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ABSTRACT

The critical parameters namely initial pH, time and current density largely impact the process
efficiency of electrocoagulation (EC). Few works have been done on observing the interaction
of these critical parameters and the possible combined effect on the overall pollutant removal
efficiency. Therefore, the knowledge of the combined effect of critical parameter interaction
would enhance the optimization of EC parameters to attain maximum efficiency with limited
resources. Using aluminium electrodes with interelectrode distance of 10 mm on synthetic
wastewater, representing biotreated palm oil mill effluent (BPOME), with a set range of
initial pH, current density, and time of 3-8, 40-160 mA/cm? and 15 to 60 minutes,
respectively, the effect of the three critical variables was investigated. The optimum Chemical
Oxygen Demand (COD) removal of 71.5% was determined at pH 6, current density of 160
mA/cm? (with current 1.75 A) at EC time of 15 minutes. The experiment was validated with
real BPOME, resulting in the removal efficiency of 60.7 % COD, 99.91 % turbidity, 100 %
total suspended solids (TSS) and 95.7 % colour. Removal of a large quantity of pollutants in a
time span of 15 minutes with optimized parameters in EC is notable for a wastewater
treatment alternative that requires no extensive use of chemicals. The interaction of
parameters observed in this study indicated a synergistic contribution of initial pH and current
density in removing maximum wastewater COD in 15 minutes of EC.
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INTRODUCTION

With leaps in global advancements in industrial development, fresh water crisis is a rapid
rising concern. The magnified concerns had been highlighted by World Economic Forum
(WEF), with a prediction of economic deterioration due to fresh water decline (WEF, 2020).
Moreover, the United Nations (UN) has placed Sustainable Development Goal (SDG) 6, to
accomplish increase in reduction in wastewater emissions, and reclamation for safe industrial
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reuse (UN, 2018). Therefore, there is a need for an effective water treatment system that can
sustainably treat and reclaim reusable water from industrial effluents.

A frequently used wastewater treatment is chemical coagulation-flocculation (Jawad et al.,
2016), with underlying drawbacks of continuous chemical intensive process, production of
increased sludge quantity and acidified final treated water (Bannari et al., 2019). Besides,
adsorption (Jayakaran et al., 2019), advanced oxidation process (AOP) (Bahadur & Bhargava,
2019; Boczkaj & Fernandes, 2017) and membrane technology (Amosa et al., 2016; llyas et
al., 2020) displayed effective treatment performance but most of these processes incur a high
cost. Electrocoagulation (EC) stands out to be an effective alternative to these processes. EC
is an electrochemical treatment that is inexpensive, easy to maintain, has no moving parts,
does not require harsh chemicals, and therefore, is environmentally friendly (Moussa et al.,
2017; Tahreen et al., 2020). The resulting sludge produced in EC process is less in quantity
compared to that of other wastewater treatment plants. Moreover, the EC sludge generated
over time can be utilized to convert into clay bricks (Thakur et al., 2019) or utilized for
renewable biomaterial production (Aslan et al., 2016), thus, paving way towards a zero-waste
water reclamation system.

EC involves continuous generation of metal ions in situ by applying a constant current that
forms coagulants that destabilizes the pollutants and cause them to form flocs that are
separated by flotation and decantation (Bannari et al., 2019). It has been increasingly studied
as a pre-treatment process for membrane technologies for wastewater treatment and
reclamation (Tahreen & Jami, 2021). It is a versatile process and is studied on many types of
wastewater involving various types of pollutants, such as tannery wastewater (Deveci et al.,
2019), leachate wastewater (Sedigi et al., 2021), arsenic and fluoride based wastewater
(Sandoval et al., 2021), pharmaceutical wastewater (Zaied et al., 2020), dairy processing and
slaughterhouse wastewater (Reilly et al., 2019), bilge water (Akarsu et al., 2016), laundry
wastewater (Dimoglo et al., 2019) and biodiesel wastewater (Chavalparit & Ongwandee,
2009). Aluminium and iron are widely used as electrodes for EC, due to their ease of
availability, low cost and ability to generate multivalent metal ions on current application.
Many researchers preferred aluminium over iron as EC electrodes due to reduced
complexities from dual oxidation states of iron (Tahreen et al., 2020). Therefore, aluminium
was employed in this study, and the redox reactions involved in aluminium dissociation in EC
are presented in the equations (5) and (6). The subsequent formation of aluminium hydroxides
as coagulants begins the EC process by destabilizing the pollutant colloids, followed by
flocculation.

There is a rising concern regarding the increased production of palm oil mill effluents
(POME) from the oil palm industries. Current wastewater treatment processes such as
biological treatments namely aerobic treatment, anaerobic and facultative pond effluent open
decomposition tank and composting of organic fertilizer are the conventional treatments for
palm oil mill effluents (POME) (Iskandar et al., 2018), requiring a large surface area and a
very long retention time, producing a foul stench that becomes detrimental to the
environmental well-being. The final discharged biotreated POME still contains a huge amount
of organic matter, suspended solids and turbidity that hinders the marine life and the
environment. Moreover, huge amount of water used in the palm oil production processes are
lost as effluents.

Few studies reported an enhanced Chemical Oxygen Demand (COD) removal and
shortened reaction time with EC on POME. Bashir et al. (2019) and Nasrullah et al. (2017)
integrated EC process with additional oxidizing agent such as hydrogen peroxide (H;0O,).
Nasrullah et al. (2017) introduced a coagulating aid namely polyaluminum chloride (PAC), in
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addition to H,O,, to enhance the EC process to achieve better COD removal. Addition of
strong oxidants stands as a drawback if an overall environment friendly process is aimed. It
was observed that the COD removal % varied significantly with the additional coagulant in
the EC process as compared to Bashir et al. (2019) but required longer residence time. By
observing the effect of initial pH and optimization, the overall time required for the EC
process can be minimized. For instance, Rusdianasari et al. (2017) monitored the effect of
voltage and process time and achieved the optimum COD removal at 150 minutes. By
considering the effect of initial pH and combined parametric effect on COD removal, the
process time can be minimized, making the EC process more efficient.

Differences arise notably due to frequent changes in the POME effluent characteristics as
the samples differ in characterization due to biodegradation and effluent quality fluctuation.
Besides, the point of collection and biological post treatment of the POME samples employed
in these studies were different. Therefore, to have a more solid understanding on the
effectiveness of EC on removal of COD, a fully controlled synthetic wastewater was prepared
in this research that closely represents biotreated POME. As a result, a more consistent and
reliable outcome can be achieved, in terms of COD removal as a primary response. Hence,
synthetic wastewater can be used to represent the actual biotreated POME to minimize the
complications of the raw wastewater. Lack of microbial activity in the synthetic sample
provides a nearly constant environment for the experiments, enabling the prolonged usability
of the samples (Abdulazeez et al., 2018).

This study focuses on EC as an alternative post treatment process for biotreated POME and
investigates its ability to sustainably reclaim process water for reuse in the industry. Biotreated
POME, also known as BPOME, is the final discharge effluent of the palm oil industries, that
holds the potential to be reused in the industry with a sustainable water reclamation system,
mitigating fresh water scarcity and environmental pollution. Many researchers have studied the
effect of operational parameters on EC efficiency. However, few studies are found that
investigate the parameter interaction and the combined parametric effect on pollutant removal
% with EC. Therefore, observing the effect of critical operating parameters namely current
density, initial pH and time, and their combined effect on pollutant removal efficiency and EC
optimization in this study, will propel the advancement of this sustainable technology in the
palm oil industries. As another stepping stone for sustainably producing cleaner effluents for
discharge and potential water reclamation, this study paves a way to the direction of
accomplishing the SDG 6, aiming to reduce and reuse industrial effluents.

MATERIALS AND METHODS

The synthetic wastewater having similar characteristics with BPOME, was prepared by
adapting the artificial wastewater composition from (Nopens et al., 2001). It was
characterized at room temperature (27 C) and the values are depicted in Table 1.

Table 1. Characterization of synthetic wastewater.

Parameters Average values
COD (mg/L) 2449
Conductivity (mS/cm) 17.67
Salinity (ppt) 10.4
pH 5.65
TDS (g/L) 10

Turbidity (NTU) 328
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Aluminium (Al) plates of dimensions 1.55 mm x 20 mm x 100 mm were rinsed with HCI
and dried before the setup as electrodes. A 250 ml beaker was used as the EC cell connected
to the DC supply (Twintex TP-2303K, Taiwan) via the electrodes. A schematic diagram for
the experimental setup for the EC run is presented in Figure 1. The runs were varied in terms
of initial pH (3-8), current density (40-160 mA/cm?) with current ranging from 0.44 A to 1.75
A, effective anode surface area of 10.93 cm? and EC time (15-60 minutes) for optimization
using design of experiment. The interelectrode distance was set constant to 10 mm (Aswathy
et al., 2016; Hussin et al., 2017; Khosravi et al., 2017; McBeath et al., 2020). The challenge
faced while running EC was the electrical conductivity of the synthetic wastewater. To enable
the current flow based on the chosen current density range, the addition of NaCl as electrolyte
was necessary, as the conductivity of the synthetic solution was not enough to apply the
required current density. After a series of electrolyte additions and observation of current flow
on synthetic wastewater, 10 g/L NaCl concentration was chosen and kept constant for all the
batches of synthetic wastewater preparation so the maximum current density in this study’s
chosen range can be applied. The results obtained were optimized with Design Expert
Software version 13.0, using Response Surface Methodology (RSM) technique. The
considered factors were current density, pH and time denoted as A, B and C, respectively.

The experiments were carried out in room temperature (27 C) and the synthetic wastewater
was prepared, EC treated and tested for COD on the same day, to remove errors arising from
possible COD degradation. Deionized water was used for all synthetic wastewater preparations.
The Al electrodes were rinsed with 5% HCI solution before performing every run.

Direct current (DC)

Anode € Cathode

|——— EC reactor

—+— > Wastewater

Magnetic bar €

—> Stirrer

Fig. 1. Schematic diagram of simple EC setup

The wastewater samples were measured for COD, color and total suspended solids (TSS)
before and after EC using spectrophotometer (HACH DR 5000, USA) according to American
Public Health Association (APHA) standards (APHA, 2002). To control the initial pH of the
samples, 5% HCI and 0.1M NaOH solutions and pH meter (Mettler Toledo, MP220 model,
USA) were used. Multi-meter (HACH sensION5, USA) was used to measure the TDS,
conductivity, and salinity of the wastewater samples. Turbidity of the samples were monitored
with turbidimeter (HACH 2100P, USA). The aluminum anode was observed under scanning
electron microscope (SEM) (JSM-IT100 version 1.060, Jeol, Japan).
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RESULT AND DISCUSSION

The resulting COD % removal values are stated in Table 2. COD % removal was calculated

from equation (1):

COD (initial)-COD (final)
COD (initial)

COD% removal =

x100% 1)

Table 2. Completed DOE table with COD removal % as response.

RuUN Factor A , Factor B Factor C Response
Current density, mA/cm Initial pH Time, min COD removal, %

1 100 8 60 58.8
2 160 8 375 60

3 160 55 15 76.09
4 100 55 375 65

5 100 3 60 48.35
6 160 55 60 64.13
7 100 8 15 45.05
8 40 8 375 52.75
9 40 3 37.5 37.36
10 100 3 15 35.16
11 40 55 60 67.39
12 40 55 15 55

13 100 55 375 715
14 160 3 375 41.76
15 100 55 375 60

16 100 55 375 70

17 160 8 60 72

18 100 55 375 69

19 160 3 15 54.2
20 40 3 60 54.25
21 40 8 15 45.83
22 160 3 15 54.17
23 100 55 375 50

24 160 8 15 46.38
25 100 5.5 375 55.3

The COD removal % as a response variable to variation in the parameters, namely current
density, initial pH, and time in EC process was analysed with Design Expert Software using
its powerful tool RSM. The Box-Behnken Design (BBD) suggested a total of 15 runs with 3
centre points. The resulting empirical model was augmented with 10 more additional points
and backward reduction of highly insignificant factors for strengthening the significance and
the predictability of the model. The response surface was a fit to second-order polynomial
model represented by equation (2), where fo fi, fii and pij represent the coefficients of
regression for the intercept, linear, quadratic and the interaction terms respectively. The
symbols X; and X; denote the coded values of the independent variables and k is the quantity
of variables studied in the design. The symbol & represents the error value.

k-1 k

Y =8, +il‘ﬁiXi +il‘ﬁiXi2+ZZ‘ﬁiniXi +e @)

The model F value was 17.13 implying the model was highly significant to a p-value less
than 0.0001. The R? and adjusted R? of the significant model was 0.896 and 0.843 and the
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predicted R?> was 0.687 which was reasonably in agreement with the adjusted R? as the
difference between the values was less than 0.2. The adequate precision of the model was
11.94 proving that the signal to noise ratio was high (> 4). Therefore, it is in the acceptable
range enabling the model suitable for navigation of the design space. Moreover, the model
lack of fit F-value was 0.85, implying that it was not significant relative to the pure error and
therefore, proved a very good fit of the model. The statistical analysis data have been
summarized in Table 3.

Table 3. ANOVA and fit- statistics for the reduced quadratic model.

Sum of

Source S df Mean Square F-Value p-value
quares
Block 572.76 3 190.92
Model 2168.62 7 309.8 17.13 <0.0001 significant
A-Current density 180.6 1 180.6 9.99 0.007
B-Initial pH 526.61 1 526.61 29.12 <0.0001
C-Time 180.94 1 180.94 10 0.0069
AB 16.87 1 16.87 0.9329 0.3505
AC 208.54 1 208.54 11.53 0.0043
BC 17.46 1 17.46 0.9652 0.3426
B2 1463.03 1 1463.03 80.89 < 0.0001
Residual 253.2 14 18.09
Lack of Fit 172.16 10 17.22 0.8497 0.6221 _ ot
significant
Pure Error 81.04 4 20.26
Cor Total 2994.57 24

R-squared=0.8955
Adjusted R-squared=0.8432
Predicted R-squared=0.6870

Adeq precision=11.9420

The model can be represented empirically by equation (3) in terms of coded factors:
COD removal %= 65.51 + 4.17A + 6.95B + 4.05C + 1.50 AB — 5.22 AC + 1.58 BC — 17.10B° (3)

The coded factor-based equation can be employed to predict the response for given levels
of each factor, where A, B and C represent the current density, initial pH, and time
respectively. By default, the high and low factor levels are coded as +1 and -1 respectively.
The coded equation helps to identify the relative influence of the factors by comparing the
factor coefficients.

Figure 3, Figure 4 and Figure 5 depict the 3D surfaces and contour plots of the effect of
parameter interaction with COD removal % as the response variable. As observed in the 3D
graphs, the interaction between the parameters EC time and pH was significant compared to
EC time - current density and pH - current density. The parabolic slopes of the graphs depict
the peak performance of COD removal with respect to the pair of parameters in concern. All
the three parameters current density, initial pH, and time are significant implying their strong
impact on the response variable, proven by the statistical significance, with p-values less than
0.05 in Table 3. The quadratic model depicts the highest COD removal % that can be
achieved while varying two parameters at once and leveraging their combined effect on COD
removal, true for current density and time in this study.
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| | S L
40 160 3 8
A'Current density = 160 B:pH = 6.0051
] | )
| 15 60 3516 76.09
C:Time = 15.0001 COD removal = 71.5476

Desirability = 0.889
Solution 1 out of 39

Fig. 2. Optimized variables depicted in ramps, generated using Design Expert 13.0.

With desirability value of 0.889, the optimized set of parameters was determined to be 160
mA/cm? (at 1.75 A), 6, and 15 minutes for current density, initial pH, and time respectively,
for the optimum COD removal % of 71.5 as shown in Figure 2. These results correspond to
the EC treatment on leachate by Sediqi et al. (2021), where the most cost consuming outcome
(with minimum usage of electricity and materials) was achieved at pH 6, 3.4 A and 47
minutes. Under these conditions the highest COD removal observed was 51%. Therefore,
relatively requiring a much lower current and time, a higher COD removal was observed in
this work for the treatment of BPOME. The optimized numerical solution was validated with
confirmation experiments in duplicates and the average COD removed was recorded to be
68.86% with a percentage error of 3.7 with the suggested COD % removal from the
optimization solution.

The final EC treated effluent was characterized to observe the removal efficiencies of
COD, TSS, turbidity, and colour, and the details are summarized in Table 4.

Table 4. Characterization of synthetic wastewater.

Parameters Value Average removal efficiency
COD (mg/L) 952.5 68.86%
TSS (mg/L) 0.5 99.68%
Color (PtCo) 15 97.95%
Turbidity (NTU) 2 99.39%

The combined effect of both current density and time in COD removal is visualised in the
3D and contour plots in Figure 3, Figure 4 and Figure 5. The interaction between current
density and time is statistically significant in the response, with a p-value less than 0.05
compared to the combined effect of other parameters on COD removal % as shown in Table
3.
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Fig. 3. 3D surface and contour plots showing the combined effect of time and initial pH on COD removal
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Fig. 4. 3D surface and contour plots showing the combined effect of time and current density on COD
removal
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Fig. 5. 3D surface and contour plots showing the combined effect of current density and initial pH on
COD removal



Pollution 2021, 7(3): 617-632 625

Current density is a crucial factor that influences the reaction rate of the EC process (Sher
et al., 2020). It promotes the formation of coagulant quantity and hydrogen bubble formation,
floc size and growth for pollutant removal (Nasrullah et al., 2020). In this work, the effect of
applied current on COD removal efficiency was monitored at a range of current density (40-
160 mA/cm?) for the treatment of synthetic BPOME. The maximum COD was removed at the
current density of 160 mA/cm? Increasing the current density resulted in a greater COD
removal as also reported by (Kobya et al., 2006; Manilal et al., 2020). As the current density
was raised from 40 to 160 mA/cm?, the COD % removal increased up to 71.5%. This was due
to the increased release of aluminium ions in electrolytic oxidation and hydroxide formation
that enhanced the coagulation activity and subsequent precipitation, corresponding to the
increase in applied current (Shankar et al., 2014). Even though a higher current density
enhances the EC process efficiency, after a certain period of time, the removal efficiency
drops due to over occupied active sites of the coagulant-pollutant complex (Lekhlif et al.,
2014) and destabilization of the pollutant adsorption (Foudhaili et al., 2020). According to the
general Faraday’s law, the removal efficiency increases with increasing reaction time, as
multiple ion hydroxide complexes are produced to entrap the colloidal pollutants. However, a
peak point is reached when the EC removal efficiency does not further increase as the
complexes reach a saturation point (Loukanov et al., 2020).

Hence, a mutual interaction of both current density and time has shown a combined effect
on the final COD removal % and is evidently reflected in the ANOVA analysis of the
quadratic model. The synergistic effect of the parameter interaction on COD removal % was
proven to be statistically significant in this study with a p-value of 0.0043. The EC process in
this study was varied from 15 to 60 minutes. With 160 mA/cm? current density i.e. 1.75 A of
applied current in this study, the optimum COD removal % was achieved in 15 minutes.
Increased current density corresponds with reduced reaction time (Sharma et al., 2020).
Though a lower current density promotes reduced power consumption, the overall process is
compensated with overall higher time duration required to achieve the optimum pollutant
removal % (Wagle et al., 2019).

As EC process progresses, heat released in the electrolytic redox reactions raise the reactor
temperature, as observed in this study. Although the heat released was considered negligible
in this work, the consequences of possible excessive heat production in large scale EC
operation in the industrial scale is a concern. Studies by El-Ashtoukhy et al. (2008) and Sekar
et al. (2004) recommend determination of optimum current density to minimize undesirable
effect of heat generation.

Moreover, with increased current density, a higher rate of hydrogen bubbles on the surface
of the working mixture was observed. This phenomenon corresponds to the increased rate of
anode dissociation with high current density (Moussa et al., 2017; Tahreen et al., 2020). It
was also reported that current density influences the bubble size along with bubble quantity
(Fukui & Yuu, 1985).The release of hydrogen as bubbles at the cathode tend to produce
bubble turbulence in the reactor that affects the floc formation (Loukanov et al., 2020).

As per electrolysis of water, production of 1 mol of H, corresponds with 2 moles of
electrons. The corelation among bubble velocity, gas-flow rate and current intensity was
derived in the study by (Bannari et al., 2019), and is presented in equation (4), where Ug (m/s)
is the superficial bubble velocity, Qg is the gas volume flow-rate, Se is the electrode surface
area (cm?), My, is the molar mass of H, (2.016 g/mol), pg is the H, density (0.085 kg/m®) and
F is the Faraday’s constant (96500 C/mol).

_ Qs _ M,
S, 2Fp.S,

e

(4)
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With a current of 1.75 A, and S, of 10.93 cm? in this work, the H, volume flow-rate, Qg,
was determined to be 2.15 x 10”7 m®/s. Dividing Qg with Se gave 1.97 x 10 m/s as the
superficial velocity of H, bubbles in the EC reactor. With this bubble velocity at the highest
current density (160 mA/cm?), at pH 6, the highest COD removal % was achieved in 15
minutes. Therefore, it was concluded that the bubble turbulence was not high enough to cause
floc deformation that could affect the COD removal with the optimized parameters. This
observation is in agreement with Bannari et al. (2019), where it was reported that, in order to
prevent floc disintegration and support complete flotation, the hydrodynamic shear forces in
the reactor should be weak (Bannari et al., 2019).

The perturbation plot in Figure 6 shows that the response of % COD removal is the most
sensitive to changes in factor B (initial pH), which was also reported by (Akhtar et al., 2020).
Numerous studies have reported that EC is sensitive to the initial pH of the wastewater as it
controls the charge of the generated metal hydroxides that influence the removal efficiency
(Garcia-Segura et al., 2017; Hashim et al., 2019; Naje et al., 2017; Sediqi et al., 2021). By
varying the initial pH of the wastewater ranging from pH 3 to 8, the best COD removal % was
obtained at pH 6 in this study. As EC progresses, Al** ions are generated at anode and OH
ions at the cathode, the resulting aluminium hydroxides undergo speciation depending on the
pH of the electrochemical solution and wastewater under treatment (Sardari et al., 2018). In
the pH range of 6 to 8, amorphous Al(OH); species with large surface area are prevalent
(Ghernaout et al., 2015; Shankar et al., 2014). The AI(OH); as gelatinous suspension removes
the organics and suspended solids from the wastewater by means of complex formation,
electrostatic attraction, followed by coagulation and flocculation (Ghernaout et al., 2009).
However, in a more alkaline pH, Al hydroxides prevail in a negatively charged species of
Al(OH), and charge repulsion restricts complexation and adsorption of pollutants (Sardari et
al., 2018). Therefore, in this work, the optimum amount of coagulants produced to remove
optimum COD % was at pH 6.

Perturbation
80 —
A C
70 = =
£ .
®
g
s A
8 5
Q
&0
30 -
1 I I I 1
-2000 -1.000 0.000 1.000 2000

Deviaton from Reference Point (Coded Units)

Fig. 6. Perturbation plot of COD removal (%).

As a sacrificial electrode, aluminium anode loses its mass over time while releasing
aluminium ions and electrons in the electrolytic solution, while hydrogen bubbles are released
at the cathode with the production of hydroxide ions. The SEM image of aluminium anode
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depicts anomalistic floccules on its porous surface, as shown in Figure 7. The porous anode
represents the loss of aluminium ions during anode dissociation in EC. Similar anode
structure of Al had also been observed and reported by (Hashim et al., 2019). The redox
reactions that govern the dissociation of aluminium anode to release Al** ions for EC are
presented in equations (5) and (6).

Al > APF* + 3¢ (at the anode) (5)

2H,0 + 2e" - H, + 20H" (at the cathode) (6)

Using the Faraday’s equation as in (Holt et al., 2002), the theoretical amount of total
aluminium utilized was determined to be 0.839 g and 4.20 g/L in terms of concentration, at
the current density of 160 mA/cm? at 1.75 A, pH 6 and 15 minutes of EC treatment. Electrode
loss and requirement of periodic anode replacement stands out as a downfall of the EC
process. But the continuous effective release of coagulant in situ with simplicity and without
external chemical addition, and quick treatment results, surpass the disadvantage.

Tool 5
Fig. 7. SEM image of aluminium anode after EC.

The EC process was validated with real BPOME with the optimized parameters from EC
on synthetic wastewater. The BPOME was collected from the final discharge pond released at
the capacity of 23 tons per hour in Negeri Sembilan based palm oil mill, Malaysia. The
BPOME samples were brown in colour with high notable turbidity. The collected effluent was
stored in 4°C and characterized according to APHA standards, presented in Table 5.

Table 5. Characterization of BPOME

Parameters Average values
COD (mg/L) 1981
TSS (mg/L) 192
Colour (PtCo) 2882
Salinity (ppt) 8.2
TDS (g/L) 7.91
Conductivity (mS/cm) 14.1
pH 7.90

Turbidity (NTU) 332
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Despite storing at 4°C temperature, the BPOME samples depicted a very slight degradation
in its parameters especially COD, TSS, turbidity and colour overtime, as a result of natural
biodegradation (Mohd-Nor et al., 2019). Therefore, the characterization of the sample was
recorded as average values considering the values previously noted and the reading during the
experiment.

For both synthetic and real BPOME, EC did not have any significant effect on the TDS,
conductivity and salinity levels, but notably differed in COD, turbidity, TSS, and colour
values. The final treated solution was a transparent yellow solution with 0.3 NTU turbidity
and 0 mg/L of TSS. The validation with real BPOME with the optimized current density
resulted in 60.7 % COD, 99.91 % turbidity, 100 % TSS, and 95.7 % colour removal after 15
minutes of EC. The parameters denoting the pollutant removal efficiency are presented in
Table 6.

Table 6. Characterization of EC treated BPOME.

Average removal
Parameters Value g

efficiency
COD (mg/L) 779+1 60.7 %
TSS (mg/L) 0 100 %
Colour (PtCo) 123 95.7 %
Turbidity (NTU) 0.3 99.91 %

Even though the COD removal with EC differed between the real BPOME and synthetic
wastewater, the turbidity, TSS and turbidity were removed nearly to completion in BPOME,
in just 15 minutes of operation without addition of any electrolytes. The electrical
conductivity of BPOME samples was high enough to run the highest current density
considered in this study, compared to the synthetic wastewater. As the real BPOME is more
complex with the presence of various proteins and organic substances, the slight gap in COD
removal % prevails, compared to the same treatment on the synthetic wastewater with the
same optimized parameters. However, the effect of additional supporting electrolytes on real
BPOME on EC pollutant removal efficiency is worth exploring.

CONCLUSION

Using aluminium electrodes with inter electrode distance of 10 mm and working volume of
200 ml of synthetic wastewater, and a range of initial pH, current density and time of 3-8, 40-
160 mA/cm? and 15 to 60 minutes, respectively, the three critical variables were optimized
using Design Expert Software version 13.0. With BBD under RSM, the highest COD removal
of 71.5% was determined at pH 6, current density of 160 mA/cm? (with 1.75 A) and EC time
of 15 minutes. At optimum conditions, beside COD, 99.68% TSS, 99.39 % turbidity and
97.95% colour were also removed from EC stand-alone treatment. A higher current density
drastically reduced the EC time, and adding supporting electrolytes required comparatively
less voltage to achieve the desired current density. Also, it was observed that the initial pH
significantly impacts the COD removal in the EC process. After optimization, the synergistic
impact of the combined critical parameters propels this field in terms of leveraging the
parameter interaction to produce sustainable outcome in the palm oil mill industry. The
verification experiments with real BPOME with the optimized parameters resulted in the
removal of 60.7 % COD, 99.91% turbidity, 100 % TSS, and 95.7 % colour, which was
impressive for a short reaction time of 15 minutes without the addition of any supporting
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electrolytes. Therefore, EC displays promising potential for cleaner industrial discharge and is
worth further exploring to contribute a complete sustainable water reclamation system.
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