this new configuration on the removal efficiency of
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contaminants was also investigated for an industrial wastewater with
different concentrations. The results were then compared with a con-
ventional rectangular ECF. The following conclusions can be drawn
from the results of this study:

e The spiral ECF configuration achieved a removal efficiency of

approximately 90% under operating conditions attempted in this

study. This has profoundly outperformed the conventional
configuration.

The spiral ECF configuration was almost 20% more energy-efficient

for operating times ranging from 10 to 70 min. This implies a sub-

stantial reduction of energy costs.

e CFD (computational fluid dynamics) simulations revealed that the
improved flow dynamics within the spiral ECF system led to
considerably lower foam formation. This would, in turn, reduce the
need for additional energy to maintain high cell efficiency.

e The findings indicate that the spiral electrode configuration can
potentially improve the system efficiency in terms of contaminant
removal and energy consumption when compared with those in
rectangular ECF systems. Future work would involve the optimiza-
tion of the spiral configuration and its application in a broader range
of wastewater treatment.
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