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COMPUTER SIMULATION IN THE DEVELOPMENT AND OPTIMIZATION OF
CARBON RESIN ELECTRODES FOR WATER AND WASTEWATER TREATMENT
ELECTROCHEMICALLY
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ABSTRACT
As a follow up to previous studies, this paper demonstrated optimization of factors that influence stability of
Carbon Resin electrode in purification of water and wastewaters. Carbon rods were removed from used dry cells,
powdered and sieved into various particle sizes. Powdered carbon was mixed with resin and compressed at high
compressive pressure to produce new carbon electrodes for electrochemical treatment of water and
wastewaters. Stability of these electrodes during electrochemical treatment of water was evaluated. Effects of
selected factors (particle size of the carbon used, percentage binder, current through the electrode and
compressive pressure) on the stability of the electrodes were studied. Models of the stability and estimated cost
of producing electrodes were developed; optimised using steepest ascent and Microsoft excel solver techniques.
The developed models were evaluated using correlation coefficient. The study revealed that the selected factors
were significant factors that influence stability of carbon resin electrode with statistical and mathematical models
of Y = 84.95 - 3.34Sa + 2.61Pc - 4.20Cu + 3.08Co and Y = - 0.0333Sa + 0.0385Pc - 2.863Cu + 0.708Co respectively.
Current through the electrodes and particle size of the carbon were factors that influence stability negatively.
Optimization of the model using steepest ascent and Microsoft excel solver revealed that excel solver provided a
better relationship between these selected factors and stability of the electrode based on higher correlation
coefficients. It was concluded that Microsoft excel solver was a better choice than steepest ascent in optimization
techniques.
Keywords: Wastewater, Electrochemical Treatment, Microsoft Excel Solver, Steepest Ascent, Model
Optimization.

INTRODUCTION
Population growth and higher living standards will
cause ever increasing demands for good quality
municipal and industrial water, and ever increasing
sewage flow. Thus, increased competition for
quality water and effective wastes management are
expected (Bouwer, 2003). It is well known that
water resources management should be flexible so
as to be able to cope with changes in availability
and demands for water. This calls for integrated
water management where all pertinent factors are
considered in the decision making process.
Literature showed that wastewater and water
treatment processes include pH adjustment,
chemical treatment, adsorption, electrochemical,
ion exchange, precipitation, evaporative recovery
and membrane processes. Out of all these
treatment processes, electrochemical treatment of
water and wastewaters has been found to be
economical and applicable at all levels (Chen,
2004; Oke et al., 2012a and b). In the last three
decades, several studies have been conducted on
the performance of electrochemical treatment

process as a wastewater treatment method. The
process has been successfully utilized for the
treatment of various wastewaters generated by
industries such as distillery (Manisankar et al.,
2004), textile (Naumczyk et al., 1996), dye
processing industry (Shen et al., 2006). Chen
(2004) reviewed the development, design and
applications of electrochemical technologies in
water and wastewater treatment. A particular
focus was given to electrodeposition,
electrocoagulation (EC), electroflotation (EF) and
electrooxidation. Over 300 related publications
were reviewed with 221 cited or analyzed.
It was reported that electrodeposition is effective
in recovering heavy metals from wastewater
streams (Chen, 2004). It is considered as an
established technology with possible further
development in the improvement of space-time
yield. EC has been in use for water production or
wastewater treatment. It is finding more
applications in the use of aluminium, iron or the
hybrid Al/Fe electrodes. The separation of the
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flocculated sludge from the treated water can be
accomplished by using EF. The EF technology is
effective in removing colloidal particles, oil and
grease, as well as organic pollutants. It is proven to
perform better than dissolved air flotation,
sedimentation and impeller flotation. The newly
developed stable and active electrodes for oxygen
evolution would definitely boost the adoption of
this technology. Electrooxidation is finding its
application in wastewater treatment in
combination with other technologies. It is
effective in degrading refractory pollutants on the
surface of a few electrodes. Titanium-based
boron-doped diamond film electrodes (Ti/BDD)
show high activity and give reasonable stability
during electrochemical treatment process. Its
industrial application calls for the production of
Ti/BDD anode in large size at reasonable cost and
high durability (Chen, 2004). More data on
electrochemical treatment processes can be
obtained from the literature (Chen et al., 2005;
Golder et al., 2006; Khemis et al., 2006; Oke, 2007;
Kobya et al., 2006; Oke et al., 2007a; 2012a and b).
The importance of electrochemical treatment
processes in water and wastewater purification has
led to various researches (Chen, 2004; Oke et al.,
2012a; b and c). Efficacies of electrochemical
treatment of water and wastewaters are functions
of electrodes used and many other parameters.
This has led to the development and testing of
several electrodes as well as computer applications
(Oke and Aderounmu, 2013).
These previous studies describe the roles of
electrodes (anode and cathode) on the efficacy of
the treatment process. Many electrodes have been
used namely aluminum, iron/ steel, titanium
oxides and titanium-based boron-doped diamond
film electrodes but they are limited by some
factors such as stability against chloride attack,
high technology requirement, high cost of
production, effect of the end product on the
environment, availability and durability, which
incapacitate application of electrochemical
treatment process in wastewater purification. In
previous studies by the authors, carbon resin
electrodes were developed and factors affecting
stability of the electrode were determined using
factorial experiments (Oke et al., 2007b) and fuzzy
based modeling (Oke and Aderounmu, 2013).
However, optimization of factors that influence

efficacies of these electrodes had been
determined, but little is known about the
optimization of significant factors that influence
stabilities of these electrodes using computer
simulation. With advancement in technology and
development of various systems, there is the need
to utilize Microsoft excel solver in the
optimization of factors that influence stabilities
of these electrodes. The main aim of this study is
to develop models for stability of carbon resin
electrodes, optimize the model using steepest
ascent and Microsoft excel solver techniques and
evaluate the accuracy of the models using
correlation coefficients (R).
MATERIALS AND METHOD
As a follow up to previous studies on computer
applications in environmental engineering, carbon
resin electrodes for water and wastewater
treatment were developed using non heat treated
methods (Oke et al., 2007 a and b; Oke and
Aderounmu, 2013). Dry cells were collected from
selected dump sites (Figure 1a) in Nigeria.
Graphite (carbon) rods in the dry cells were
removed (Figure 1b). Collected carbon electrodes
were powdered and sieved into various particle
sizes of 300-425 mm, 212-300 mm, 75-150 mm and
150-212 mm and stored in different desiccators
(Figure 1ci). Powdered carbon was mixed with
resin as a binder and compressed manually (Figure
1cii) in a mould to form new electrode with bigger
diameter for electrochemical treatment of raw
water and wastewaters (Figures 1di and ii). The
stability of the electrodes in chloride solution
during electrochemical treatment of wastewater
was determined (Figures 1e and f). Details on
these carbon resin electrode can be found in the
literature such as Oke et al (2007 a and b); Oke
(2009 a and b); Oke et al. (2011); Oke et al., (2008).
Effects of selected factors (particle size of carbon,
current flow, percentage binder used and
compressive pressure) on the stability of the
electrode when in use were studied (APHA, 1998).
The stability of the electrodes was computed as
follows:
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Where; S is the stability of the electrode, DMsample is
loss in the weight of the electrode at time t after
electrochemical treatment; Mblankis weight of the
electrode in a blank solution at time t after
electrochemical treatment and Minitial is weight of
the electrode in the beginning of electrochemical
treatment.

not on the 'Tools' menu in Excel (Figure 2). It was
enabled as follows:

The mathematical model that relates these
selected factors to the stability of the electrode
was developed using SPSS 15. The model that
relates estimated cost of producing the electrode
and selected factors (length of the electrode, and
particle size of carbon, current flow, percentage
binder used and compressive pressure) was
developed. The stability models were optimized
using steepest scent (Oke et al., 2007a and b; Oke
2007) and Microsoft excel solver techniques to aid
production of carbon resin effectively and
economically. Selection of Microsoft excel solver
was based on availability of the software at no
additional cost (available in all Microsoft excel
package). Solver is an Add-in for Microsoft Excel
which is typically not enabled during the initial
installation of Excel. Microsoft excel Solver was

°

°

°

°
°

Tools menu was selected in Excel, and Addins was then chosen. The box titled 'Solver
Add-ins' was checked and then OK was
clicked. 'Solver' then appeared as an item on
the Tools menu (Figure 3a; b and c).
Our data and work were organized by using
consistent labels and columns.
The names of the Objective Function,
Decision Variables and Constraints were
entered into cells in column A (the more
descriptive the labels are, the easier it is to
keep track of the relationships among the
variables and constraints. For the Decision
Variables, zero was entered into each of the
corresponding cells in column B).
In column B the Objective Function of the
factor was entered (as formula, Figure 4).
For each Constraint, the formulas were
entered for the left hand side of the
inequality/equation in the cell in column B
(Figure 5).
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Figure 1(a): Some of the used Dry Cells Collected

Figure 1(b): Some of the Graphite Removed

Figure 1(dii): Tested Carbon Resin Electrodes
Figure 1(ci): Powdered Graphite in a
Container

Figure 1(cii): Compression
Machine used for Moulding the
Electrode

Electrolysing equipment
and its accessories

Figure 1(di): Developed Carbon Resin Electrodes

AC source

DC power
source

Digital Ammeter

Rheostat
Rheostat

Ammeter

Anode

Reactor/Electrolyte

(e)
(f)
Electrolyte

Figure 1 Laboratory Setup of the Treatment Process
(e)
Setup of the Instruments
(f)
Schematic Diagram
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Figure 2: Location Solver on Microsoft Excel Software

Figure 3a: Tool Menu for Microsoft Excel

Figure 3b: Location of Add-ins for Solver In
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Figure 3c: Location and Activation of Solver Add In

Figure 4: Objective, Variables and Constraints on Excel Solver
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Figure 5: Setting of Parameters with the Logistic
v

v

v

v

Under “Tools” in the menu bar “Solver”
was selected (Figure 2). The dialog box
appeared (Figure 5). In the dialog 'Set
Target Cell' the cell corresponding to our
Objective Function was entered and
under 'Equal to: maximize was selected.
The Constraints were selected under
'Subject to the Constraints: The dialog
box opens (Figure 5). The cell location (in
column B) for each Constraint into the
left hand box ('Cell Reference:') and the
cell location of the Constraint value into
the right hand box were entered.
Menu in the middle was pulled-down to
select the appropriate inequality relation.
Continued to click the “Add” button until
all of our Constraints were entered and
OK was selected.
OK was clicked. This returned us to the
Solver dialog box (When all the targets
and constraints had been entered). Select
'Solve'. The dialog box appeared: At this
point therewas the option to generate any
of three reports: Answer, Sensitivity, and
Limits (Figure 6a and b).

RESULTS AND DISCUSSION
The results of the study are presented and

discussed in the following subheadings: stability
of the electrodes (Carbon Resin electrodes);
model of the stability; estimated cost of
producing Carbon Resin electrode as a function of
selected factors (particle size, current flow;
compressive pressure and percentage binder
used); model of estimated cost of producing
carbon resin electrodes; optimization of the
stability of the model and response of the stability
and selected factors.
Stability of the Electrodes (Carbon Resin
Electrodes)
The results of the stability of the electrodes are
presented in Table 1. Table 1 shows the response
of the electrode to variation in the selected factors.
Stability of the electrodes ranges from 65.60 to
97.40 % (Table 1). In all cases the least response
occurred when the particle size (Sa) and current
(Cu) were at high levels (experiment number 6).
This result indicates that Sa and Cu are negative
factors, which destabilize carbon resin electrodes.
This Indicates that the higher the values of these
factors the lower is the stability. The significance
of these two factors was observed when
experiment 1 results were compared with the
results of experiment 6. The differences between
the responses (stability) in respect of these two
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experiments were greater than 19%. Experiment
numbers 3, 5, 12 and 6 show that Sa and Cu are
significant factors in the stability of Carbon Resin
electrodes.
Model of the Stability and Optimization of
the Stability of the Model
Statistical (using least squared technique) and
mathematical models, which take into account
only the factors that are of statistically significant
effects were constructed. The models can be

expressed as follows:
Y = 84.95 - 3.34Sa + 2.61Pc - 4.20Cu + 3.08Co

(2)

Y = - 0.0333Sa + 0.0385Pc - 2.863Cu + 0.708Co (3)
Where; Sa is the particle size of the carbon; Cu is
the allowable current through the electrode; Pc is
percentage binder used and Co is the compressive
pressure.

Figure 6a: Objective Value Equal to Zero

Figure 6b: Maximized the Objective
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From the coefficients of the models, the
experimental parameters such as Sa Co Pc and Cu
have significant effects on the stability of Carbon
Resin electrodes (Oke et al., 2007a). From these
two models Sa and Co are factors that influence
stability of the electrode negatively while Pc and Cu
are factors that influence stability of the electrode
positively. In equation (2) the mean value of the
stability of the electrode is 84.95 %, which
indicates that the lowest value when these factors
are at the lowest level is the mean (84.95%). The
optimizations of these factors were carried out
using the steepest ascent method and Microsoft
excel solver.
Figures 7 & 8 relate stability of the electrode with
particle size of carbon, percentage binder, current
through the electrode and compressive pressure
for the steepest ascent and Microsoft excel solver
techniques. The data sets were fitted with second
order polynomial regression (equation) lines with
correlation coefficients (R) varying from 0.8700.894 (good relationship, Loveday, 1980) for the
steepest ascent technique and 0.9990-0.9997 (very
good relationship, Loveday, 1980) for the
Microsoft excel solver technique. Both Figures 7 &
8 show that the stability of the electrode increases
with decrease in both the particle size of carbon
and the amount of current passing through the
electrode while the stability decreases with
increase in the percentage binder used and the
compressive pressure. For the steepest ascent
technique, the minimum values of the particle size
-6
of carbon and the current were 276.7 x 10 m and
1.79 A respectively while the maximum values for
the percentage binder and compressive pressure
-2
were 15.66% and 221.33 MNm respectively. For
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the Microsoft excel solver technique, the
minimum values of the particle size of carbon and
-6
the percentage binder were 12.54 x 10 m and
5.19% respectively while the maximum values for
the current and compressive pressure are 25.56 A
-2
and 8850 MNm respectively.
Estimated Cost of Producing Carbon Resin
Electrode as a Function of Selected Factors
and Estimated Model of the Cost of
Producing Carbon Resin Electrodes
The cost of producing these electrodes was
estimated based on six selected factors (length of
the electrode produced; percentage binder used,
compressive pressure used in the production,
particle size of powdered carbon, stability of the
electrode and maximum current allowable). A
mathematical model, which takes into account
only these significant factors was constructed. The
model can be expressed as follows:
Tc($/m) = - 0.767La + 0.876Pc +
0.183Yu + 0.049Co + 0.046Sa + 2.019Cu

(4)

Where: La is the estimated length of the electrode.
Table 2 provides detailed information on the
estimated cost per meter in relation to the selected
factors. From the model, the length of the
electrode developed is a negative factor (higher
length of electrode reduces the cost per unit
length), the stability of the electrode, current
through the electrode, the compressive pressure
and the percentage binder used are factors that
increase the cost of production per unit length
(positive factors).
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Table 1 Variables and Stability of the Electrodes
Experiment
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Standard matrix and operational variables
Stability of the electrode (Response)
Pc (%) Cu (A) Co (MN/m2) Run A
Sa (mm)
Run B
Run C
Run D
45
1.0
1.0
80
90.00
89.70
87.50
84.20
150
1.0
1.0
80
86.20
86.10
84.20
80.90
45
14
1.0
80
92.40
92.20
90.30
86.60
150
14
1.0
80
88.90
88.90
86.90
83.40
45
1.0
3.0
80
71.90
72.00
70.20
67.40
150
1.0
3.0
80
70.80
70.30
68.70
65.60
45
14
3.0
80
85.90
85.80
83.90
80.60
150
14
3.0
80
83.90
83.80
82.00
78.70
45
1.0
1.0
140
96.60
97.00
94.70
90.90
150
1.0
1.0
140
89.30
88.10
87.20
83.70
45
14
1.0
140
97.40
97.30
95.10
91.40
150
14
1.0
140
88.30
88.20
86.30
82.90
45
1.0
3.0
140
83.70
84.00
81.70
78.50
150
1.0
3.0
140
81.50
81.50
79.60
91.40
45
14
3.0
140
91.60
91.30
89.50
85.90
150
14
3.0
140
87.50
87.40
85.50
82.00

Table 2 Variables and Stability of the Electrodes

Cost ($/m)

Estimated Length
(mm)

Percentage
binder used

25.0
30.0
35.0
38.0
39.0
40.0
45.0
47.0
41.0

10.0
10.0
10.0
15
15
15
20
20
20

5
10
6
7
10
14
12
14
5

Compressive
pressure used
(MN/m2)
100
180
160
110
180
180
140
140
110

(a)

Particle size of Maximum Current Stability of
the carbon (μm)
through the
the electrode
electrode
(%)
45
1
78
45
3
80
150
1
70
63
4
82
75
5
81
300
1
91
150
7
75
75
7
88
63
3
86

(b)

98.8

98.8

98.6

98.6
98.4

Sta bility ofthe Electrode (%)

Sta bility ofthe Electrode (%)

98.4
98.2
98
97.8
97.6

98.2

98

2

97.8

y = -12.857x + 201.3x - 689.49
2

R = 0.7993
97.6

97.4

97.4

97.2

97.2
2

y = -3E-05x - 0.0083x + 98.941
R2 = 0.7872

97

97

96.8

96.8
0

20

40

60

80

100
-6

Particle size (x 10 m)

120

140

160

7.45

7.5

7.55

7.6

7.65

7.7

7.75

Percentage Binder used

7.8

7.85

7.9

7.95
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(c)

98.8

98.6

2

y = -3.2143x + 711.36x - 39260
2

R = 0.7993

98.6

98.4

98.4

y = -3.0254x2 + 5.4167x + 98.349
R2 = 0.7574

98.2

Sta bility ofthe Electrode (%)

Sta bility ofthe Electrode (%)

(d)

98.8

98

97.8

98.2

98

97.8

97.6

97.6

97.4
97.4

97.2
97.2

97
97
1.7

1.75

1.8

1.85

1.9

1.95

2

96.8

2.05

109.9

110

110.1

110.2

110.3

110.4

110.5

110.6

110.7

110.8

110.9

Current (A)

Compressive Pressure (MN/m

2

)

Figure 7: Optimization of the Factors using Steepest Ascent Technique
(a) Optimization of Particle Size of Carbon (b) Percentage Binder used
(c) Current through the Electrode (d) Compressive Pressure
120
120

(a)

(b)

100

100

Sta bility ofthe Electrode (%)

Sta bility ofthe Electrode (%)

y = 0.026x2 + 13.515x - 11.133

80

60
y = 5E-05x2 - 0.6421x + 190.3

40

80

60

40

20

20

0

0

0

0

50

100

150

200

250

300

1

2

3

350

4

5

6

7

8

9

Percentage Binder used

-6

Particle size (x 10 m)

120

(c)

(d)

120

100
100

2

y = 0.0001x + 0.855x - 66.679

80
2

Sta bility ofthe Electrode (%)

Sta bility ofthe Electrode (%)

y = -0.3877x - 9.9129x + 248.41

60

40

80

60

40

20
20

0
0

2

4

6

8

10

12

14

16

18

0
0

20

40

60

80

100

120

140

Current (A)
Compressive Pressure (MN/m

Figure 8: Optimization of the Factors using Microsoft Excel Solver Technique
(a) Optimization of Particle Size of Carbon (b) Percentage Binder used
(c) Current through the Electrode (d) Compressive Pressure

2

)

160

180

200
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CONCLUSION
This study investigated the application of
computer simulation in the development of
carbon resin electrode for electrochemical
treatment of water and wastewater. Carbon resin
was developed as well as model for simulation
using Microsoft excel solver. Developed carbon
resin electrode and developed models related
selected factors to stability of the electrode using
statistical and mathematical techniques.
Mathematical models were optimized using
steepest ascent and Microsoft excel solver. It was
concluded that Microsoft excel solver provided
practicable values than steepest ascent and higher
values of correlation coefficients.
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