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Abstract

Minister of Utilities Sarawak, Datuk Seri Dr. Stephen Rundi Utom stated that the coverage of water
supply in the rural area is less than 69% and approximately 114,000 households experienced water
shortage problem [1]. Due to insufficient water supply, the residents of the rural and coastal area of
Sarawak are often used peat water as daily use for domestic water. The consumption of untreated peat
water can lead to various waterborne diseases such as diarrhoea, and other serious illnesses such as
typhoid and dysentery. Water treatment system such as electrocoagulation system can be developed to
improve the water quality of the peat water as electrocoagulation requires simple equipment that can
be operated easily, no usage of chemicals coagulant, producing less sludge and cost-effective treatment
system. The main aim of this study is to develop kinetic and statistical modelling for both batch and
continuous electrocoagulation processes of peat water treatment in Sarawak using aluminium and
copper electrodes. This study focuses on the peat water treatment using electrocoagulation system. The
fabricated electrocoagulation system is designed according to the characteristics in which the
technology for building and the material used for constructing the electrocoagulation system should be
available locally, the electrocoagulation system should be easy to fabricate and maintain, as well as
low cost for construction and operation. For this study, Response Surface Methodology in Minitab
software and Microsoft Excel are used for kinetic studies, statistical modelling, and process
optimization. Process optimization is carried out to minimize energy consumption as well as the
turbidity and TSS level. The optimum conditions for batch and continuous electrocoagulation system
are 14.899 A/m’ and 41.818 min, and 3.861 A/m’ and 37.778 min respectively.
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1. Introduction

Electrocoagulation is a complex process that involves many chemical and physical phenomena
using consumable electrodes for supplying ions into the water stream [2]. Electrocoagulation modelling
is suggestively helpful to enhance the design and lessen both equipment and operating costs.
Electrocoagulation modelling can predict process performance in a wide range of operational
conditions. In most studies of electrocoagulation water treatment, the optimization process has been
conducted by manipulating one parameter while other parameters are kept constant at a specific
condition [3-5]. This habitual practise of optimization for electrocoagulation process requires numerous
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experimental runs and sets of data. Due to disregarding the interactions among the parameters, poor
optimization of the process could be resulted, such as underestimation and overestimation on the effect
of the electrocoagulation process parameters performances [6].

In Sarawak, 13% of its total land area is covered with peat which is commonly referred to as
peatland. Among the division of Sarawak, Sibu division has the most peatlands which cover 70% of the
division land area in which follow by Sri Aman and Miri with 283,076 hectares and 276,579 hectares
respectively [7]. The residents of the rural area are forced to use peat water as daily use of domestic
water Due to the water shortage problem. The main concern of the peat water consumption is that the
acidic content of the peat water causes the sour taste of the water. Furthermore, the colour of the peat
water also distinct and unpleasant. The consumption of untreated peat water can lead to various
waterborne diseases such as diarrhoea, and other serious illnesses such as typhoid and dysentery. As
such, water treatment system such as electrocoagulation system could be developed effectively and
economically to improve the water quality of the peat water. In addition, optimization of the treatment
process should be carried out by focusing on the process performances of the system in which an
optimization tool can be used to optimize conditions for desirable responses in order to maximize the
efficiency of the electrocoagulation system. As such, the main aim of this study is to optimize both batch
and continuous electrocoagulation processes of peat water treatment in Sarawak through the formulation
of kinetic and statistical models. If both electrocoagulation systems are to be up-scale, batch
electrocoagulation system will be utilized as a portable electrocoagulation system for household usage;
meanwhile, continuous electrocoagulation system is for a centralized system where residents can collect
the water there. In accordance to the aim of this study, the following objectives have been devised,
explicitly, (i) to design and fabricate electrocoagulation system using aluminium and copper electrodes
for domestic utilization in Sarawak, (ii) to execute a kinetic study on the aluminium and copper
electrocoagulation process. (iii) to develop sustainable statistical modelling for electrocoagulation peat
water treatment process, and (iv) to optimize the performance and efficiency of the model.

2. Methodology

This section mainly describes the methodology for the research project which includes data, and
sample collection, design, and fabrication of the electrocoagulation system, kinetic study, and statistical
modelling, as well as process optimization.

2.1 Data sample and collection

A site visit is conducted to obtain data regarding the water supply problem in Kampung Sebangkoi
Jaya, Simunjan, Sarawak. The purpose of the site visit is to develop a better understanding of the issues
of clean water shortage experienced by the locals and to propose a solution to overcome the problem.
Then, the peat water samples (Figure 1) are collected and stored using the proper apparatus and kept at
room temperature in order to maintain the level of contaminant present in the water for further analysis

purpose.
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Figure 1. Peat water sample

2.2 Design and fabrication of electrocoagulation system

The design of the electrocoagulation process is one of the most crucial aspects of the study. Before
designing the electrocoagulation system, research and research on the available design must be
performed. Electrocoagulation system usually consists of components such as electrical power supply,
sacrificial electrode, stirrer, pump, pre-filter, water filter, and water tank. According to Moussa et al.
[8], numerous parameters have to be taken into account in order to increase the efficiency of the
electrocoagulation system, as described in Table 1. Based on the parameters in Table 1, the fabrication
of the electrocoagulation system can be divided into three main stages, namely material purchasing,
dimension specification, and apparatus set-up. The material for electrocoagulation system consists of a
DC power supply kit, an aluminium plate electrode, a copper plate electrode, pump, filter media such
as gravels, carbon, polypropylene sheet, and microfiber sponge, magnetic stirrer, pipes, and connecting
wire. The fabricated electrocoagulation system is designed according to the characteristics as follow:

i.  Technology for the electrocoagulation system should be available locally.

ii.  The material used for constructing the electrocoagulation system must be available locally.
iii. The electrocoagulation system should be easy to fabricate and maintain.

iv. Low cost for construction and operation.

Table 1. Electrocoagulation System Description [8]

Parameter Description

Three types of power supply which are direct current (DC), alternating
current (AC), as well as alternating pulsed current (APC), are compared.
APC power supply has been proven, resulting in a shorter operating time,
higher removal efficiency and lower operating cost. However, DC power
supply is selected because AC and APC power supply consume higher
power.

Three types of electrode arrangement are compared, which are monopolar-
parallel, monopolar-series and bipolar series. The monopolar-parallel
arrangement is highly preferred due to the highest removal efficiency and
lowest cost.

As the inter-electrode distance increases, the voltage also increases. Thus,
to minimize energy consumption, inter-electrode distance should be
Inter-electrode distance decreased [6]. However, [9] stated that as the inter-electrode distance
increases, the hindrance effects would reduce slowly and results in higher
removal efficiency.

Power supply

Electrode arrangement

2.2.1 Batch electrocoagulation system
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Batch electrocoagulation system is designed and constructed with coagulation, flocculation, and
pollutant removal process that happened in situ and can be applied as a portable electrocoagulation
system. The electrocoagulation reactor is fabricated from round-shaped plastic material that acts as an
electrocoagulation tank where all processes occurred only in the tank. The peat water is pumped into
the tank and undergoes electrocoagulation treatment process of reduction and oxidation reaction that
formed aluminium hydroxide. The net capacity of the reactor is 13 litres, and aluminium plates are used
as electrodes with a dimension of 15 x 30 x 0.03 cm. All electrodes are attached to the stainless steel
electrode busbar before connecting to a direct current power supply of 0 to 5 Amperes and 0 to 30 Volts.
The electrocoagulation tank is supported by an acrylic base holder with a dimension of 20 x 21 x 23
cm. There are two pipes connected to the electrocoagulation tank. The upper pipe act as a treated water
pipe that is used to collect treated peat water, and the bottom pipe is for sludge and flocs removal pipe.
Fabricated design is shown in Figure 2(a). For batch electrocoagulation system, as the main concern is
to design a portable peat water treatment system, the filtration system is not included during the
treatment process. The quality of treated peat water can be improved by including a built-in filtration
system before collecting the treated water.

2.2.2 Continuous electrocoagulation system

The continuous electrocoagulation system is designed consists of five compartments, namely raw
water tank, electrochemical cell tank, sludge tank, filter system, and treated water tank. The capacity of
the reactor is 7.5 litres with a dimension of 53 x 20 x 17 cm. The copper anode and cathode are used as
electrodes with a dimension of 15 x 18.5 x 0.5 cm. Stainless steel electrode bus bar is used to attach all
electrodes before clipped with crocodile wire and connected to a direct current power supply of 0 to 5
Amperes and 0 to 30 Volts. First, peat water is pump into the raw water tank until a certain level before
flowing to the electrochemical cell tank. In the electrochemical cell, electrocoagulation takes place;
deposition of copper oxide and formation of copper hydroxide. This reaction traps the impurities present
in the peat water. The filtration system is for separating the flocs from clean water is made up of several
types of filter media such as gravels, carbon, polypropylene sheet, and microfiber sponge. Treated peat
water is collected from the outlet valve located at the bottom of the filter tank. In comparison to batch
electrocoagulation system, the continuous system is built with a filtration system. Figure 2(b) shows the
fabricated design of the treatment system.

Figure 2. (a) Fabricated Batch System, (b) Continuous System
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2.3 Kinetic study of Electrocoagulation Process

For the electrocoagulation system model, the main aspect is the kinetic study on the process. The
experiment is conducted based on the experiment condition. All variables are identified before
developing the model. The following shows the variables of the electrocoagulation process:

i. Manipulated variables : Number of plate, plate arrangement, residence time and current
density.
ii. Responding variables : Removal efficiency (turbidity and total suspended solids).

2.3.1 Experiment data collection

Experiments are focusing on reducing the turbidity and total suspended solids (TSS) of the peat
water and conducted according to the condition listed in Section 2.3. Treated peat water is analyzed by
calculating the removal efficiency of turbidity and total suspended solids (TSS) as shown in Equation
l.

. Cc-0C,
Removal Efficiency = ———~" 100 €))
G
Where;
Co = Pollutant concentration before electrocoagulation treatment
G = Pollutant concentration after electrocoagulation treatment

2.3.2 Amount of metal dissolved

The sacrificial anode electrode will be oxidized to produce metal ion during the electrocoagulation
process. Then, the metal ion will react with hydroxide ion released by cathode electrode, forming a
metal hydroxide. The amount of metal dissolved represents the amount of pollutants removed from the
water. According to Balasubramanian, et al. [10], the electrode consumption can be estimated according
to Faraday’s Law, as shown in Equation 2.

w=——- 2)

Where;

= Quantity of dissolved electrode material (g of M/ cm2)
Current density (A/ cm2)

Time (s)

Relative molar mass of the electrode concerned
Number of electrons in oxidation or reduction reaction
= Faraday’s constant (96500 C/mol)

Il

2.3.3 Reaction rate constant

According to Shafaei et al. [11], the rate of pollutants removal is proportional to the concentration
of the pollutant as written in Equation 3. Graph of log C/C, against reaction time can be plotted in order
to determine the rate constant value (k), which resulted in a straight line with a negative slope with
respect with pollutant concentration. Based on linear equation y = mx + ¢, the gradient, m of the graph
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can be used to determine the constant rate value. In order to determine the fixed rate constant value, a
graph of reaction rate against current density, and reaction time can be plotted.

log£ =-kt 3)
Co
Where;
C = Pollutant concentration (ppm)
Co = Initial pollutant concentration (ppm)
k = Reaction rate constant
t = Reaction time

2.4 Process optimization

The system efficiency is improved by taking into consideration the parameters related to the
electrocoagulation process. For the Sarawak peat water electrocoagulation system and process,
Response Surface Methodology in Minitab software is selected for optimization where Central
Composite Design (CCD) is selected due to higher efficiency in sequential experiments compared to
Box-Behnken Design (BBD) that requires minimum 3 numeric factors while CCD requires 2 to 10
numeric factors. There are five options for the response goals, which are none, minimum, maximum,
target, and within the range [17].

3. Results and discussion

The section comprises of three main parts; a kinetic study of the electrocoagulation process,
statistical modelling, and optimization of the designed electrocoagulation system.

3.1 Kinetic study of electrocoagulation process

Metal ion and hydroxide ion are released from anode and cathode during the electrocoagulation
process. These ions are then combined together forming metal hydroxide that acts as an absorbent for
absorbing the humic substance present in the peat water. The kinetic study of electrocoagulation process
involves reaction rate, amount of ion produced and amount of metal dissolved. Experiments were
focusing on reducing the turbidity and TSS of the peat water and conducted according to the condition
listed in Table 2. The results for turbidity and total suspended solids are measured using DR 900
instrument. The initial value for peat water turbidity and TSS are 16 NTU and 8 mg/L, respectively.

3.1.1 Kinetic study of batch electrocoagulation process

Electrocoagulation process for batch system involves in the deposition of the aluminium electrode
and flocs formation. The removal efficiency for turbidity and TSS are calculated using Equation 1.
Figure 3 shows the effect of the number of the plate on the removal efficiency. A set of experiments are
performed with a different number of aluminium plates. Based on the results, as the number of
aluminium plate increases, the removal efficiency also increases. Mahvi [12] explained in a study as the
number of plate increases; the electricity consumption increases that lead to the increase of flock
production consequently causes increasing removal efficiency. Therefore, for the experimental study of
electrode distance and current density, the number of plates is fixed to be 8 plates.
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Figure 3. Effect of Number of Plate on Turbidity and TSS Removal Efficiency

Using a constant number of 8 aluminium plates, another series of experiments are carried out with
varying the inter-electrode distance. The results obtained in Figure 4 show that the increase in the inter-
electrode distance leads to an increase in the removal efficiency of turbidity and TSS from 23% to 100%
and 44% to 100% respectively. The results obtained are similar to a study of batch electrocoagulation
by Shankar et al. [9] which stated that as the inter-electrode distance increases, the hindrance effects
would reduce slowly and results in higher removal efficiency. The statement is supported by Sridhara
[13] which specified that the lower the inter-electrode distance, the interaction of colloidal particles and
flocs could have a significant impact on the settling and flotation characteristics, resulting in high
particles and flocs resistance, resulting in less removal.
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Figure 4. Effect of Electrode Distance on Turbidity and TSS Removal Efficiency
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Effect of current density on turbidity and TSS removal efficiency is conducted with constant
electrode distance of 2.0 cm and 8 aluminium plates. Current density is defined as the ratio of current
supply to the total effective area of the anode. As the number of plated are fixed, the effective area of
the anode will be constant. Thus, the current density is manipulated by adjusting the current supply.
Greater current density leads to greater removal of particles and flocs, as shown in Figure 5. The trends
also agreed by a number of researchers Rabiatuladawiyah [14], Kobya [15], Tir and Moulai-Mostefa
[16], the higher current density will allow faster treatment of peat water and generate a significant
amount of aluminium oxide, results in a greater amount of precipitate for the removal of colloidal
particulates.

B Turbidity Removal Effidency [3) B TS5 Removal Efficiency (%)

(a) | Ib]‘ ‘ |
- i5 25- 5- 15 25

Current Density at Time 40 min (a) and 80 min {b}

8 3 8B 8

Remowval Efficiency [#:)
o & B &8 8 8

(]

Figure 5. Effect of Current Density on Turbidity and TSS Removal Efficiency

In batch electrocoagulation process, the current density is a crucial parameter as it is the only
parameter that can be controlled directly and affecting the rate of reaction within the cell. The reaction
rate constant of the electrocoagulation process can be determined from Figure 5 and Equation 3. The
gradient of the graph represents the reaction constant of the electrocoagulation process. The reaction is
obeying the first-order reaction due to the negative slope shown in Figure 6 and Figure 7, where the
trends of the plotted graphs show that as time increases, log C/Cy decreases. As the ratio of treated peat
water turbidity and TSS level against initial peat water turbidity and TSS level decreased (log C/Cy),
the rate of absorption increased as the treatment time increased. The reaction rate constant is identified
from the gradient of the graph. Based on the plotted graph, the reaction rate constant for turbidity is
0.8477 min"' meanwhile for TSS is 0.6531 min™.
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Figure 6. Reaction Rate Constant of Turbidity for Batch System
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Figure 7. Reaction Rate Constant of TSS Removal for Batch System

Amount of metal dissolved during the redox reaction process represents the amount of pollutants
removed from the water. By equating Faraday’s Law as in Equation 3, the amount of metal dissolved
throughout the electrocoagulation process can be estimated. The amount of aluminium hydroxide ion
formed shows an increment when treatment time and current supplied increased. The highest amount
of aluminium hydroxide ion formed is at 80 minutes of 2.1474 g Al/ cm®. Due to electrodissolution from
the reaction between current and aluminium plate, the formation of aluminium hydroxide ions rises.
Rate of ion released from anode and cathode of aluminium plates affected by the amount of current
supply. The greater the current supplied, the greater the energy transferred to the plate. Longer treatment
time results in more amount of aluminium hydroxide dissolved from the process. The results achieved
are similar to study by Balasubramanian, et al. [10].

3.1.2 Kinetic study of continuous electrocoagulation process

For continuous electrocoagulation system, the copper electrode is deposited, and oxides from
copper are formed throughout the process. A series of experiments are done with 10, 15 and 20 copper
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plates. 20 plates give the highest removal efficiency of turbidity and TSS level of 100% and 77.78%
respectively as shown in Figure 8. As the number of plate increases, the removal efficiency also
increases because higher energy consumption leads to an increase of flock production [12].
Consequently, for the experimental study of inter-electrode distance and current density, the number of
plates is fixed to be 20 plates.

To study the effect of inter-electrode distance on the turbidity and TSS removal, another set of
experiments are performed by manipulating the inter-electrode distance of 0.7, 1.0, and 1.5 cm. The
results obtained from the experimental study show that the highest removal efficiency is achieved with
the smallest inter-electrode distance. At the electrode distance of 0.7 cm, the removal efficiency for
turbidity and TSS are 84.21% and 83.33% respectively, as presented in Figure 9. Using a fixed distance
of 0.7 cm for inter-electrode distance and 20 copper plates, the effect of current density on the turbidity
and TSS removal efficiency is carried out by varying the current applied of 1, 3, and 5 A. As expected,
after a given time, the removal efficiency increased with increase in current density. The maximum
turbidity and TSS removals are 90.91% and 100% respectively, with the highest current density of 5.99
A/m?. Takdastan [17] quoted that as higher the current is supplied, the greater the amount of copper
oxides is formed in which resulting in an increased in the amount of pollutants removal.

120

B Turbidity Removal Efidency (3) 8 T55 Rermnoval Efficiency (%)

(a) (b}
=0 = —
10 15 20 19 = a

Mumiber of Plate at Time 40 min {aj and B0 min {b)

)
=
=]

Removal Efficiency (%)
&

=]

Figure 8. Effect of Number of Plate on Turbidity and TSS Removal Efficiency
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Figure 9. Effect of Plate Distance on Turbidity and TSS Removal Efficiency
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Figure 10. Effect of Current Density on Turbidity and TSS Removal Efficiency

Graph of log C/CO versus time is plotted to identify the reaction constant of the process, where
the gradient of the graph represents the reaction constant of the electrocoagulation process. Figure 11
and Figure 12 show the reaction rate constant for turbidity and TSS, respectively. The increment of time
leads to a decrease in log C/CO. The rate of absorption increased, as the ratio of treated peat water
turbidity and TSS level against initial peat water turbidity and TSS level (log C/C0) decreased, with an
increase in the treatment time. The reaction rate constant is identified from the gradient of the graph.
The reaction rate constant for turbidity is 0.3167 min™ meanwhile for TSS is 0.1245 min™'.
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Figure 11. Reaction Rate Constant of Turbidity for Continuous System
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Figure 12. Reaction Rate Constant of TSS Removal for Continuous System

3.2 Statistical modelling of electrocoagulation process

An empirical model for electrocoagulation treatment process is developed by conducting a series
of experiment to obtain the desired experimental output data. Minitab software is used for designing the
experiment where CCD is chosen from Response Surface Methodology (RSM) as CCD is highly useful
in sequential experiments.

3.2.1 Batch electrocoagulation process

Design of experiment for batch electrocoagulation process is developed by entering two
independent variables which are current density and time. The range for current density is 5 to 25 A/m*
while the range for time is 20 to 60 min. Table 2 presented the results of modelled turbidity (NTU) and
TSS (mg/L). The turbidity is in the range of 16.41 to 1.98 NTU; meanwhile, for TSS, the level is in the
range of 2.91 to 6.99 mg/L. Equation 4 and Equation 5 is the quadratic equations developed from the
design of the experiment. The developed equations is then undergone statistical analysis to determine
the validity and accuracy of the model using analysis of variance (ANOVA). The ANOVA results of
quadratic models for batch electrocoagulation system are tabulated in Table 9. Fisher test is used to
evaluate the significance and interaction of each factor.

According to Montgomery Montgomery [18], the model terms are significant if the F-value less
than 0.05 and coefficients with P-value greater than 0.100 are considered statistically insignificant. From
Table 3, the P-value of the model for turbidity is slightly higher than 0.05. However, the model is still
acceptable as the overall model meet the significant requirement. The P-value can be improved by
repeating the experiments with a narrow variable range. For instance, the range for the current density
of the batch electrocoagulation system is from 5 to 25 A/m?. Due to the smaller effective anode area,
the current density is larger. By increasing the effective anode area, a smaller range of current density
can be obtained.
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Table 2. Design of Experiment for Batch Electrocoagulation Process Modelling

Current Densit Ti .
Run “”:: /mz‘;“s' y (1:1[11:; Turbidity (NTU) | TSS (mg/L)
1 5 20 16.41 2.91
2 25 20 15.57 3.07
3 5 60 11.38 491
4 25 60 13.54 6.07
5 5 40 5.145 4.16
6 25 40 5.81 4.82
7 15 20 1.99 6.99
Turbidity = 63.25- 43174+ 0.14004*+ 0.02187B*+ 0.0037 AB 4)
7SS = - 375+ 1.1834+ 0.0937B- 0.040004- 0.000625B*+ 0.0012504B (%)
Where;
A = Current Density
B = Time

Coefficient of determination, as presented in Table 9 is an important aspect in performing the
modelling that can determine the parameter for the overall efficiency of the model prediction. The
coefficient of determination of turbidity for batch electrocoagulation system shows a high value of R-
squared, which is 0.979. Higher R-squared value ensures a good correlation between experimental
values with predicted values of the model. Furthermore, R-squared value should be in a reasonable
agreement with adjusted R-squared value. Montgomery [18] added, if the R-squared and adjusted R-
squared value differ reasonably, there is a potential that insignificant terms have been included in the
model. Adjusted R-squared is the R-squared value that has been modified based on the number of
predictors. When new independent variable is added to the model, if there is an increment in the value
of R-squared, the new added independent variable affects the model and should be considered during
the modelling in order to obtain a more variability model. Generally, R-squared value is higher
compared to the adjusted R-squared value. Based on Table 9, the adjusted R-squared value is less than
the R-squared value. Hence, the experimental data is significant and fit to the model.

Table 3. Analysis of Variance on Turbidity

Source Degree of Sum of Mean F-Value P-Value
Freedom Squares Squares
Model 5.000 191.197 38.383 9.400 0.062
Error 4.083 4.083 - - -
Turbidity Coefficient of Determination
Model Summary Value (%)
R-Squared 97.92
Adjusted R-Squared 87.50

Basically, the modelling method for TSS is similar with turbidity equation development. The
ANOVA study for the TSS value of batch electrocoagulation system obtained from Response Surface
Methodology. F-value of 32.030 and P-value of 0.033 show a significant result for turbidity indicates
that the experimental data fits the quadratic model as developed in Equation 5. The R-squared value
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obtained is high, which is 0.994 and the adjusted R-squared value is lower than the R-squared value.
Thus, the data is said to be fit to the developed model.

3.2.2 Continuous electrocoagulation process

Similarly, continuous electrocoagulation process is developed using Central Composite Design
(CCD) from the Response Surface Methodology (RSM). By entering two independent variables; current
density and time, design of the experiment is developed with the response to turbidity and TSS level of
the peat water. The range for current density and time is 1.20 to 5.99 A/m* and 20 to 60 min respectively.
The results of modelled turbidity (NTU) and TSS (mg/L) are tabulated in Table 4. The range of turbidity
is 4.02 to 8.01 NTU, while TSS is the range of 3.17 to 5.75 mg/L. Equation 6 and Equation 7 are the
quadratic equations developed from the design of the experiment. The developed equations are then
undergone statistical analysis to determine the validity and accuracy of the model using analysis of
variance (ANOVA). The ANOVA results of quadratic models for batch electrocoagulation system are
presented in Table 4.

The P-value is said to be significant if it is lower than 0.05, with 95% confidence interval. From
Table 5, the P-value is 0.001, which is lower than 0.05. Thus, the model is significant. The lack of fit
compares the residual error to the pure error from the central points in the experimental design points.
Therefore, the lack of fit should be insignificant [19]. The ANOVA results in Table 5 show that P-value
for lack of fit is higher than 0.05, leading to an insignificant lack of fit. Coefficient of determination, as
represented in Table 5 shows a high R-squared value of 0.933. The adjusted R-squared value is 0.885
shows a reasonable agreement with R-squared value. For continuous system, predicted R-squared value
determines the response for the new predictors. Similar to adjusted R-squared, predicted R-squared
value usually less than R-squared value. Based on Table 5, both values of adjusted and predicted R-
squared are lower than R-squared. Thus, the experimental data is significant and fit to the model.

Table 4. Design of Experiment for Continuous Electrocoagulation Process Modelling

Run Current Density Time Turbidity TSS
(A/m?) (min) (NTU) (mg/L)
1 1.20 10 8.01 5.75
2 5.99 10 8.01 4.74
3 1.20 60 8.01 5.08
4 5.99 60 8.01 4.07
5 1.20 35 8.01 4.17
6 5.99 35 5.67 3.17
7 3.60 10 4.02 4.50
Turbidity= - 4.57+ 4.576 4+ 0.2416B- 0.6974%- 0.004B*>+ 0.012534B (6)
TSS = 8.25- 1.1384+ 0.2416B- 0.6974° + 0.001986B8> + 0.00000AB @)
Where;
A Current Density
B = Time
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Table 5. ANOVA Study on Turbidity

Source Degree of Sum of Mean F-Value P-Value
Freedom Squares Squares
Model 5 98.917 19.783 19.55 0.001
Lack of Fit 3 4.283 1.428 2.04 0.251
Pure Error 4 2.800 0.700 - -
Turbidity Coefficient of Determination
Model Summary Value (%)
R-Squared 93.32
Adjusted R-Squared 88.54
Predicted R-Squared 59.60

Based on the designed experiment for TSS, quadratic equation is developed as in Equation 7. The
ANOVA study for the TSS value of continuous electrocoagulation system obtained from Response
Surface Methodology. Fisher test is done and obtained P-value of 0.016 that show a significant result
for TSS indicates that the experimental data fits the quadratic model. The R-squared value obtained is
high, which is 0.817 and the adjusted R-squared value is lower than the R-squared value of 0.686.
Predicted R-squared can be used to determine the predictions of new predictors. The value for predicted
R-squared of TSS is 0.453. Both value of adjusted and predicted R-squared are lower than R-squared.
Thus, the experimental data is significant and fit to the developed model. For the lack of fit test, as the
P-value of 0.801 is higher than 0.05, the lack of fit is not statistically significant, which means the test
does not detect any lack of fit.

3.3 Results comparison between modelling and experimental

Comparison of modelling and experimental results is performed to ensure the validity of the
modelled equation for turbidity and TSS. Comparison is made by determining the deviation between
modelling and experimental results.

3.3.1 Results comparison for batch electrocoagulation process

The experimental results are obtained from the kinetic study of electrocoagulation treatment
process while modelling results are obtained from the modelled equation of Equation 4 and Equation 5.
The highest experimental value for turbidity and TSS are 17 NTU and 7 mg/L, respectively. For
modelling, the highest value for turbidity is 16.41 NTU and for TSS is 6.99 mg/L. The deviation of both
results shows that the highest deviation for turbidity is 28.68% and 4.08% for TSS at the condition of 5
A/m? and 40 min. There are few factors that lead to huge deviation of the results, such as the accuracy
of the experimental results. During the experiments, there might be unnoticed error occurred. For
instance, the water level for electrocoagulation tank of the batch system is filled up to 8 litres only.
Lower volumes of water affect the effective area of the anode, which results in higher current density.
Additionally, higher current density results in a higher range for the input parameter of the modelling
equation. This leads to a larger variance of the experimental data. Repeating the experiments with
narrow variable range can reduce the variability of the data.

3.3.2 Results comparison for continuous electrocoagulation process

The experimental results are obtained from the experiments of electrocoagulation treatment
process, whereas the modelling results are equated from Equation 6 and Equation 7. The highest
experimental value for turbidity and TSS are 9 NTU and 6 mg/L, respectively. For modelling, the
highest value for turbidity is 8.00 NTU and for TSS is 5.75 mg/L. The deviation of both results shows
that the highest deviation for turbidity is 14.36% at the condition of 1.2 A/m* and 60 min and 12.58%
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for TSS at the condition of 3.59 A/m? and 10 min. The higher deviation of both results might be due to
experimental error. For continuous electrocoagulation system, there is a filter system before collecting
the treated peat water sample. However, the filter system is not functioning well. The filter medium is
not secured properly causing the gravels to fall to the treated water tank. This might affect the quality
of the treated water. Hence, contribute to the deviation of the results for both experimental and
modelling.

3.4 Optimization of electrocoagulation system

Optimization of the electrocoagulation system is performed by controlling the variables using
Response Optimizer provided by Response Surface Methodology. In order to determine the optimum
condition for the electrocoagulation system in terms of current density and time, the goals for the
response of turbidity and TSS is minimized.

3.4.1 Optimization of batch electrocoagulation system

The response optimization is set to be minimum in order to minimize the turbidity and TSS level
of the peat water. The target for turbidity and TSS of 3 NTU and 2 mg/L is auto-generated by the
Response Optimizer. Based on Figure 2(a), the optimum condition for batch electrocoagulation system
is at current density 14.899 A/m’ and at time 41.818 min. At the optimum condition, the minimum
turbidity level is -8.5894 NTU, and TSS level is 0.9697 mg/L. The composite desirability evaluates the
effectiveness of the combination of variables that satisfied the target that has been set by the response.
The composite desirability for batch electrocoagulation is 1. The value indicates that the setting had
achieved favourable results for all responses as a whole. Similarly, the individual desirability, d for both
turbidity and TSS show the same value.

3.4.2 Optimization of continuous electrocoagulation system

In order to minimize the turbidity and TSS level of the peat water, the response optimization is
set to be minimum. The target for turbidity is 2 NTU, and TSS is 1 mg/L is auto-generated by the
Response Optimizer. The optimum condition for continuous electrocoagulation system is at current
density 3.8611 A/m” and at the time, 37.7778 min as displayed in Figure 13(b). At the optimum
condition, the minimum turbidity level is 2.0247 NTU, and TSS level is 2.8629 mg/L. The composite
desirability evaluates the effectiveness of the combination of variables that satisfied the target that has
been set by the response. The composite desirability for continuous electrocoagulation is 0.8269, which
is close to 1 as shown in Figure 13(b). The value indicates that the setting had achieved favourable
results for all responses as a whole. However, the individual desirability, d for both turbidity and TSS
show different values. The desirability of turbidity is slightly higher compared to TSS. This shows that
the response for turbidity is more important than TSS and the composite desirability. To obtain higher
individual desirability for higher yield, the setting can be adjusted using optimization plot.
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4. Conclusion

The aim of the study is to develop a kinetic study and statistical modelling for electrocoagulation
process of peat water treatment in Sarawak. Corresponding to the aim, there are a number of objectives
that have been achieved. Firstly, batch and continuous electrocoagulation treatment system are designed
and fabricated using different types of electrodes which are aluminium and copper. Batch system only
consists of an electrocoagulation tank, where all process occurred in situ. Whereas, the continuous
system is divided into several parts of raw peat water tank, electrochemical cell tank, sludge tank, filter
system and treated water tank. Besides, kinetic study for batch and continuous electrocoagulation
system is executed and analyzed. The experiments are performed by manipulating the number of the
electrode, the inter-electrode distance and the current density. The reaction rate of the electrocoagulation
process is determined by varying the current density and treatment time. In addition, the maximum
amount of aluminium hydroxide ion and copper hydroxide ion produced is estimated to be 2.1474 g Al/
cm’and 3.5559 g Cu/cm® respectively. Furthermore, the statistical modelling for batch and continuous
electrocoagulation process is developed. By using Response Surface Methodology; Central Composite
Design from Minitab software, design of experiments is performed. Quadratic equations are developed
and analyzed using ANOVA to determine the fitness of the data to the modelled equation. Lastly, the
electrocoagulation system is optimized by minimizing the turbidity and TSS level of the peat water
using Response Optimizer option in RSM. The optimum condition for current density and time for batch
and the continuous system is 14.899 A/m* and 41.818 min, and 3.861 A/m*and 37.778 min respectively.
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