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a b s t r a c t
In the present study, the removal of chemical oxygen demand (COD), biochemical oxygen
demand (BOD) and suspended solid (SS) from Palm Oil Mill Effluent (POME) by electrocoagulation process was investigated by operating the electrochemical cell using various
types of electrode design. The experiments were carried out by designing the electrode in
vertical and horizontal orientation; monopolar series (MP-S), monopolar parallel (MP-P)
and bipolar (BP) arrangement; and by applying aluminium, iron and steel wool as electrode
material. The highest removal efficiency of 74, 70 and 66% for COD, BOD and SS respectively
were obtained by selecting vertical orientation, MP-S arrangement and steel wool material.
However, the economic study shows that MP-S arrangement has higher operating cost than
MP-P and BP. While, the placement of electrode in vertical orientation not only gaining a
higher removal efficiency, but also economical. A novel steel wool that was used in the
study has given the great performance by removing the pollutants fast, effective and with
reasonable price. This research originally attempts to highlight the significance of electrode
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design including orientation, arrangement and material, and the effect of the best design
combination.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
As one of the alternative method to conventional chemical coagulation, electrocoagulation has received widespread
recognition for the intelligent technique which effectively remove the pollutant in wastewater (Hu et al., 2016). Electrocoagulation has proven to be simple, affordable and efficient to treat highly polluted wastewater (Nasrullah et al., 2014).
Another advantage of using electrocoagulation is this process is easy to operate, involved in simple equipment, offered a short
retention time and required a small space which contributes to low operating costs in industrial applications as compared
to conventional ponding system or chemical coagulation. The use of metal salts or polymers in chemical coagulation process
can be replaced with electrocoagulation as this process also generate coagulant in the form of metal hydroxides. The metal
hydroxides then work as same as the coagulant produced by chemical coagulation which is destabilizing the pollutant,
aggregating the suspended particles and forming a precipitate (Nasrullah et al., 2012). However, to achieve an effective
wastewater treatment, it is crucial to properly design the best electrochemical cell for electrocoagulation process. The basic
electrochemical cell is mainly made of an enclosure and at least a pair of electrodes. This enclosure must be a non-conductive
tank in which the treatment of wastewater takes place (Hakizimana et al., 2017). While for the design of electrode, several
factors such as the orientation, arrangement and selection of material also have to be considered.
Most of the researchers have only studied an electrocoagulation process in vertical electrode orientation, such as in
the removal of organics from bilge water (Aswathy et al., 2016), nitrate from water solution (Majlesi et al., 2016), and
treatment of poultry slaughterhouse wastewater (Bayar et al., 2011). However, there are also some researchers whose study
the comparison between vertical and horizontal electrode configuration such as in Cr(VI) removal (Khalaf et al., 2016) and
separation of oil from wastewater (Fadali et al., 2016). Those studies indicate that the electrode orientation has greatly
influence the treatment and the selection of it is depends on the type of wastewater used.
The configuration of electrode can either be simply composed of an anode and a cathode or be composed of many anodes
and cathodes. The complex electrode arrangement can be classified in monopolar (MP) and bipolar (BP) (Hakizimana et
al., 2017). The choice of the appropriate electrode connection whether monopolar-parallel (MP-P), monopolar-series (MP-S)
and BP are normally determined by the removal efficiency. These connections have been investigated in several studies such
as the treatment of laundry wastewater (Wang et al., 2009), can manufacturing wastewater (Kobya and Demirbas, 2015),
decolourization of dye solution (Daneshvar et al., 2004), and Cr3+ removal from aqueous solution (Golder et al., 2007).
Electrode material determines the electrochemical reactions that take place in electrocoagulation process. Aluminium
and iron types of electrode are mostly used as the electrode material in electrocoagulation systems (Li et al., 2011).
Aluminium dissolves as Al3+ and yet, there is no general agreement on the nature of the iron species, with both Fe2+ and
Fe3+ proposed as the dissolved species (Şengil and özacar, 2006). The selection of the electrode materials depends on the
pollutants to be removed and the chemical properties of the electrolyte. In some studies, aluminium have been employed as
the electrode material and resulted in better removal performance than iron such as from the treatment of leachate (Ilhan
et al., 2008) and phosphate from wastewater (Demircio, 2006). However, there are several studies that show the application
of iron is more effective than aluminium such as the study from textile wastewater treatment Kobya et al. (2003), Cr (IV)
removal from aqueous media (Mouedhen et al., 2009), and highly soluble acid dye (Chafi et al., 2011).
Studies regarding electrode design are limited, especially in treatment of highly polluted effluent like Palm oil mill effluent
(POME). POME is well known to have high concentration of chemical oxygen demand (COD), biochemical oxygen demand
(BOD) and suspended solid (SS), therefore direct discharge of this effluent to the water body will cause severe damage to
the environment (Singh et al., 2013). Therefore, the focus of this study is to combine the best criteria for electrode design in
order to enhance the effectiveness of electrochemical cell which is determined by achieving high treatment efficiency. The
present study also introduce a novel steel wool as a new electrode material, which has a very large electrode surface area.
2. Material and methods
2.1. Sample preparation
Raw POME wastewater was chosen to be treated in this study. The sample was collected from the first effluent pit at Kilang
Sawit Lepar Hilir 3, Gambang, Kuantan, Pahang. The sample was characterized to identify the concentration of COD, BOD, SS
and pH and then was stored in the freezer, Forma High-Performance Lab Freezers, (Thermo Scientific, Model: FFGL2320D)
with temperature below than −20 ◦ C to prevent any of bacteria activity such as degradation of plant dry matter, breaking
down lipids, degradation and decomposition of fatty acid of the sample especially from Bacillus sp., Micrococcus luteus,
Syntrophomonas Sapovorans, Desulfovibrio aerotolerans. Table 1 shows the characteristic of raw POME sample that have
been used in the study. From the table, it can be considered that the condition of POME sample was in light state.
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Fig. 1. Schematic diagram of the experimental setup.

Table 1
Characteristic of raw POME.
Parameter

Concentration

Biochemical oxygen demand (BOD)
Chemical oxygen demand (COD)
pH
Total carbohydrate
Total nitrogen
Ammonium–nitrogen
Total phosphorus
Phosphorus
Oil and grease
Total solid
Suspended solid (SS)
Total volatile solid
Conductivity (µS/cm)

15,600 ± 100
25,500 ± 100
4.6 ± 0.1
10,000 ± 100
800 ± 50
20 ± 10
90 ± 1
14 ± 1
2,000 ± 50
20,000 ± 300
12,300 ± 200
17,500 ± 200
158 ± 4

All values are in mg/L except pH and conductivity.

2.2. Experimental setup and analysis
The experimental setup is shown in Fig. 1 which mainly consist of a 1000 mL glass beaker as a reactor to hold a sample
of 700 mL, a power source, electrodes, POME sample and a mechanical stirrer. The electrode orientation, arrangement,
material and structural type are determined according to the experiment purpose. The dimension of aluminium, iron
plates and steel wool were 30 mm × 60 mm each. The thickness for those electrodes were 4 mm each. The electrodes
were mechanically cut according to the size and all the dirt and corrosion on the plates were removed using hydrochloric
acid (HCl) with concentration of 35% and then with hexamethylenetetramine 3%. The area of electrode dipped into the
solution sample was 30 mm × 50 mm whereas the remaining was prevented from exposure by applying the lacquer on
top of every electrodes. All the electrodes were drown into the hydrochloric acid (HCl) with concentration of 35% and
then with hexamethylenetetramine 3% for about 5 min and washed with tab water before every experiment operated.
The characteristic of tab water was analysed and showed in Table 2 in order to justify that tab water will not influence
the results of experiments. The middle of the reactor was allowed for easy stirring to maintain the homogeneous of the
sample by using a stirrer (IKA, EUROSTAR power control visc, P1) at 80 rpm. The current intensity was controlled by a
precision digital direct current power supply, DC Power Supply (EDU-LABS TPR-3030D; 30 V/30 A). An X-ray diffraction
(XRD, Rigaku Miniflex II) was used to identify the crystalline material. FTIR spectroscopy (Perkin Elmer, USA) was used for
the liquid effluent analysis. DR 5000 spectrophotometer (HACH) is used to measure COD using 8000 and 10212 method, US
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Table 2
Characteristic of tab water.
Parameter

Concentration

Iron
Manganese
Lead
Copper
Chromium
Zinc

193 ± 5
5 ± 0.5
7 ± 0.5
0.1 ± 0.05
1.3 ± 0.2
90 ± 2

All values are in µg/L.

EPA. Sension6 DO meter (HACH) was used to measure dissolve oxygen (DO) for 5-day BOD test using 5210 B method, APHA.
DR 5000 spectrophotometer (HACH) was used to measure SS using 8006 photometric method. Heavy metal analysis was
determined by using Inductively Coupled Plasma Mass Spectrometer (ICP-MS, Perkin Elmer Nexion 300, USA).
The cost of operation includes electrodes consumption and electrical energy have been taken into account for economic
study. The cost calculation is given in the equation below:
Cost of operation = Cost of material + Cost of energy

(1)

where the cost of material and energy are based on quantities of COD removed per kg which are obtained from experiment.
Cost of material is based on the price of the particular material that are used such as 3 US$/kg for aluminium, 0.7 US$/kg
for iron and 1.8 US$/kg for steel wool. While cost of energy is depend on how much electrical energy that utilized based on
Malaysian, 2015 market price which is 0.05 US$/kWh.
2.3. Experimental technique for electrochemical cell design
All experiments were conducted triplicate in batches mode. The experiments were performed in 120 min by using initial
current intensity of 5 A and 20 mm of inter-electrode distance.
2.3.1. Procedure to determine the effect of electrode orientation
Three types of electrode orientations were used in this study which are vertical orientation, horizontal orientation with
anode on top and horizontal orientation with anode at the bottom. The experiment was conducted using a pair of aluminium
plate as anode and cathode to determine the best electrode orientation in treating raw POME. Fig. 2(a) shows the orientation
set-up for the electrodes that were used in this study.
2.3.2. Procedure to determine the effect of electrode arrangement
In this study, parallel, series, monopolar and bipolar aluminium electrode arrangements were used to find the best
arrangement in electrocoagulation process. Fig. 2(b) shows the design of electrode arrangement for monopolar parallel
(MP-P), monopolar series (MP-S) and bipolar (BP). For MP-P connection, anodes and cathodes are in parallel order and
all electrodes are connected to power source. In this configuration, the current is divided between electrodes in relation
of individual cells (Khandegar and Saroha, 2013). The parallel connection need a lower potential difference compared to
serial connection. For MP-S connection, the two outermost electrodes are connected to the power source forming anode and
cathode while a pair of the inner electrodes are connected to each other without any connection to the power source. The
inner electrodes are known as the sacrificial electrodes (Moussa et al., 2016). In this configuration, the cell voltage is added
giving a higher potential difference. The BP connection shows two sacrificial electrodes are place in between two parallel
electrodes without any connection to the power source and also without connected to each other. In this configuration,
the electrical current is passed through the sacrificial electrode and transformed it into charged electrode, which undergo
opposite charge with the parallelled electrodes nearby (Demirci et al., 2015).
2.3.3. Procedure to determine the effect of electrode material
This experiment was carried out to determine the appropriate electrode material among aluminium plate, iron plate and
steel wool in treatment of POME wastewater. Aluminium plates, iron plates and steel wools were fabricated with the same
dimension of 30 mm × 60 mm as showed in Fig. 2(c). At the end of each run, the electrode were rinsed with HCl solution to
remove any oxide film formed onto the surfaces during experiments shows the electrode used in the experiment. Faraday’s
law is used to find the weight amount of metal dissolution which can be written as:
m=

ItMw
zF

where:
m = the mass of anode dissolved (g),
I = the current (A),
t = the time of operation (s),

(2)
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Fig. 2. Electrode designs in term of electrode (a) orientations, (b) arrangements, (c) materials.

Mw = the molecular weight (g/mol),
F = Faraday’s constant (96,485 C/mol), and
z = the number of electrons involved in the reaction.
3. Result and discussion
3.1. Effect of electrode orientation
Fig. 3 presented the percentage of COD, BOD and SS removal by vertical and horizontal electrode orientation. In 120 min
of treatment, the electrocoagulation process with vertical electrode orientation was able to remove 57% for COD, 53% for
BOD and 51% for SS. The electrocoagulation process using horizontal electrode with anode on top was able to remove 47%
for COD, 44% for BOD and 41% for SS. While, the electrocoagulation process using horizontal electrode with anode at the
bottom was able to remove 42% for COD, 39% for BOD and 37% for SS. From the result, it was found that the treatment using
the horizontal orientation was less effective compared to the vertical orientation. This was due to the current and Al3+ ions
distribution problem at the horizontal orientation in which made the region that is above or below the electrode did not
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Fig. 3. Effect of vertical, horizontal with anode on top and horizontal with anode at the bottom electrode orientations on removal efficiency of (a) COD
removal, (b) BOD removal, and (c) SS.

receive sufficient of current and Al3+ ions distribution and then will hinder the formation of floc. Most of coagulant formed
was focused in the middle of electrode spacing, and then resulted the treatment mostly occurred only in that area. While,
for the use of vertical orientation, the distribution of current and Al3+ ions were more uniform, resulted in more effective
treatment achieved. This was agreed with Khalaf et al. (2016), whose stated that the vertical electrode orientation was better
than horizontal. Therefore, the vertical orientation has been chosen to be used in the next study due to the capability to treat
more pollutant in term of COD, BOD and SS.
3.2. Effect of electrode arrangement
The simplicity of basic two-electrode cell schematically represented in Fig. 1 is deemed as not suitable for the application
of wastewater treatment practically as it requires large surface area to overcome the workable rate of metal dissolution
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Fig. 4. Effect of MP-S, MP-P, BP as electrode arrangements on (a) COD removal, (b) BOD removal, (c) SS, (d) anodic dissolution, (e) current intensity changes
during 120 min.

(Mollah et al., 2004). Thus, interchange the electrode polarity intermittently might be necessary in order to improve the
performance of electrocoagulation process for practical used. In this study, the used of monopolar or bipolar aluminium
electrode arrangements in series or parallel connection have been operated to improve the performance of electrocoagulation process. The effect of monopolar series (MP-S), monopolar parallel (MP-P) and bipolar (BP) electrode arrangement on
removal efficiency of COD, BOD and SS were showed in Fig. 4(a), (b) and (c). According to the obtained results, MP-S showed
the highest treatment efficiency which were able to remove 65, 62 and 60%, followed by MP-P that remove 61, 58 and 59 %
and finally BP that only remove 56, 56, and 51% of COD, BOD and SS respectively in 120 min. It was clear from the graphs that
the serial connection resulted in higher removal efficiency than parallel connection. This was due to the high consumption of
the anode material in serial connection system rather than parallel connection system. The pollutant treatment efficiency is
depend on how much of the anodic dissolution into the system, where the higher dissolution of anode, the more coagulants
are form to the system and consequently resulted in more treatment occurred (Solak et al., 2009).
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a

b

c

Fig. 5. Effect of aluminium plate, iron plate and steel wool as electrode materials on (a) COD removal, (b) BOD removal and (c) SS.

The amount of the consumed anode material during electrocoagulation process was depicted in Fig. 4(d). The amount
of anodic dissolutions into the system for 120 min were found to be 5.0872, 3.2996, and 3.0176 g for MP-S, MP-P and BP-P
respectively. Since current in parallel connection systems was divided towards electrode sheets depending on the correlation
between capacitance of electrodes, lower electrical potential was required for parallel connection systems than required
for serial connection systems which means that the amount of anodic dissolution in parallel connection was about half of
anodic dissolution in series connection. Solak et al. (2009) reported similar trends for the treatment of marble processing
wastewaters.
The treatment using bipolar connection was found to be lower than the treatment using monopolar connection. This
was due to the changes of current intensity during the process. Fig. 4(e) showed the drop in current intensity with time for
monopolar and bipolar connections. Generally, the current intensity drop always occur in electrocoagulation process due
to the passivation of anode (Sengil and Ozacar, 2009). This situation occurred when a formation of oxide layer covers the
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Fig. 6. FESEM images (5000X magnification) corresponding with EDX data of the POME sludge after electrocoagulation process using (a) iron, (b) aluminium
and (c) steel wool.

anode surface prevents anodic dissolution and electron transfer, thereby decreasing the current efficiency and hence the
overall process efficiency (Holt et al., 2005). The amount of current intensities drop during 120 min of electrocoagulation
process were found to be 0 – 0.35 A for MP-S, 0 – 0.45 A for MP-P and 0 – 0.5 A for BP connection. These indicated that the
arrangement in bipolar connection has the highest current intensity drop as compared to monopolar connection. Similar
results reported by Wang et al. (2009) which concluded that the monopolar electrode was superior to the bipolar electrode
where the used of monopolar electrode has a characteristic of a low voltage but higher current, while on the other hand the
bipolar electrodes has a high voltage but lower current. Thus, from the aforementioned reasons, MP-S electrode connection
has been chosen to be used for the next study.
3.3. Effect of electrode material
The material of electrode assembles as the heart of the electrocoagulation process. Therefore, the appropriate selection
of electrode materials is very concerned. Aluminium and iron material were typically been used by researchers since these
types of material are cheap, readily available and proven effective to treat wastewater (Kobya et al., 2006). Fig. 5 showed
the treatment performance of COD, BOD and SS by using aluminium plate, iron plate and steel wool. From the figure, it
has been found that by using aluminium plate as electrode material for 120 min can remove as much as 65% of COD, 62%
of BOD and 60% of SS. Greater treatment performance showed by using iron plate which was able to remove 72% of COD,
67% of BOD and 63% of SS. Therefore, electrocoagulation process by using both aluminium and iron material could prove
that electrocoagulation process was able to treat POME. In electrocoagulation process, the dissolution of aluminium and
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Fig. 7. XRD analysis of POME sludge after treatment by using (a) steel wool, (b) aluminium plate, (c) iron plate.

Fig. 8. FTIR spectrum of (a) untreated/raw POME; and treated effluent after 120 min of electrocoagulation process using (b) aluminium electrode, (c) iron
electrode and (d) steel wool electrodes.

iron electrodes forming a range of coagulant species which are metal hydroxides or polymeric metal hydroxides, that can
destabilize and aggregate the suspended particles or precipitates to become flocs and absorb dissolve organic particles (Katal
and Pahlavanzadeh, 2011). This metal hydroxide can remove wastewater through enmeshment or sweep coagulation (Jingwei et al., 2007). However, this experiment showed that an application of iron plate as electrode material was more efficient
as compared to aluminium plate. In this case, by referring to Faraday’s law for both aluminium and iron which were used in
this experiment, only 3.36 g dissolution of aluminium was produced as compared to 6.97 g of iron (III) or 10.44 g for iron (II).
This amounts indicate that, there were more metal cations that released to the wastewater sample by iron material rather
than aluminium which resulted in greater production of metal hydroxides or polymeric metal hydroxides. This result was
also match with Moreno et al. (2009), which the authors observed that iron electrode was more effective than aluminium
electrode in terms of durability and cost. Meanwhile, by using steel wool as electrode was demonstrated the highest removals
of COD, BOD and SS where 74, 70 and 66% were removed respectively in 120 min. The results clearly indicate that wool
structure has a better performance than plate. This was due to the large surface area occupied by steel wool which was more
in contact with POME sample. Large surface area of electrode will help to equalize the distribution of the coagulant. Mollah
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Fig. 9. COD, BOD and SS removals per electrode consumption in electrocoagulation process by placing the electrodes in (a) vertical orientation, (b) horizontal
orientation with anode at the bottom and (c) horizontal orientation with anode on top for 120 min.

et al. (2004) stated that, in electrocoagulation process, electrode with large surface area is required in wastewater treatment
due to the workable rate of metal dissolution.
3.3.1. FESEM and EDX analysis
The observations of POME sludge structure by FESEM and EDX analysis after electrocoagulation process by using iron,
aluminium and steel wool were showed in Fig. 6. The FESEM images showed that the treatment using steel wool as electrode
was not so much different from using iron plate in term of the coagulated sludge size, since both (iron-based) of them
were producing the same coagulant which is iron hydroxide. However, the particles form these iron-based sludge were
smaller than that of the particles of aluminium sludge. The morphology of the sludge produced from iron-based sludge was
ultrafine (<1 µm), whereas the sludge produced by aluminium was mostly more than 1 µm in size. Since the particles size
of iron-based sludge are small, the areas occupied by the flocs became larger, which consequently increase the possibility
of pollutants being attached to the coagulants (Nasrullah et al., 2017). Moreover, iron has more atomic mass (55.845 u ±
0.002 u or 3.3210778 ×10−27 g) as compared to aluminium (26.981539 u ± 8 ×10−7 or 1.3284311 ×10−30 g) which can
gravitically bring down more of the coagulated particle by swipe flocculation.
EDX results show that electrocoagulation process did not only bring down the carbon (organic) particles, but also some
metals such as platinum, potassium, sodium and magnesium and also non-heavy metal such as chloride and oxygen.
The percentage of Al element in the sludge for aluminium plate application process was 23.61%. The presence of this
element prove that the aluminium material somewhat involve in the coagulation process and precipitate with accumulated
contaminants. Similar with the treatment by using iron plate and steel wool where the presence of Fe element were observed.
Surprisingly, the percentage of Fe element from steel wool application was higher than Fe element obtained from iron plate
which indicates that the dissolution of iron is higher by using steel wool rather than iron plate. The higher dissolution of
Fe element in EDX analysis for steel wool supported the finding that the higher surface area will increase the treatment
efficiency. Not only the treatment performance of using wool was more efficient than plate, the price of steel wool also is
cheaper than iron plate. Moreover, it was easily shaped as desired to fit the reactor or cell.
3.3.2. XRD analysis
In this study, the sludge produced after 120 min of electrolysis time was characterized by X-ray diffractometer (XRD) to
ascertain the main removal mechanism in electrocoagulation process. Fig. 7 showed 3 XRD patterns of POME sludge after
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Fig. 10. COD, BOD and SS removals per electrode consumption in electrocoagulation process by connecting the electrodes in (a) MP-S, (b) MP-P and (c) BP
for 120 min.

electrocoagulation process by using steel wool, aluminium plate and iron plates. As seen in the figure, the peaks from steel
wool and iron plate application (Fig. 7(a) and (c)) were belong to maghemite, γ-Fe2 O3 (JCPDS, 39–1346). In this process, the
main by-product for electrocoagulation process by using steel wool and iron plates is maghemite. According to Tezcan Un
and Aytac (2013), Maghemite can be formed from ferric hydroxide (a coagulant agent). Meanwhile, the main crystalline for
sludge after electrocoagulation process by using aluminium plate is bayerite, Al(OH)3 (JCPDF 20–0011) and boehmite, AlOOH
(JCPDF 21–1307).
3.3.3. FTIR analysis
FTIR spectra were observed to analyse the functional groups of the organic content of POME before and after treatment by
using aluminium, iron and steel wool electrodes in each structural fraction. The functional groups present in the sample were
displayed in Fig. 8. According to the FTIR analysis of raw POME, the appeared peak showed a lot of different functional groups
present in the sample which then disappeared after treatment. As can be seen in analysis of raw POME (Fig. 8(a)), a strong
peaks were observed at 3200–3500 cm−1 corresponding to polyphenolic compounds. According to Gursoy-Haksevenler and
Arslan-Alaton (2015), the intense broadband that was centred in the range of 3000–4000 cm−1 was identified as H–O bond
vibrations which possibly belonged to carboxyl, hydroxyl or phenolic groups. The bending bends observed within the range
of 1000–1240 cm−1 could be attributed C–H bending, while the peaks observed at about 2852 and 2922 cm−1 were attributed
to C–H stretching of aliphatic structures assigned to fatty acids and lipids, which were present in the POME (Shak and Wu,
2015). The strong bands of C=O bond stretching was associated to peaks in the region between 1800 and 1600 cm−1 (Shak
and Wu, 2014). The peak at about 1741 cm−1 corresponding to less condensed products with free –OH and –OOH groups,
could be attribute to the fatty acids or simple sugars (Gursoy-Haksevenler and Arslan-Alaton, 2015). The detected functions
presumably suggest the presence of the main constituents of POME as organic fatty acids and phenolic compounds.
After electrocoagulation process, showed in Fig. 8(b), (c) and (d), most of the peaks from raw POME were disappeared
such as the peak at 2921 and 2852 cm−1 that corresponded to the removal of long chain lipidic compounds and the peak of
1741 cm−1 that corresponding to the removal of fatty acid groups. Besides, the disappearance also occurred at the peak of
1630, 1440, 1384, 1235, 1151 and 1028 cm−1 . The reason for the peaks disappearances after treatment by using aluminium,
iron and steel wool were due to the fact that in electrocoagulation process, different types of pollutants are destabilized by
hydrolysis of metal ions to form monomeric and polymeric metal hydroxide complexes, which collide and drag the pollutant
with them (Ibrahim, 2013).

Heavy metal elements

Zinc
Iron
Copper
Manganese
Chromium
Cadmium

Vertical

Horizontal (anode on top)

Horizontal (anode at the bottom)

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

5.31 ± 0.27
41.84 ± 1.22
1.68 ± 0.17
10.82 ± 0.72
0.78 ± 0.01
<0.01

0.13 ± 0.05
3.26 ± 0.75
0.02 ± 0.01
0.85 ± 0.01
0.04 ± 0.01
<0.01

3.41 ± 0.15
23.93 ± 1.48
0.55 ± 0.06
2.71 ± 0.31
0.19 ± 0.00
<0.01

5.53 ± 0.32
43.01 ± 1.35
1.77 ± 0.21
11.16 ± 0.67
0.59 ± 0.01
<0.01

0.09 ± 0.01
4.31 ± 0.53
0.13 ± 0.02
0.95 ± 0.07
0.09 ± 0.03
<0.01

3.13 ± 0.21
22.16 ± 0.98
0.46 ± 0.08
2.68 ± 0.28
0.25 ± 0.04
<0.01

5.31 ± 0.27
42.72 ± 1.86
2.02 ± 0.19
11.01 ± 0.72
0.65 ± 0.01
<0.01

0.07 ± 0.04
6.02 ± 0.87
0.22 ± 0.05
1.07 ± 0.03
0.15 ± 0.02
<0.01

3.02 ± 0.12
21.37 ± 1.05
0.29 ± 0.16
2.01 ± 0.41
0.14 ± 0.01
<0.01
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Table 3
Metal analysis before and after 120 min of treatment by using different types of electrode orientations.
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Heavy metal elements

Zinc
Iron
Copper
Manganese
Chromium
Cadmium

MP-S

MP-P

BP

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

5.24 ± 0.21
41.75 ± 1.35
1.75 ± 0.12
10.63 ± 0.49
0.88 ± 0.01
<0.01

0.11 ± 0.06
4.06 ± 0.58
0.12 ± 0.03
0.88 ± 0.07
0.05 ± 0.01
<0.01

3.81 ± 0.14
24.41 ± 1.37
0.65 ± 0.04
2.81 ± 0.37
0.26 ± 0.04
<0.01

5.63 ± 0.35
43.12 ± 1.13
1.87 ± 0.11
11.28 ± 0.34
0.62 ± 0.02
<0.01

0.09 ± 0.01
4.52 ± 0.39
0.18 ± 0.05
0.85 ± 0.10
0.10 ± 0.03
<0.01

3.63 ± 0.18
22.16 ± 0.98
0.58 ± 0.05
2.59 ± 0.21
0.21 ± 0.04
<0.01

5.21 ± 0.27
42.43 ± 1.54
1.72 ± 0.14
11.61 ± 0.64
0.67 ± 0.02
<0.01

0.12 ± 0.03
4.82 ± 0.71
0.21 ± 0.08
0.97 ± 0.07
0.11 ± 0.02
<0.01

3.22 ± 0.21
20.79 ± 1.11
0.49 ± 0.19
2.21 ± 0.32
0.18 ± 0.01
<0.01
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Table 4
Metal analysis before and after 120 min of treatment by using different types of electrode arrangements.

Heavy metal elements

Zinc
Iron
Copper
Manganese
Chromium
Cadmium

Aluminium plate

Iron plate

Steel wool

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

Raw POME
(mg/L)

Treated POME
(mg/L)

Treated POME sludge
(mg/kg)

5.33 ± 0.27
42.68 ± 1.41
1.55 ± 0.12
10.95 ± 0.42
0.76 ± 0.01
<0.01

0.15 ± 0.06
4.76 ± 0.55
0.17 ± 0.03
0.86 ± 0.05
0.09 ± 0.01
<0.01

3.78 ± 0.18
22.15 ± 2.06
0.56 ± 0.05
2.98 ± 0.53
0.20 ± 0.03
<0.01

5.81 ± 0.35
43.12 ± 1.13
1.29 ± 0.13
11.36 ± 0.37
0.63 ± 0.02
<0.01

0.13 ± 0.07
12.58 ± 0.39
0.15 ± 0.04
0.75 ± 0.12
0.23 ± 0.04
<0.01

3.55 ± 0.24
67.12 ± 1.07
0.78 ± 0.03
2.35 ± 0.38
0.31 ± 0.01
<0.01

5.73 ± 0.27
42.88 ± 1.58
1.52 ± 0.15
11.67 ± 0.57
0.61 ± 0.02
<0.01

0.11 ± 0.04
11.27 ± 0.73
0.18 ± 0.08
0.89 ± 0.07
0.22 ± 0.02
<0.01

3.82 ± 0.23
76.95 ± 2.08
0.51 ± 0.17
3.41 ± 0.32
0.28 ± 0.01
<0.01
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Table 5
Metal analysis before and after 120 min of treatment by using different types of electrode materials.
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Fig. 11. COD, BOD and SS removals per electrode consumption in electrocoagulation process by applying (a) aluminium plate, (b) iron plate and (c) steel
wool as electrodes for 120 min.

3.4. Supportive results and economic study
Heavy metal analysis was performed to check the metal residue after treatment in 120 min in treated POME and treated
POME sludge and the results were showed in Tables 3–5. According to the tables, all of the treatment using different electrode
orientations, arrangements and materials were found to be able to reduce heavy metal concentration in the wastewater
sample. Therefore, this can prove that electrocoagulation process is safe to use.
The cost analysis is one of the most important parameters that must be calculated to evaluate a method of wastewater
treatment. As the consumption also related to operating cost, so that it is important to show first the amount of electrode
dissolution into wastewater along with COD removed per gram of electrode throughout the process. Fig. 9 shows COD, BOD
and SS removals per electrode consumption in electrocoagulation process by placing the electrodes in vertical orientation,
horizontal orientation with anode at the bottom and horizontal orientation with anode on top for 120 min together with the
amount of electrode consumption. The same trend occurs in all orientations involved, that the electrode consumption was
increasing with time but the COD, BOD and SS removals per gram electrode were increasing at the beginning and decreasing
at the end of the process. However, the clear comparison can be seen in the figure with the result for vertical orientation
exhibit high removals per gram electrode especially for COD, compared to both horizontals orientation, even though the
electrode consumption of all of the orientations are almost similar. The placement of electrode in vertical orientation aids
in the uniformly distribution of coagulant in wastewater.
Fig. 10 shows COD, BOD and SS removals per electrode consumption in electrocoagulation process by connecting the
electrodes in MP-S, MP-P and BP for 120 min. The removals per electrodes consumption for MP-P shows better performance
than MP-S. As mentioned before, since current in MP-P connection systems is divided towards electrode sheets depending on
the correlation between capacitance of the electrodes, lower electrical potential is required for parallel connection systems
than required for serial connection systems. It means that, although the removal efficiency of MP-S connection is higher than
MP-P (refer to Fig. 4(a), (b) and (c)), but after divided the amount of the removal with the electrode consumption for MP-P
which almost half to MP-S, MP-P connection become more economically effective than MP-S. In term of BP configuration,
with low removal efficiency (refer to Fig. 4(a), (b) and (c)) resulted in the lowest removals per electrode consumption among
them.
Fig. 11 shows COD, BOD and SS removals per electrode consumption in electrocoagulation process by applying aluminium
plate, iron plate and steel wool as electrode materials for 120 min. From the graphs, the application of aluminium plate
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Fig. 12. Operating cost for (a) orientations, (b) arrangements and (c) materials.

exhibits the highest removals per electrode consumption yet consumes lowest amount of electrode. Again the same
condition with MP-P connection, the low consumption of electrode contributes in high removals per electrode consumption
although in fact the application of aluminium resulted in low treatment efficiency (refer to Fig. 5). The maximum point of
COD removal per electrode consumption by steel wool (6492 mg/g) was just slightly lower than aluminium (6951 mg/g)
makes the application of steel wool is more relevant in this process. This is because, despite the difference (maximum point)
is only less than 500 mg/g, but the COD removal efficiency for steel wool is much higher than aluminium (refer to Fig. 5).
Meanwhile, the application of iron material has the lowest removals per electrode which the maximum point for COD did
not even reach 6000 mg/g.
The operating cost of electrocoagulation for electrode orientations, arrangements and materials are depicted in Fig. 12.
From Fig. 12(a), it can be seen that vertical orientation has the lowest operating cost compared to horizontals. So that, the
vertical orientation is ideal to be applied for this process because this orientation is not only inexpensive, but also effective.
Fig. 12(b) displays MP-S connection has the highest operating cost, while the other connections display a close results with BP
is a little bit higher than MP-P. This is due to the connection in series became a great contributor to the coagulant generation
and electrical energy consumption which lead to the high cost operation in return. For comparison of different types of
materials shows in Fig. 12(c), application of aluminium indicates the highest operating cost among others, especially in
early 20 min. Application of steel wool shows a reasonable operating cost which shows slightly higher than the cheapest
one that is iron.
4. Conclusion
The criteria of electrode design for electrochemical cell has successfully been determined by selecting vertical electrode
orientation, MP-S arrangement and steel wool as electrode material due to the highest treatment efficiency. The placement
of electrode in vertical orientation shows the highest treatment which was able to remove 57% of COD, 53% of BOD and 51% of
SS. In electrode arrangement study, MP-S connection shows the highest treatment efficiency which were able to remove 65%
of COD, 62% of BOD and 60% of SS. For electrode material selection, the application of steel wool was found to be the highest
compare to iron and aluminium plate in which it was able to remove 74, 70 and 66% of COD, BOD and SS respectively from
POME. FESEM images for all of three materials show the capability on removing pollutant from wastewater. However, the
iron-based material applications exhibit smaller size of sludge particles (mostly below than 1 µm), whereas the application
of aluminium exhibits more than 1 µm particle size. This fine coagulant generated from iron has larger surface area which
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can trap more pollutant particles. EDX analysis results show more percentage of Fe element (about 66%) obtained from
steel wool compared to iron (about 34%). XRD analysis results show that the main product of sludge for iron plate and steel
wool application were maghemite, while the main product of sludge treated by aluminium was bayerite and boehmite.
FTIR analysis result show that most of functional groups present in the raw wastewater sample were disappeared after
electrocoagulation process. In economic study, vertical orientation, MP-P arrangement and iron plate application show the
lowest cost operation as a function of COD removal. This study can give freedom to research experts out there to choose the
electrode design whether they are more favourable in high treatment efficiency or more economical method.
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