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Abstract: Restaurant wastewater contains a high concentration of O&G, up to 3434 mg/L. This study
aims to (a) assess the efficiency of EC combined with US methods for O&G removal in restaurant
wastewater, (b) identify the optimum condition for COD degradation using EC treatment via response
surface methodology (RSM), and (c) determine the morphological surface of the aluminium (Al)
electrode before and after EC treatment. The wastewater samples were collected from the Lembaran
cafeteria at the Universiti Sains Malaysia (USM). The efficiency of EC, US, and US-EC, combined
methods for O&G removal, was investigated using a batch reactor (pH 7). The interelectrode distance
(ID, 2–6 cm), electrolysis time (T, 15–35 min), and current density (CD, 40–80 A/m2) were analysed,
followed by RSM. The response variables were O&G (1000 mg/L) and chemical oxygen demand
(COD low range, 1000 mg/L). The central composite design (CCD) with a quadratic model was
used to appraise the effects and interactions of these parameters. The morphological surface of
the electrode used was observed via scanning electron microscopy (SEM). The optimum removal
efficiencies obtained were 95.4% (O&G) and 75.9% (COD) (ID: 2.4 cm, T: 30.5 min, and CD: 53.2 A/m2).
The regression line fitted the data (R2 O&G: 0.9838, and R2 COD: 0.9558). The SEM images revealed
that the use of US was useful in minimising cavitation on the electrode surface, which could lower
the EC treatment efficacy. The US-EC combined technique is highly recommended for O&G removal
from the food industry’s wastewater.

Keywords: restaurant wastewater; oil and grease; electrocoagulation; ultrasound; passive film;
response surface methodology; environmental pollution

1. Introduction

The food business multiplies a significant amount of wastewater that is difficult to
treat. The effluent typically contains a large amount of organic matter from meal leftovers,
oils, spices, and detergents [1,2]. The principal contaminant in this kind of wastewater is
O&G. Additionally, there are other sources of oily wastewater, including oilfield wastewater,
wastewater from petroleum refineries, metal production and finishing wastewater, ship and
automobile cleaning wastewater, food processing wastewater, slaughterhouse wastewater,
and tannery wastewater [3]. As a result, in recent years, oily wastewater treatment has
been one of the most pressing environmental issues. Oil biodegrades slowly in ecological
systems, and oily molecules can prevent biological processes from working properly for a
very long time [3,4]. In addition, chemical hydrolysis of O&G reactions with the existence of
metal ions such as calcium in sewer lines through the saponification process results in O&G
deposits that cause pipe blockages and sanitary sewer overflows (SSOs) [5]. Furthermore,
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oily wastewater has an impact on groundwater and surface water sources [6]. As a result,
it must be subjected to a pretreatment process before discharge into waterways to meet the
applicable environmental regulations and reduce O&G.

Various treatment processes have been utilised for O&G removals, such as traditional
biological treatment [7], a grease trap [2], membrane technology [8], microbubble air flota-
tion, and traditional dissolved air [9], as well as chemical coagulation, which had been used
to remove the O&G but was insufficient to remove the light and fine scattered oil drops [10],
as mentioned in the literature. However, despite their benefits, these techniques are still
unsatisfactory for O&G removal. Therefore, there is an urgent need for the development of
extremely effective techniques for eliminating O&G from water and wastewater.

EC has been successfully utilised to remove various toxins from wastewater through-
out the previous decade [11], which are categorised as follows: heavy metals such as Cu
and Ni [12] and iron [13], nonmetallic inorganic species such as ammonia [14], and organic
pollutants such as dyes [15]. EC is an efficient method for eliminating O&G. Moreover, the
EC process has many significant advantages, which include a high rate of pollution removal,
small equipment size, ease of operation, and rapid sedimentation. Furthermore, EC has
low capital and operational costs [16,17], and it is an environmentally friendly technology
due to its low sludge production and lack of chemical additions [4,18]. The mechanisms of
EC happen when using an anode and a cathode, and the water with contaminants will flow
between those two fields, i.e., two aspects or electrodes. The most commonly used materials
are (Al) and (Fe), which have good coagulation and contaminant removal properties and
are readily available, affordable, low in toxicity, and have high valence [19]. When applying
electricity, oxidation reactions occur at the anode to dissolve and produce metal cations,
while the cathode undergoes reduction reactions to release hydroxyl anions and hydrogen
gas H2 [20]. In the EC process, these anions and cations mix and react to produce metal
oxides and hydroxides, which function as coagulants [21]. After coagulation, the pollutants
are converted into destabilised suspended materials in an aqueous media. Due to the
destabilisation of particles, they will aggregate to form large particles called flocs, which
are removed by precipitation or flocculation [22,23]. Electrochemical reactions (EC) take
place on the anode and cathode, while solution reactions also play a role in the process.
The electrochemical reactions use metal M ions as the cathode and anode, as shown in
Equations (1)–(5) [24,25]:

Anode reaction (oxidation)

M(s) → M n+
(aq) + ne− (1)

2H2O→ 4H+
(aq) O2(g) + 4e− (2)

Cathode reaction (reduction)

M n+
(aq) + ne− → M(s) (3)

2H2O + 2e− → H2(g) + 2OH− (4)

Solution reaction
Mn+ + n OH− � M(OH)n (5)

When using aluminium and applying direct current voltage, the anode will be sub-
jected to oxidation, generating Al3+

(aq) ions, as shown in Equation (1); if the anode potential
is excessively high, a secondary reaction will occur, as shown in Equation (2). While the
cathode will be subjected to reduction, water is electrolysed in the cathode, generating small
hydrogen bubbles H2(g) and hydroxide OH−, as shown in Equation (4), and Equation (3)
will be used if noble metal ions are present. The reaction of Al3+

(aq) in solution with OH−

to form different monomeric–polymeric species is shown in Equation (5); it produces vari-
ous hydroxyl complexes depending on pH, known as coagulants, which provide active
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surfaces for contaminating species to adsorb or precipitate and are thus separated by the
coagulation–flotation process [26].

Many operating factors influence the EC process’s performance. The researchers in-
vestigated the material of the electrode, interelectrode distance, electrode mood connection,
current density, pH, conductivity, electrolysis time, voltage, and speed stirring [26–31].

In actuality, according to the relevant literature, no individual treatment procedure can
accomplish a whole, effective, and inexpensive purification process. Using hybrid technology
with EC reduces the required operating time of EC, thereby reducing energy and electrode
consumption [32,33]. The researcher utilised an ultrasonic combined EC process to enhance
the overall efficiency [20,33–35]. On the other hand, there is a major limitation during the EC
process, which is the formation of a passive layer on the surface of the electrodes. Therefore, the
passive film increases energy consumption and reduces percentage removal because this layer
reduces ion metal dissolving and ion transmission [18,36,37]. To prevent passivation, thus
improving efficiency, the ultrasonic process was combined with the EC process in this study.

Ultrasound irradiation generates and grows a large number of small, high-energy
bubbles when the negative pressure is sufficient to cause the liquid’s molecules to move
farther apart and generate cavitation bubbles [20]. These bubbles collapse inside the
solution depending on the insonation power and frequency applied [22], and the collapse of
the bubbles results in a rapid rise in pressure (500 atm) and temperature (up to 5000 °C). The
high temperature causes a pyrolytic reaction that allows the formation of in situ free radicals
that act as oxidants and other chemical oxidants that can attack contaminants [38,39]. These
reactions are described according to Equations (6)–(8) [36]:

H2O → 2·OH + 2H+ + 2e− (6)

OH → ·OH + e− (7)

H2O→ ·H + ·OH (8)

Therefore, combining ultrasound with the EC process enhances the generation of
radicals, resulting in increased reaction rates and more effective pollutant elimination [20].
In addition, it increases the electrode’s life and minimises the cost of the treatment [40,41].

Classical method optimisation (one factor at a time) has been thoroughly explored, but
there are certain drawbacks, including the need for more experimental runs, time, and a lack
of illumination of the interaction effects of the operating factors [19]. RSM is becoming more
popular in optimisation studies since it delivers more information about the interaction
effect of selected factors with fewer experiments [42]. The two most popular designs for
response surface modelling are CCD and Box–Behnken designs [43]. Many researchers
have used RSM to optimise operating factors in EC treatment, for example, [43–46].

Table 1 displays the application of EC process for oily wastewater treatment and a
comparison of the optimum operating condition. Previous studies mainly reported on the
efficiency of the EC process for the licorice processing wastewater [47], O&G removal for oil
tanning effluent [48], oil and grease from restaurant wastewater [49], slaughterhouses [50],
petroleum refinery plants [51], automobile wash [52], olive oil mill wastewater [53], com-
mon restaurant wastewater [54] and palm oil mill effluent [55]. Ji et al. [49], Temitope and
Abayomi [54], and El-Ezaby et al. [1] reported on restaurant wastewater from China, Nige-
ria, and Egypt. They presented different types of combinations for cathode and anode, such
as Al-SS [49], carbon electrodes [53], and AL-AL [54]. There is no study on the efficiency
of combined EC and US treatment methods for removing O&G from effluents generated
in the food and beverages sector. Therefore, the novelty of this research has been justified
accordingly based on the presented combined EC (Al-Al) and US for the removal of O&G
from restaurant wastewater in Malaysia.
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Table 1. The application of EC process for oily wastewater treatment.

Wastewater Type Electrode
Combination

Optimum
pH IE (cm) T (Min) CD Treatment

Efficiency (%)
Optimisation

Study
SEM Image(s) on

the Electrode Ref.

Oil Tanning
Effluent Fe-Fe n.a. 1.5 - 20

mA/cm2 COD 89.6
Linear

regression
analysis

n.a. [48]

Restaurant
Wastewater Al-SS 5–6 3.6 34 43 A/m2 O&G 95 RSM [49]

Slaughterhouse Al-Fe n.a. 0.5 30 -
98 O&G
92 colour

91 turbidity
n.a. n.a. [50]

Petroleum
Refinery Plant AL-SS 7 2 45 15

mA/cm2 COD 95.3 n.a. n.a. [51]

Automobile
Wash

Cu (anode)–Al
(cathode) 6 5 40 25 A/m2 COD 95.1

O&G 92.5 n.a. n.a. [52]

Olive Oil Mill
Wastewater Al-SS 7 1 60 12.5

mA/cm2 COD 99 n.a. n.a. [53]

Restaurant
Wastewater carbon electrodes n.a. 1 90 1.0 Amp

PP 40.75
PO4

3− 33
P2O5 32.83
COD 25.83

n.a. n.a. [54]

Restaurants WW Al-Al 7.03 2 60 40
mA/cm2

COD 84.6, 74.5,
89.15, 68.5, 92.79%
O&G 100%, 100%,
92.42, 94.5, 87.76%

n.a. n.a. [1]

Palm Oil Mill
Effluent steel wool 4.37 0.86 44.97 542

mA/cm2

COD 97.21
BOD 99.26

Suspended solid
99.00

n.a. n.a. [55]

Restaurant WW Al-Al 7 2.4 30.5 53.2 COD 75.9
O&G 95.4 RSM

Before treatment,
after EC, after

US-EC treatment

Current
research

(Fe) iron, (SS) stainless steel, (n.a.) not available, (ID) interelectrode distance, (T) electrolysis time, (CD) current density.

Thus, the objectives of this study are to (a) assess the efficiency of EC combined with
the ultrasonic US method for O&G removal in restaurant wastewater, (b) to identify the
optimum condition for the COD degradation using EC treatment via RSM, and (c) to
determine the morphological surface of the electrode before and after EC treatment.

2. Materials and Methods
2.1. Wastewater Sampling and Collection

The restaurant wastewater used in this study was obtained from the Lembaran cafete-
ria of USM, which is located at a latitude of 5◦9′3.39′′ N and a longitude of 100◦29′42.52′′ E
(Figure 1). The wastewater was collected using wide-mouth glass (for COD and O&G
analysis) and plastic containers (for other water quality parameters). The physicochemical
properties of the wastewater samples were analysed immediately after the collection. Sam-
ples were preserved according to APHA (2017) (acidified to reduce pH ≤ 2, H2 SO4) and
kept in a cold room (<4 °C) [56].

The physicochemical parameters (temperature (◦C), conductivity (µS/cm), total dis-
solved solids (TDS, mg/L), and pH) of wastewater samples were measured by using a
multiparameter probe (YSI multiparameter probe water quality meter). Meanwhile, the
total suspended solids (TSS) and chemical oxygen demand (COD) were analysed via the
colourimetric method (HACH spectrophotometer, Model DR 2800). Biochemical oxygen
demand (BOD) was determined by the Winkler method and dissolved oxygen (DO) used
the probe method with a DO 700 (EUTECH Instruments). The total nitrogen was measured
by the persulfate digestion method. The O&G was measured by gravimetric separation
funnel extraction. The results of the physicochemical characterisation of the effluent of
restaurant wastewater are shown in Table 2.
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Figure 1. Map of the study area and sample collection.

Table 2. Characterisation of the restaurant wastewater.

Parameters Unit Value Limit Value from the Environmental
Quality (Regulation 2009)

Temperature ◦C 30 40
PH - 6 6.0–9.0

Electrical conductivity µs/cm 332.4 -
DO mg/L 2.1 -
DO % 28
TDS mg/L 268 -
BOD mg/L 379 250
TSS mg/L 373.9 300

COD mg/L 955 500
TN mg/L 22.6 50

O&G mg/L 3434 50

2.2. Efficiency of US-Assisted EC Treatment Method

A schematic description of the batch experiment EC set-up employed in the current
study is shown in Figure 2. The 500 mL glass beaker as utilised for all of the EC experiments,
and the reactor’s dimensions were 11.5 cm in height by 8.5 cm in width. A total of 500 mL of
wastewater from each experiment was poured into the EC reactor. Two rectangular plates of
electrodes were used, with one employed as an anode and the other employed as a cathode;
the electrodes’ dimensions were 11.5 × 5 cm, and their thickness was 0.80 mm. The geometric
effective surface area of one electrode was 32.5 cm2 when immersed 6.5 cm in the solution.
The space between the bottom of the electrode and the reactor cell was 2 cm to allow the
stirring of the magnetic bar. The magnetic stirrer was used at 200 rpm for a continuous stirring
of wastewater to keep the sample homogeneous during the EC process as well as to transport
bubbles rapidly to avoid a double layer of oxide on the electrodes [55]. The electrodes’ surfaces
were cleaned with tap water to remove any contaminants such as O&G, scales, and dust. They
were then again rinsed with tap water and distilled water after being submerged for 5 min in
100 mL of a diluted 15% HCl solution for electrode activation purposes. Ultimately, they were
dried and weighed. The process was repeated before every experiment. The electrodes were
linked to a DC power source (model: PS3005) with an output voltage and current of (0–30 V)
and (0–5 A), respectively.
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Figure 2. EC set-up.

The temperature employed for all experiments was 27 degrees Celsius, a pH of 7, and
a voltage of 10 for EC wastewater treatment. To change the pH of the effluent, sulfuric acid
(H2SO4, 3 M, 1 M) and sodium hydroxide (NaOH, 3 M, 1 M) were used. Furthermore, in
order to increase the conductivity of the restaurant’s wastewater, 0.5 g NaCl per 500 mL of
wastewater was added.

Laboratory tests were conducted at a variable interelectrode distance, electrolysis time,
and current density to examine the performance of EC to remove the O&G as well as the
COD from the restaurant wastewater. All the factors have five levels at 2–6 cm, 15–35 min,
and 40–80 A/m2, respectively. The One-Factor-At-A-Time was utilised to obtain optimal
operating conditions.

For the US-EC experiments, the EC was utilised simultaneously with continuous
ultrasound. The total wastewater in the EC reactor cell was submerged in an ultrasonic
bath filled with distilled water. The operating conditions for US-EC were obtained from
the EC process’s optimum factors as well as the frequency and power of the ultrasonic bath
(40 kHz, 110 w). The ultrasonic waves stir the solution without the aid of a magnetic bar.

The concentration of COD and O&G were calculated before and after treatment. After
that, the % of removal efficiency of COD and O&G was calculated by Equation (9).

removal e f f iciency (%) =
Cin − C f i

Cin
× 100 (9)

where Cin and C f i were described as the concentration before and after treatment for
each response.



Separations 2023, 10, 61 7 of 22

2.3. Statistical Optimisation Utilising RSM

The RSM was utilised to predict the individual and interplay effects of factors, which
is useful to achieve the desired optimisation for factors and responses, thus reducing the
number of runs [41,56].

In this research, the CCD was applied as an experimental design for RSM to optimise
the factors and the responses via Design-Expert® software version 13 (Stat-Ease). The
interelectrode distance (A), electrolysis time (B), and current density (C) were independent
factors, with five level-three factors given in Table 3. The percentage removal (%) of O&G
and COD were responses and were denoted Y1 and Y2, respectively. The values were
coded through Equation (10) [57–59]:

coded value(α) =
xr − xc

∆x
(10)

where (α) is the coded value of the factors; xr is the actual value; xc is the actual value at
the centre point; ∆x is the factor’s step change. Based on the numbers of factors and their
levels, the CCD generates a total of 20 runs, including 8 factorial (cube points) that carry a
coded value of (−1, 1), 6 axial (star points) that carry a coded value of (−2, 2), and 6 centre
points in the cube that carry a coded value of (0), as shown in Equation (11)

total run = 2k + 2K + Cp (11)

where K = number of factors, and Cp number of replicas at the centre point.

Table 3. The coded independent factors and levels of the independent factors used for CCD.

Sign Independent Factors Unit Factors Level

−2 −1 0 1 2

A (ID) interelectrode distance cm 2 3 4 5 6
B (T) electrolysis time min 15 20 25 30 35

C (CD) current density A/m2 40 50 60 70 80

Second-order regression was utilised to determine the interaction and influence of
factors and the optimum value of responses that are not available with linear regression [60],
which contains all terms in the first order in addition to all cross-products and quadratic
terms in the following [19,60]:

Y = β0 +
k

∑
i=1

βaxa + ∑
a<b

∑ βabxaxb +
k

∑
a=1

βax2
a+ ∈ (12)

where Y is the response; β0 is a constant; βa, βab, and βaa are the linear, interactive, and
quadratic regression coefficients, respectively; and the xa and xb are the values of indepen-
dent variables. The percentages of error (ε) for O&G and COD removal efficiency between
the experiment value from the laboratory and the predicted value from the model examined
by Equation (13):

ε(%) =

∣∣∣∣ experiment value− predected value
experiment value

× 100%
∣∣∣∣ (13)

The CCD matrix with the actual values of factors and their responses after simulating
the design in the laboratory, the experiment, and the predicted removal efficiency of the
O&G and COD are shown in Table 4.
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Table 4. Design matrix CCD showing actual and predicted responses.

Run Point Type
Factors O&G Removal (%) COD Removal (%)

ID (cm) T (min) CD (A/m2) Experiment
Value

Predicted
Value

Experiment
Value

Predicted
Value

1 star 4 35 60 92.47 90.98 75.35 77.44
2 Factorial 5 30 50 70.63 71.71 66.46 65.25
3 Factorial 3 30 50 94.17 94.71 74.77 72.1
4 Center 4 25 60 90.47 89.43 66.59 66.3
5 star 6 25 60 47.52 45.48 57.78 58.26
6 Factorial 3 20 70 77.17 79.13 65.69 65.07
7 Factorial 5 30 70 66.15 68.61 70.56 69.19
8 Center 4 25 60 88.67 89.43 64.76 66.3
9 Factorial 3 20 50 84.08 84.66 67.9 67.45

10 Center 4 25 60 92.65 89.43 65.89 66.3
11 star 4 25 40 70.97 70.84 57.59 59.38
12 Factorial 3 30 70 88.17 90.11 75.27 74.5
13 Center 4 25 60 89.76 89.43 63.46 66.3
14 Center 4 25 60 86.92 89.43 67.1 66.3
15 star 2 25 60 90.92 89.93 74.83 76.18
16 Center 4 25 60 91.15 89.43 68.15 66.3
17 star 4 25 80 65.14 62.23 60.89 60.94
18 Factorial 5 20 50 60.61 61.71 55.91 54.85
19 Factorial 5 20 70 55.19 57.68 53.15 54
20 star 4 15 60 71.55 70 57.87 57.6

2.4. SEM

The morphological surface of the Al electrode before and after EC treatment and
EC-US were observed via SEM (HITACHI TM3000).

3. Results and Discussion
3.1. Batch Experiments for the EC Treatment Method

The one-factor-at-a-time classical method was utilised in order to achieve optimal
operating conditions. In order to determine the effects of the factors, one factor was varied
at a time while holding the others constant. The laboratory tests were conducted at an
interelectrode distance of 2–6 cm, electrolysis time of 15–35 min, and current density of
40–80 A/m2 to determine the performance of the EC process to remove the O&G as well
as COD.

3.1.1. ID Factor

The importance of the interelectrode distance depends on the electrostatic force.
When the optimum spacing between the electrodes is achieved, it provides maximum
removal efficiency.

In this study, the interelectrode distance has five levels: 2, 3, 4, 5, and 6 cm. The
removal of O&G and COD from restaurant wastewater effluent at its normal pH of 7
was investigated. Figure 3 shows the effective interelectrode distance for O&G and COD
removal as well as their concentrations at 50 A/m2 current density and an electrolysis time
of 20 min. O&G and COD removal efficiencies decreased from 92 to 56.9% and 70 to 53.8%,
respectively. Meanwhile, the concentrations of the pollutants increased as the interelectrode
distance increased, from 162 to 876 mg/L for O&G and 320.7 to 494.3 mg/L for COD.

The greater the interelectrode distance, the slower the generated ions move. Because
of their slow movement, ions need more time to form the floc required for pollutant
coagulation [16]. Naser et al. [51] achieved a high removal of COD at a 2 cm interelectrode
distance. At the same interelectrode distance, El-Ezaby et al. [1] obtained a high removal of
O&G as well as COD from restaurant wastewater.



Separations 2023, 10, 61 9 of 22

Separations 2023, 10, x FOR PEER REVIEW 9 of 23 
 

 

respectively. Meanwhile, the concentrations of the pollutants increased as the interelec-
trode distance increased, from 162 to 876 mg/L for O&G and 320.7 to 494.3 mg/L for COD.  

The greater the interelectrode distance, the slower the generated ions move. Because 
of their slow movement, ions need more time to form the floc required for pollutant coag-
ulation [16]. Naser et al. [51] achieved a high removal of COD at a 2 cm interelectrode 
distance. At the same interelectrode distance, El-Ezaby et al. [1] obtained a high removal 
of O&G as well as COD from restaurant wastewater. 

 

 
 

Figure 3. The effect of ID on the (%) removal efficiency and concentration of (a) O&G and (b) COD 
using the EC process with a constant electrolysis time of 20 min and 50 A/m2 current density. 

3.1.2. T Factor 
The optimisation of electrolysis time is important to the rate of production of metal 

ions, which affects the pollutants’ removal efficiency [61]. 
In this study, to determine the effect of electrolysis time on O&G as well as COD 

removal efficiency, five levels of time (15, 20, 25, 30, and 35 min) were studied at pH 7. 
The constant current density was 50 A/m2, and the interelectrode distance was 2 cm. Fig-
ure 4a illustrates the effect of the electrolysis time on the percentage of removal efficiency 
and the concentration of O&G. The study showed that the highest level of removal was 
obtained between 25 and 30 min. Consequently, the O&G removal efficiency increased as 
the electrolysis time was increased until it reached its optimum of 30 min. Due to the in-
creased dissolution of Al2+ inside the solution, the aluminium hydroxide adsorbed oil and 

(a) 

(b) 

Figure 3. The effect of ID on the (%) removal efficiency and concentration of (a) O&G and (b) COD
using the EC process with a constant electrolysis time of 20 min and 50 A/m2 current density.

3.1.2. T Factor

The optimisation of electrolysis time is important to the rate of production of metal
ions, which affects the pollutants’ removal efficiency [61].

In this study, to determine the effect of electrolysis time on O&G as well as COD
removal efficiency, five levels of time (15, 20, 25, 30, and 35 min) were studied at pH 7. The
constant current density was 50 A/m2, and the interelectrode distance was 2 cm. Figure 4a
illustrates the effect of the electrolysis time on the percentage of removal efficiency and the
concentration of O&G. The study showed that the highest level of removal was obtained
between 25 and 30 min. Consequently, the O&G removal efficiency increased as the
electrolysis time was increased until it reached its optimum of 30 min. Due to the increased
dissolution of Al2+ inside the solution, the aluminium hydroxide adsorbed oil and floated
to the top of the solution’s surface. Therefore, the concentration of O&G was decreased
until it reached 93.2 mg/L at 30 min of electrolysis time.

According to the study, the first 15 min were the most effective in reducing the concen-
tration of COD; therefore, the concentration and the removal efficiency at electrolysis time
15 min were 307.5 mg/L and 66.8%, respectively. Figure 4b illustrates the slightly increasing
rate of COD removal efficiency from 15 to 30 min; the removal efficiency increased from
66.8% to 77.8%. The optimum electrolysis time at 30 min was the COD removal of 77.8%.
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Figure 4. The effect of T on the (%) removal efficiency and concentration of (a) O&G and (b) COD
using the EC process with a constant interelectrode distance of 2 cm and 50 A/m2 current density.

According to the findings of Priya and Jeyanthi [52], when the electrolysis time in-
creases, the removal rate of COD also increases. Several researchers found that the highest
drop in COD concentration occurred during the first electrolysis time. In other words,
the greatest change in the percentage of COD removal occurred in the first 10 min [48].
The greatest reduction in COD concentration was observed in the first 20 min when using
the Al electrode, as well as the highest percentage, 74.5, was obtained from Hadramawt’s
restaurant wastewater [1]. Ghahrchi et al. [53] also reported that the most significant COD
removal occurred in 15 min.

In this research, the highest removal of O&G and COD was attained at an electrolysis
time of 30 min; 96.2% and 77.8% were removed, respectively. A work conducted by [49]
reported high O&G removal percentages of restaurant wastewater at 98% in 34 min. In
addition, at 30 min, 95% O&G removal from slaughterhouse wastewater was reported [50].
As a result, the findings support those of previous studies.
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3.1.3. CD Factor

Current density, defined as the current per active electrode surface area, is the most
important factor influencing EC efficiency.

In this research, the current density was changed across five ranges: 40, 50, 60, 70,
and 80 A/m2 in order to determine the optimum removal of O&G as well as COD from
restaurant wastewater at pH 7. The interelectrode distance was 2 cm, and the electrolysis
time was 30 min.

Figure 5a shows the effectiveness of O&G removal with the current density and the
change in concentration. The optimum range of current density was 40–50 A/m2, and O&G
efficiency increased from 80.7% to 96.5%. Meanwhile, the O&G concentration dropped from
467.9 to 84 mg/L. After reaching the optimum current density at 50 A/m2, the removal
rate decreased from 50 to 80 A/m2.
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using the EC process with a constant interelectrode distance of 2 cm and a 30 min electrolysis time.

Additionally, Figure 5b illustrates the effect of current density on the COD removal
rate. It was discovered that COD removal efficiency increased as current density increased,
with the highest removal efficiency for COD being 78.2%, using a current density of
60 A/m2. This is due to an increase in current density generating a high amount of Al3+

from the anode, which enhances floc formation. It also causes an increase in the production
of H2 (air bubbles) from the cathode and a reduction in the size of air bubbles with an
increase in the surface area, which results in increased removal efficiency for organic



Separations 2023, 10, 61 12 of 22

pollutants and O&G by flotation [25]. However, after reaching the optimum current density,
the percentages of O&G and COD removal drop from 96.5 to 77.5% and 78.1 to 75.8%,
respectively. Consequently, the current density of 50 A/m2 indicates the optimum value
for removing O&G as well as COD from restaurant wastewater.

The results gained in this study are in line with previous studies. Increasing the current
density increases the removal efficiency. That is due to the current density controlling electrode
reactions in solution, such as the amount of metal ions dissolving from an electrode, gas
production, and water reactions [22,50]. The continued increase in current density occurs as a
side effect on the efficiency of EC by allowing side reactions, and large doses of coagulants
can produce charge reversal of the colloids [54,61]. Additionally, it was reported by [52] that
the continued increase in current density leads to a decrease in the removal efficiency of O&G
as well as COD, resulting in the increased dissolution of the metal (doses of coagulants) and
the creation of the passivation film on the electrode’s surface.

3.1.4. US, EC, and US-EC

This study investigated the efficiency of the US, EC, and US-EC processes and com-
pared the removal of O&G as well as COD with an interelectrode distance of 2 cm, electrol-
ysis time of 30 min, current density of 50 A/m2, pH 7, and ultrasonic frequency of 40 kHz.
Figure 6 illustrates the removal efficiencies of O&G and COD: 78.6, 96.6, and 97.6%, as well
as 15.7, 77.8, and 88% for the US, EC, and US-EC processes, respectively.
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Therefore, the US alone did not have an effective method to remove O&G and COD.
The EC process achieves high removal rates of O&G and COD. However, the US-EC
processes enhance the removal efficiency of O&G as well as COD. This enhancement
was due to the ultrasound generating OH free radicals, which destroy contaminants and
eliminate them. In addition, the cavitation phenomenon causes the regeneration of the
electrodes, which increases the dissolution of metal ions, therefore increasing the efficiency
of O&G and COD. Moreover, the US waves prevent the formation of gas bubbles on the
electrodes during the EC process [34].

3.2. Statistical Analysis by RSM

The selection of factors and their levels, the coding of the real value, the selection
of the design, and the simulation of the design of experiment (DOE) in the laboratory
were described in the Section 2. Consequently, the suggestion of the mathematical model,
verification of the model’s adequacy, illustration of the results by 3-D plots, and optimisation
are as described below:

The fit of the model for the responses is determined by the coefficient of determination
(R2) and the coefficient of variation (C.V) values; the value of R2 must be greater than
0.8 to indicate a good model for the data [62]. The C.V is the standard deviation-to-
mean ratio, expressed as a percentage (%); C.V less than 10% indicates that the model is
reproducible [63–65]. In this study, all the responses had an R2 greater than 0.90; as shown
in Table 5, the R2 for O&G and COD was 98.38% and 95.58%, respectively. A low C.V of
3.18 and 2.98, respectively, was also found in the models for O&G and COD removal. As a
result, the quadratic model was suggested to determine the influence of the factors and to
optimise the removal of O&G and COD.

Table 5. Fit summary models.

Fit Summary Model for O&G Removal (%)

Source Model
p-Value

Lack of Fit
p-Value Adjusted R2 Predicted

R2

Design Model 0.0008 0.0011 0.6605 0.5671

Linear 0.0007 0.0007 0.5814 0.4808

2FI 0.9995 0.0004 0.4854 0.2949

Quadratic <0.0001 0.2107 0.9691 0.9043 Suggested

Cubic 0.9006 0.0332 0.9559 −0.8096 Aliased

Model summary
R2 Adj. R2 C.V

98.38% 96.91% 3.18%

Fit Summary Model for COD Removal (%)

Source Model
p-value

Lack of Fit
p-value

Adjusted
R2

Predicted
R2

Design Model <0.0001 0.0767 0.8228 0.7778

Linear <0.0001 0.0657 0.8032 0.6937

2FI 0.3785 0.0610 0.8073 0.6894

Quadratic 0.0097 0.2938 0.9161 0.7559 Suggested

Cubic 0.6464 0.0928 0.9025 −1.9485 Aliased

Model summary
R2 Adj. R2 C.V

95.58% 91.61% 2.98%

In this study, second-order quadratic regression was used to determine the optimum
value of the factors and responses that are not available with linear regression [60]. The
adequacy of the model was statistically determined by analysis of variance (ANOVA),
and the statistical significance was examined by the F-test [66]. An analysis of variance
(ANOVA) described the influence of factors and interactions between the responses. The
model F-values for O&G and COD were 67.29 and 24.04, respectively. The model terms
are evaluated by the p-value (probability) with a 95% confidence level. If the p-value of
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the model terms is less than 0.05, that indicates that they are significant [62]. As shown in
Table 6, regarding analysis of variance (ANOVA) on COD removal (%), model terms A, B,
A2, and C2 were highly significant. Model terms C and B2 were significant. AB, AC, and
BC were not significant model terms.

Table 6. Analysis of variance (ANOVA) and regression model validation on O&G (%) and
COD (%) removal.

ANOVA for Quadratic Model for O&G

Source S.S d.f M.S F-Value p-Value

Model 3783.92 9 420.44 67.29 <0.0001 significant

A-I. E 1975.97 1 1975.97 316.27 <0.0001

B-T 440.18 1 440.18 70.45 <0.0001

C-C. D 74.29 1 74.29 11.89 0.0062

AB 0.0014 1 0.0014 0.0002 0.9883

AC 1.12 1 1.12 0.1794 0.6809

BC 0.4297 1 0.4297 0.0688 0.7984

A2 741.93 1 741.93 118.75 <0.0001

B2 125.69 1 125.69 20.12 0.0012

C2 823.91 1 823.91 131.87 <0.0001

Residual 62.48 10 6.25

Lack of Fit 42.63 5 8.53 2.15 0.2107 not significant

Pure Error 19.85 5 3.97

Cor Total 3846.40 19

Final
Equation O&G (%) = 89.43− 11.11A + 5.25B− 2.15C− 5.43A2 − 2.24B2 − 5.72C2

ANOVA for Quadratic Model for COD

Source S.S d.f M.S F-Value p-Value

Model 821.61 9 91.29 24.04 <0.0001 significant

A-I. E 320.95 1 320.95 84.51 <0.0001

B-T 393.74 1 393.74 103.67 <0.0001

C-C. D 2.43 1 2.43 0.6395 0.4425

AB 16.55 1 16.55 4.36 0.0634

AC 1.17 1 1.17 0.3092 0.5904

BC 11.44 1 11.44 3.01 0.1133

A2 1.34 1 1.34 0.3526 0.5659

B2 2.36 1 2.36 0.6214 0.4488

C2 59.24 1 59.24 15.60 0.0027

Residual 37.98 10 3.80

Lack of Fit 23.75 5 4.75 1.67 0.2938 not significant

Pure Error 14.23 5 2.85

Cor Total 859.58 19

Final
Equation COD (%) = 66.30− 4.48A + 4.96B− 1.53C2

S.S: sum of squares; d.f: degree of freedom; M.S: mean square.

Table 6 explains the analysis of variance (ANOVA) on COD removal (%); model terms
A and B were highly significant. C2 was a significant model term. C, AB, AC, BC, A2, and
B2 were more than 0.05, indicating that they are not significant. In order to improve the
suggested model, one can exclude the insignificant model terms [60]. Therefore, the final
regression equation for O&G as well as COD removal contains only the significant model
terms, as shown in Table 6. The p-value for the lack of fit for the O&G removal model was
0.2107, and for the COD removal model, it was 0.2938. Therefore, the value of the lack of fit
was not significant. In other words, the lack of fit was good in both models.
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These findings demonstrated the quadratic model was highly accurate to the predicted
value, which means the predicted value was close to the experiment value for O&G and
COD removal.

Diagnostics plots such as predicted versus actual plots, as well as a normal plot, were
also used to evaluate the model’s adequacy. Figure 7a,b illustrate the comparison between
the experiment value from the laboratory versus the predicted value from the model,
showing the O&G and COD removal rates by indicating that the blue colour point, as
minimum, was 47.52 and 53.15%, and the red colour point, as the maximum, was 94.17
and 75.35%, respectively. As observed, the predicted points are close to the diagnostic line,
i.e., the clear correlations between the experiment value and the predicted value by the
model. This result agrees with the R2 value for both O&G and COD removal, which was
equal to 98.38% and 95.58%, which indicates the quadratic model had high accuracy in
predicting the removal rates. Figure 7c,d show the residuals’ normal plots for O&G and
COD removal rates, respectively. If residuals fulfil the normal distribution, the points will
drop along a red line, according to the normal probability plot. As observed clearly from
the plots, the data had a normal distribution with a few sprinkled points; this is a common
occurrence [55].
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Figure 7. The actual value versus the predicted value: (a) O&G, (b) COD, normal distribution plots
(c) O&G, and (d) COD.

The CCD generated 3-D surface plots to investigate the individual and interaction of all
factors on the O&G and COD removal. The plots were created to determine the combined
effects of two factors at a time while holding the third constant. Figure 8 shows a 3-D
surface plot of the predicted value of O&G and COD removal at a variable interelectrode
distance, electrolysis time, and current density. The results from the 3-D surface plots are in
the same line as the results from the classical method.
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Figure 8. Three-dimensional plots for the effect of individual and interaction of the factors on the
O&G and COD removal: (a) interaction effect of CD vs. T on O&G removal (%), (b) interaction
effect of CD vs. ID on O&G removal (%), (c) interaction effect of T vs. ID on O&G removal (%),
(d) interaction effect of CD vs. T on COD removal (%), (e) interaction effect of T vs. ID on COD
removal (%), and (f) interaction effect of CD vs. ID on COD removal (%).

All of the factors, including interelectrode distance, electrolysis time, and current
density, were set to 2–4 cm, 15–35 min, and 40–80 A/m2, respectively, with the O&G and
COD removal set to the maximum value during RSM optimisation. Table 7 displays the
optimum operating conditions determined by RSM, as well as the experiment value and
predicted value of the removal rate.
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Table 7. Optimisation of the O&G and COD removal from the experiment and predicted value.

ID
(cm)

T
(min)

CD
(A/m2)

O&G Removal (%) Error
(%)

COD Removal (%) Error
(%)Predicted Experiment Predicted Experiment

2.4 30.5 53.2 95.4 95.9 0.52 75.9 75.3 0.8

Regarding the results, the verifying experiment removal rate was nearly as high as the predicted O&G and COD
removal rates; the removal of O&G and COD was 95.4, 95.9, and 75.9, 75.3, respectively; this confirms the high
value of R2. As a result, there was a strong correlation between the quadratic regression model and the removal
efficiency of O&G and COD removal.

3.3. SEM

In this research, the surface of the Al electrode before and after EC treatment was
characterised by SEM. Figure 9a shows the surface of the Al electrode before the EC process.
The electrode’s surface was smooth prior to connecting to DC. Figure 9b illustrates the
SEM image for the Al electrode after the EC process. The passive layer on the surface of the
electrodes was observed during the EC process. Figure 9c shows the effect of ultrasound
on the electrode’s surface. It was found that the surface was smooth. In other words, this
study observed that the ultrasound was effective in removing the passive film from the
electrode’s surface.
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rent density. The quadratic model in this research was utilised to evaluate the correlation 
between the experiment and predicted removal efficiency. The experiment’s removal ef-
ficiency was 95.9 for O&G and 75.3 for COD, which was near the predicted removal effi-
ciency. In addition, the analysis of variance (ANOVA) shows the R2 > 0.80, CV < 10%, and 
p-value < 0.05, which describe the high accuracy of the quadratic model. The conclusion 
reached as an outcome of this study was that ultrasound alone was insufficient. On the 
other side, the US aided the EC process by agitating the sample. This increased the mass 
transfer rate. In addition, it removed the passive film from the electrode’s surface, which 
increased the dissolution of metal ions. As a result, the US-EC processes were an efficient 
technique to improve removal effectiveness and prevent the passive film from forming on 
the electrode’s surface. After obtaining the results, the high efficiency of the treatment 
method was shown as a pretreatment method for removing O&G in restaurants, and this, 
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References [18,67] investigated the effectiveness of ultrasonics in preventing the pas-
sive layer from the electrode’s surface due to their cavitation phenomenon, which can cause
physical and chemical effects. Physical effects include shock waves, microjets, turbulence,
and acoustic streaming that lead to enhancing the chemical reaction rate, increasing the
mass transfer of pollutants between the electrodes, and reducing the diffusion layer thick-
ness [40,68]. This prevents the passivation at the surface of the anode and increases the
anode dissolution [40]. In addition, it extends the electrode’s life and lowers the cost of
treatment [41].

4. Conclusions

This study demonstrated that the EC process was used effectively and that extremely
high levels of O&G were removed from restaurant wastewater effluent. Various operating
conditions’ effects on the EC process, such as interelectrode distance, electrolysis time,
and current density, were investigated for maximum O&G and COD removal using an
experimental design RSM. Based on CCD, the optimum removal efficiencies of O&G and
COD with Al electrodes were 95.4% and 75.9%, respectively, at the optimum operating
conditions of 2.4 cm interelectrode distance, 30.5 min electrolysis time, and 53.2 A/m2

current density. The quadratic model in this research was utilised to evaluate the correlation
between the experiment and predicted removal efficiency. The experiment’s removal
efficiency was 95.9 for O&G and 75.3 for COD, which was near the predicted removal
efficiency. In addition, the analysis of variance (ANOVA) shows the R2 > 0.80, CV < 10%,
and p-value < 0.05, which describe the high accuracy of the quadratic model. The conclusion
reached as an outcome of this study was that ultrasound alone was insufficient. On the other
side, the US aided the EC process by agitating the sample. This increased the mass transfer
rate. In addition, it removed the passive film from the electrode’s surface, which increased
the dissolution of metal ions. As a result, the US-EC processes were an efficient technique to
improve removal effectiveness and prevent the passive film from forming on the electrode’s
surface. After obtaining the results, the high efficiency of the treatment method was shown
as a pretreatment method for removing O&G in restaurants, and this, in turn, reduced
maintenance and repairs for treatment plants. One of the most important considerations
when designing the experimental set-up is cost. The problem that we faced was consuming
electrodes quickly. In subsequent studies, I recommend searching for reusable materials
such as beverage cans. Additionally, in our study, continuous ultrasound was used, and
this increased the breaking of flocs, so I recommend using intermittent ultrasound.
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Abbreviations

EC Electrocoagulation RSM Response surface methodology
US Ultrasonic CCD Central composite design
O&G Oil and grease ID Interelectrode distance
COD Chemical oxygen demand T Electrolysis time
BOD Biological oxygen demand CD Current density
TSS Total suspended Solids SEM Scanning electron microscopy
DO Dissolved oxygen Fe Iron
TDS Total dissolved solids SS stainless steel
TN Total nitrogen Al Aluminium
C.V Coefficient of variation R2 Coefficient of determination
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