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INTRODUCTION

ABSTRACT

This paper investigated the performance of the electrochemical treatment technique in remov-
ing chloride from saline wastewater (brine) with the critical objective of purifying the waste-
water, evaluated the efficacies of selected mathematical models and particular attention to se-
lected polynomial regression models as a follow-up to previous studies. The saline wastewaters
were prepared and subjected to electrochemical treatment using developed carbon-resin (an-
ode) and aluminium (cathode) electrodes. Electrochemical treatment of the synthesised saline
wastewaters (between 10 x 10° mg/1 and 40 x 10° mg/1 of chloride) was conducted on a labo-
ratory scale. The influences of selected or picked-out operational factors on the functioning
or efficacy of the electrochemical purification process of the wastewater were monitored using
fractional factorial experiments. Three mathematical models were formulated using Microsoft
Excel Solver and evaluated statistically. The study revealed that the current, the time and the
interval distance between the electrodes were significant and vital factors that impacted on the
performance of the electrochemical purification treatment of brine. The factors with negative
special effects on the performance of the treatment process of brine were separation distance
between the electrodes, pH, the depth of the electrode, the initial and primary concentration
of the chloride and the flow and discharge rate of the wastewater. The performances or efficacy
of the polynomial regression models in predicting the performance of the treatment technique
were with average errors of 2.99%, 2.97% and 2.94% and accuracy of 97.01%, 97.03% and
97.06% for Models A, B and C, respectively. It was concluded that the electrochemical treat-
ment of brine with carbon-resin electrodes is efficient in removing chloride from brine and the
selected models predicted the performance of the treatment technique well.

Cite this article as: Fehintola EO, Adekunbi EA, Ojo BM, Awotunde JO, Oke IA. Performance
evaluation of a simple electrochemical treatment model for saline wastewaters: Part B. Environ
Res Tec 2024;7(2)160-174.

water and protecting the environment [1]. Presently, a vi-
tal research focus is on the next-generation wastewater and

The world is facing problems with different solutions in
relation to the provision of potable water through water
treatment techniques, which are meant at producing safe
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water treatment techniques to solve global potable water
shortage and pollution issues [2]. In the case of conven-
tional water treatment techniques, their performances in
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removing emerging pollutants from aqueous are not de-
pendable. These conventional water and wastewater treat-
ment techniques are categorised as physical (screening, fil-
tration, sedimentation, floatation, evaporation, distillation
and aeration), chemical (coagulation, flocculation, precipi-
tation, adsorption, chlorination), biological and advanced.
In the present-day water treatment techniques for saline
water and wastewater are membrane-based techniques,
irradiation, electric-current-based techniques and a com-
bination of two or more of these conventional techniques.
Among these present-day water and wastewater treatment
techniques, membrane and electric-current-based (electro-
chemical) techniques play a prevailing role in the worldwide
market and engineering applications. In line with the com-
parative advantages of electric-current-based and mem-
brane-based techniques of higher and dependable efficien-
cy, higher energy utilization efficiency and lower footprint
[2]. Among these two techniques (electric-current-based
techniques and electric-current-based techniques), elec-
tric-current-based techniques have attracted wider atten-
tion [1] than membrane-based techniques, based on some
limitations and disadvantages of membrane techniques
[3]. In the last three decades, the electrochemical tech-
nique of treating water and wastewater has been suggest-
ed as a substitute process for the removal of contaminants
in wastewater or effluents discharge into the environment.
These electrochemical treatment techniques have shown
reliable performance results in several matrices of polluted
and contaminated wastewater such as herbicides and pes-
ticides, textile dyes, dairy, pulp and paper, heavy metals,
landfill leachate, aquaculture, pharmaceutical residues, and
other industrial effluents or wastewaters [1]. In addition, a
wide range and varieties of electrode substances and ma-
terials have been utilised and suggested in electrochemical
treatment techniques. Some of the utilised and suggested
electrodes(active, non-active or passive) are noble metals
(silver, platinum, gold and graphite), dimensionally stable
anodes, PbO, based, carbon or graphite-based anodes, and
Boron Doped Diamond (BDD). These utilised and suggest-
ed electrodes have attained different removal and reduction
efficacies of organic matter [1]. These non-active anodes,
which include BDD, are beneficial for direct electrooxi-
dation of organic material through hydroxyl radicals. The
Dimensionally Stable Anode (DSA) another non-active
electrode, which includes Ti and IrO, with Ta O, are active
in enhancing hypochlorite-mediated chemistry in the pres-
ence of chloride ions. The anodic electrooxidation of brine
created by petroleum exploration of the Petrobras plant in
Brazil utilises an electrochemical reactor with electrode
made of a Ti and RuO, with TiO, and SnO, was recently
evaluated [1]. The evaluation was under the current densi-
ty of 89 mA cm? (galvanostatic conditions and situations).
The study confirmed that the degradation of the organic
pollutants at different discharge and flow rates (1.3, 0.8,
0.5 and 0.25 dm™ h) attained the removal efficacies of 84%,
95%, 97% and 98%, respectively. Da Silva et al. [1] report-
ed that the electrooxidation (electrochemical oxidation) of
brine in galvanostatic situations and conditions utilising

platinum supported on titanium (Ti and Pt) and BDD an-
odes, in a batch reactor. The results showed that complete
Chemical Oxygen Demand (COD) removal was achieved
using BDD electrode. The study stated that the production
of high amounts of hydroxyl radicals (OH") and oxidizing
species (Cl,, HCIO, ClO") aided the performances. Utiliza-
tion of these electrooxidation techniques and materials to
create very strong oxidant materials and species (such as
chlorine) has been anticipated due to the electrocatalytic
characteristics of these treatment techniques and materials.
Several studies have reported the treatment and remedia-
tion of petrochemicals and brine effluents in the literature.
The other treatment techniques for the treatment of brine
can be summarized as follows:

a) Biological treatment techniques as indicated in Akyon et
al. [4]; Baptista et al. [5]; Beneduce et al. [6]; Kargi and
Dincer [7]; Zhang et al.[8] and Ziemkiewicz et al. [9],

b) Electrochemical, electrocoagulation and other electric
current techniques as documented in Soni et al. [10];
Madrona et al. [11]; Al-Raad et al. [12]; Al-Raad et al.
[13] and Ayadi et al. [14]

c) Photocatalysis as highlighted by Andreozzi et al. [15];
Feroz [16] and Ye [17];

d) Soil remediation as indicated in Ekama et al. [18]; Esta-
bragh et al. [19]; and Jiang et al. [20];

e) Electromagnetication techniques as documented in
Hachicha et al. [21];

f) Chemical as highlighted by Jin et al. [22]; Kaith et al.
[23]; Pfennig et al. [24]; and Shrivastava [25]; and

g) The membrane as indicated in Zhang et al. [26]; Xu et al.
[27] and Yue et al. [28].

More information and data on the treatment of brine waste-
water and water are established in the literature and can be
summarized as follows:

a) Treatment using osmotic agent in water flux enhance-
ment during osmotic membrane distillation (OMD) for
treatment of highly saline brines osmotic agent in water
flux enhancement during osmotic membrane distilla-
tion (OMD) for treatment of highly saline brines and
a microbial desalination cell for sustainable wastewater
treatment and saline water desalination, in Zhang et al.
[8], and Zhang et al. [26];

b) Treatment using Carbide coated tools in Yusof et al.
[29]; Adsorption techniques in Aber and Sheydari [30];

¢) Treatment of the Brine Generated from Reverse Osmo-
sis Advanced Membrane Wastewater Treatment Plant
Using Epuvalisation System. Qurie et al. [31];

d) Electrochemical Catalytic Oxidation Treatment of Cok-
ing Wastewater RO Brine in Wang et al. [32];

e) Innovative Application of Water Quality and Flow Mod-
eling to Design a Softening, UF/RO and Brine Han-
dling System for Copper and Gold Mining Wastewater
Treatment in the Peruvian Andes in Burbano et al. [33];
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treatment of meat industry wastewater using electro-
chemical treatment method in Thirugnansanhanghan
et al. [34];

f) Bioelectrochemical treatment of table olive brine pro-
cessing wastewater for biogas production and phenolic
compounds removal in Marone et al. [35];

g) Treatment of a hypersaline brine, extracted from a po-
tential CO, sequestration site, and an industrial waste-
water by membrane distillation and forward osmosis in
Salih et al. [36];

h) Treatment of brine wastewater through a flow-through
technology integrating desalination and photocatalysis
in Ye et al. [37];

i) Assessment of three brine recycle humidification-de-
humidification desalination systems applicable for in-
dustrial wastewater treatment in Ghofrani and Moosavi
(38];

j)  Membrane distillation treatment of municipal wastewa-
ter desalination brine and its mitigation by foam frac-
tionationin Rajwade et al. [39];

k) Sonophotocatalytic treatment of AB113 dye and real
textile wastewater using ZnO/persulfate: Modeling by
response surface methodology and artificial neural net-
work in Asgari et al. [40];

1) Removal from aqueous solutions using ionic lig-
uid-modified magnetic activated carbon in Bazrafshan
etal. [41]; and

m) Techno-economic assessment of minimal liquid discharge
(MLD) treatment systems for saline wastewater (brine)
management and treatment in Panagopoulos [42].

With reference to the importance of these electrochemical
treatment techniques in removing both conventional and
emerging pollutants from aqueous solutions the perfor-
mance of the techniques in removing chloride from bine
wastewater and polynomial models that relate and simulate
operational factors to their removal efficacies are limited in
the literature. The main objectives of the current study are
to evaluate the performance electrochemical process (using
carbon-resin and aluminium electrodes) in removing chlo-
ride from saline water, to establish mathematical (polyno-
mial regression form) models that relate the performance
of the system to selected operational factors and to evaluate
accuracy of these models statistically.

MATERIALS AND METHODS

Carbon-resin or graphite-resin electrodes (CRE) were pro-
duced from wasted dry cells. The discarded and spent dry
cells were collected and picked from several dumpsites lo-
cated in Nigeria. These collected dry cells were segment-
ed and carbon (graphites) were separated from these cells
and crushed. Powdered carbon was separated into dif-
ferent British standard particle sizes. A fixed mass of the
powdered carbon was mixed with resin (organic binder),
and moulded into 25- a millimetre diameter, 100-millime-

tre-long electrode utilising a plunger and extruder, with a
compaction or compressive device. Details of the develop-
ment and characteristics of the electrodes were presented in
previous and other studies as follows:

a) Development, stability and properties of carbon-resin
electrode Oke et al. [43];

b) Orthogonal experiment in the development of car-
bon-resin electrode Oke [44];

c) Establishment of factors that influence stability and
properties of carbon-resin electrode Oke et al. [45];

d) Properties of doped carbon-resin electrode in Oke et
al. [46]; aluminium and Calcium oxide doped Oke et
al. [47];

e) Utilization of Weibull distribution in the development
of carbon-resin electrode in Oke et al [48];

f) Effects of carbonization on stability and electrical con-
ductivity of carbon-resin electrode in Oke [49];

g) Development and optimization of carbon-resin elec-
trode Oke et al. [50] and

h) Thermal properties of carbon-resin electrode in Oke et
al. [51]

Microstructures of the electrode were monitored to ascertain
the composition of the electrode utilising a scanning elec-
tron microscope (of model Carl Zeiss Smart Evo 10 available
at the Department of Materials Science and Engineering,
Obafemi Awolowo University, Ile-Ife, Nigeria). Electrolysing
equipment was developed from local materials. The devel-
opment and performance of the device are as presented in
previous publications such as Oke and Ogedengbe [52]; and
Fehintola et al. [53]. The synthesised chloride wastewaters
(salty water, brine) were prepared and calibrated by utilising
procedures, techniques and methods stated and specified in
the Standard Methods for Water and Wastewater Examina-
tion such as APHA [54], and van Loosdrecht et al. [55]. The
analytical Sodium Chloride (60.0 grams) salt was dissolved
in 1000 ml of distilled water as a stock solution, and second-
ary solutions for calibration and working salty wastewater
were prepared from the stock. Selected calibration solutions
of 0.0 mg/1, 250 mg/1, 500 mg/1, 1000 mg/l; 5000 mg/1; 10000
m/l and 15000 mg/l of chloride were used to calibrate the
equipment used in the determination of chloride concentra-
tions. Salty wastewaters were subjected to electrochemical
treatment utilising developed carbon-resin or graphite-resin
(anode) and aluminium (cathode) electrodes. Figure 1a, b
present the laboratory setup of the electrochemical treat-
ment of the simulated wastewater.

The impacts of selected operational factors (volume of the
wastewater used, separation distance between the elec-
trodes, flow and discharge rate, pH, applied current, initial
concentration of the chloride, contact surface area of the
electrode used and depth of the electrode) on the perfor-
mance of electrochemical purification process were mon-
itored using fractional factorial experiment and optimised
using Microsoft Excel Solver. Table 1 presents the stan-
dard fractional factorial experiments and the factors. Sta-
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Figure 1. (a) Laboratory setup of the electrochemical treatment process. (b) Schematic diagram laboratory setup of the electro-

chemical treatment process.

Table 1. Standard fractional experiment (2?) and factors used

Experiment Initial concentration Current Separation Time Flow Depth Area pH
of chloride (g/1) (A) distance (cm) (hr) (I/hr) (cm) (cm?)

1 10.0 1.0 2.0 1.0 1.0 0.4 491 3.0
2 40.0 1.0 2.0 1.0 2.5 0.4 19.64 10.0
3 10.0 10.0 2.0 1.0 2.5 1.0 491 10.0
4 40.0 10.0 2.0 1.0 1.0 1.0 19.64 3.0
5 10.0 1.0 10.0 1.0 2.5 1.0 19.64 3.0
6 40.0 1.0 10.0 1.0 1.0 1.0 491 10.0
7 10.0 10.0 10.0 1.0 1.0 0.4 19.64 10.0
8 40.0 10.0 10.0 1.0 2.5 0.4 491 3.0
9 10.0 1.0 2.0 4.0 1.0 1.0 19.64 10.0
10 40.0 1.0 2.0 4.0 2.5 1.0 491 3.0
11 10.0 10.0 2.0 4.0 2.5 0.4 19.64 3.0
12 40.0 10.0 2.0 4.0 1.0 0.4 491 10.0
13 10.0 1.0 10.0 4.0 2.5 0.4 491 10.0
14 40.0 1.0 10.0 4.0 1.0 0.4 19.64 3.0
15 10.0 10.0 10.0 4.0 1.0 1.0 4.91 3.0
16 40.0 10.0 10.0 4.0 2.5 1.0 19.64 10.0
- . - ‘

el prmetns (v medn, oo V. g
the treatment technique were determined using standard x «

techniques. The choice of the Microsoft Excel Solver for ModelB: Y =4, +BY X+ B, Y Xi+& @
the computation was grounded on the accessibility of the - i

software at no extra cost (established in all Microsoft Ex- 1 410 y= B+ Zk: X+ ﬁgzk:i XX, +& 3)

i=1

cel packages). The models were modified to accommodate
interactions between the selected factors (in this case the
interactions were considered to be significant factors). The
modified and qualified model equations were solved Mic-
rosoft Excel Solver (MiES) technique. These results from
modified models were evaluated using statistical methods.
The modified and qualified model equations are expressed
as follows Asgari et al. [40], and Bazrafshan et al. [41]:

j=1 i=1
The experimental data was fitted to polynomial models. The
coeflicients of polynomial models were determined using
Microsoft Excel Solver. The Solver is an Add-in software
for the Microsoft Excel packages which is typically or orig-
inally not enabled during the initial or primary installation
of Microsoft Office (which includes Excel). The procedures
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Figure 2. Procedure and flow chart for utilising Microsoft Excel Solver in the calculation of the unknown coefficients.

required in using Microsoft Excel Solver can be summa-
rized as indicated in Figure 2. Figure 2 presents the flow
chart of the procedures. The selection of these factors to
be researched or studied was based on the theoretical in-
formation and data about numerous factors that establish
the performance of the electrochemical treatment process

and the knowledge regarding graphite-resin or carbon-res-
in and aluminium electrodes. Chloride determinations in
both raw and treated salty wastewater were carried out us-
ing the argenotometric technique or method specified in
APHA [54]. Chloride concentration was calculated using
equation (5) as follows:
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Where; N, is the normality of Silver Nitrate used, P is the
dilution factor; V_is the volume of effluent or sample used
(ml), A is the volume of the titrate used for the sample (ml),

C, is the calibration factor and B is the volume of the titrate
used for the blank (ml).

Efficiencies of the process were based mainly on pollutant
(chloride) removal (Y,%), which was computed using equa-
tion (5). The choices of the argenotometric and instrumenta-
tion methods [54] were based on accuracy, type of wastewater
(clear aqueous solution) and availability of required reagents.

Y = 100x[(z°z—_zf)J (5)
0

Where: Z_ is the initial concentration of the chloride in the
synthetic wastewater (mg/l). Z, is the final concentration
of chloride in the synthetic wastewater (mg/l) and Y is the
chloride ions removed (%).

Statistical evaluations were conducted utilising Analy-
sis of Variance (ANOVA), Coeflicient of Determination
(CD), Model of Selection Criterion (MSC), average rela-
tive error (A ), accuracy (E) and total error. Average Rel-
ative Error (A ), Accuracy (E ) and Total error (Err?) were
computed as follows:

1 & ((Xi—Xd)]

Ay = ﬁ; Tx

Where; X is the observed concentration and X is the cal-
culated concentration.

©)

( (Xi_Xci)J
E = 100x|1-——< @
Xi
N 2
Er* = Y (X,-X,) ®

i=l1

The coeflicient of Determination can be shown and com-
puted as follows:

ﬁ:(Xi _Z)Z _i(Xi _ch')z

C D = i=l i=l (9)

2

(% %)

M=

i

Where; X is the average or statistical means of experimen-
tal concentration and X, is the average or statistical means
of calculated concentration. The model of Selection Crite-
rion can be calculated utilizing equation (9) indicated as:

N 2

N ;(Xi—x,) 2

N 2 N
(Xi_Xci)

i=1

MSC = (10)

Where; p is the number of variables or parameters and N is
the number of experimental and data points

Skewness is a quantity of symmetry, proportion or exact of
the data. The data set or information is symmetric when it

8.73K ( ) Smart Quant Results
776k € Element Weight% Atomic % Netlnt.  Error % R A F
p— cK 7644 8224 2707.24 975 0.9385 01569 1.0000

: oK. 1980 1599 364.00 1189 09462 00843 10000
5.82K AK 169 081 269.57 6.66 0.9597 06273 1.0051

SiK. 207 085 36410 550 09620 07218 10044
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Figure 3. (a) The Spot for major composition of the carbon
resin electrode. (b) The major composition of the Carbon resin
electrode.

looks the same or similar to the left and right from the cen-
tre point. Skewness was computed as follows (Equation 11):

Y (r-¥)

i=1
4 N&®

n
Where; y is the skewness, § is the standard deviation, Y is the
performance of the treatment process in removing chloride;
Y is the mean of of the performance of the treatment process
in removing chloride and N is the number of samples.

Kurtosis is an important ingredient in statistical measure-
ment and engineering design of treatment facility was com-
puted as follows (equation 12):

> -y

Fo= = N&* 12)

RESULTS AND DISCUSSION

Figure 3a, b shows the major compositions of the Carbon
resin electrode. The figure revealed that the major com-
ponents of the electrode are Carbon (76.44%) Oxygen
(19.80%), Si (2.07%) and Al (1.69%). The result indicat-
ed the presence of Carbon and Oxygen at the spot, which
had the highest portion of the electrode, which can be at-
tributed to the binder used and the size of the powdered
graphite [3]. This result of the composition established and
discovered that the removal and reduction of chloride may
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be attributed to adsorption by the pores and conversion of
some of the components to silicon, aluminium, chloride
and oxygen products such as AI(OCl),, SiCl, and AICI,. The
SiCl, reacts with water to give silicon dioxide and acidic end
products (equation 13).

SiCl, +2H,0 — SiO, + 4HCI (13)

This reaction of SiCl, can be attributed to the bigger size
of the Silicon atom, which provides more room and space
around the atom to enable the water molecule to attach.
In addition, the silicon atom has empty 3d orbitals avail-
able to accept a lone pair from the water molecule. This
reaction indicated that the oxygen atom can bond to the
silicon atom before the need to break the silicon-chlorine
bond and support the whole process energetically. Alumin-
ium chloride (AICL,) is an influential Lewis acid, industrial
catalyst, non-explosive, non-flammable but corrosive solid
and reacts violently with water or bases. AICI, is believed to
be a hygroscopic salt. Usually, this salt fumes in the moist
- air. The reaction creates a heckling sound as it comes in
connection with water. As these reactions take place or
occur the CI- ions are displaced and replaced with water
molecules and form hexahydrate (Al(H,0),)Cl,. At an an-
hydrous state, AICL, is lost and as the heat is utilised HCI
is dissipated and aluminium hydroxide is the final product
that is attained.

Al(H,0),Cl,— Al(OH), + HCI+3H,0 (14)

As the temperature is increased further to a level of 400 °C,
aluminium oxide is transformed from the hydroxide.

241(OH), — ALO, +3H,0 (15)

One distinct characteristic of AICL, in aqueous solutions
is that the solutions are ionic in character. With reference
to this reason, these solutions are good conductors of elec-
tricity. The solutions are also acidic, which can result in the
partial hydrolysis in AI’** ion. The overall reaction can be
expressed as follows:

[a(#,0), ] [4i(on)(,0),] +H,

Aluminium compounds and salts that is made up of hy-
drated Al3+ ions are similar in reaction to the behaviour
of aqueous solutions of aluminium chloride. These solu-
tions behave in the same way or similar by giving a profuse
precipitate of AI(OH)3 in reaction with a dilute basic oxide
such as sodium hydroxide.

AICI, +3NaOH —> Al(OH ), +3NaCl an

Figure 4a-c shows the Scanned electromagnetic (SEM)
structures of the electrode. From the figure, it is clearly re-
vealed that the powdered particles of carbon electrode were
closely parked and the porosity is very low. This lower po-
rosity can be attributed to a lower concentration of binder,
higher compressive pressure and nano-particle sizes used
in the development of the electrode [53]. Table 2 presents
the arrangement of the fractional factorial experiment, the
performance of electrochemical treatment in removing
chloride from aqueous solutions and the statistical summa-
ry of the performance of electrochemical treatment.

(16)

Vacuum Mode = High Vacuum
System Vacuum = 1.59¢-05 Torr

EHT=20.00kV  Detector = HDBSD
WD=802mm  Mag= 750%

Detector = HDBSD
Mag= 500X

EHT = 20.00kV/
WD = 8.02 mm

Vacuum Mode = High Vacuum
System Vacuum = 156e-05 Torr

100 pm

EHT = 20.00kV  Detector = HDBSD
WD=802mm  Mag= 250X

Vacuum Mode = High Vacuum
System Vacuum = 1.54e-05 Torr

Figure 4. (a) Scanned Electro Magnetic (SEM) structures of
the electrode at 40 um. (b) Scanned Electro Magnetic (SEM)
structures of the electrode at 100 um. (¢) Another Scanned
Electro Magnetic (SEM) structures of the electrode at 100 pm.

The Table revealed that the maximum values the perfor-
mance occurred at experiment number 11 with 94.82%
removal of chloride concentration when the surface area
(19.64 cm?), the flow (2.0l/hr), the treatment time (4.0 hr)
and the current (10.0 A) were at their higher levels, which
indicated that these selected and mentioned factors had
positive influences on the performance of electrochemical
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Table 2. Fractional factorial experiment, and the statistical summary of the performance of electrochemical treatment in removing

chloride from aqueous solution

Exp. Response Total Ave. Ske. Max. Min. SD Med. Cv Kur.
1 89.55 89.25 87.06 83.79 349.65 87.41 -1.12 89.55 83.79 2.66 88.16 3.04  0.160
2 85.77 85.67 83.78 80.5 335.72 83.93 -1.29 85.77 80.50 2.46 84.73 293 0.903
3 91.94 91.74 89.85 86.17 359.7 89.93 -1.35 91.94 86.17 2.67 90.80 2.97 1.232
4 88.46 88.46 86.47 82.98 346.37 86.59 -1.32 88.46 82.98 2.58 87.47 298  1.039
5 71.54 71.64 69.85 67.06 280.09 70.02 -1.25 71.64 67.06 2.14 70.70 3.05 0.701
6 70.5 69.95 68.36 65.27 274.08 68.52 -1.22 70.50 65.27 2.35 69.16 3.43 0.855
7 85.5 85.37 83.48 80.2 334.55 83.64 -1.28 85.50 80.20 247 84.43 295 0875
8 83.5 83.38 81.59 78.31 326.78 81.70 -1.32 83.50 78.31 242 82.49 2.96 1.080
9 96.1 96.52 94.23 90.45 377.3 94.33 -1.32 96.52 90.45 2.77 95.17 2.94 1.174
10 88.9 87.66 86.76 83.28 346.6 86.65 -1.23 88.90 83.28 2.41 87.21 2.78 1.832
11 96.9 96.81 94.62 90.94 379.27 94.82 -1.27 96.90 90.94 2.79 95.72 294 0.802
12 87.9 87.76 85.87 82.49 344.02 86.01 -1.30 87.90 82.49 2.52 86.82 2.93 0.978
13 83.3 83.56 81.29 78.11 326.26 81.57 -1.18 83.56 78.11 2.52 82.30 3.09 0.407
14 81.09 81.09 79.2 90.94 332.32 83.08 1.83 90.94 79.20 5.32 81.09 640 3518
15 91.14 90.84 89.05 85.47 356.5 89.13 -1.34 91.14 85.47 2.61 89.95 2.92 1.226
16 87.04 86.96 85.07 81.59 340.66 85.17 -1.34 87.04 81.59 2.55 86.02 3.00 1.140
Exp: Experiment; Ave: Average; Ske: Skewness; Max: Maximum; Min: Minimum; SD: Standard deviation; Med: Median; Kur: Kurtosis.

Table 3. ANOVA of the performance

Source of variation Sum of squares Degree of freedom Mean Sum of square F-value P-value
Within experiment 3034.023 15 202.2682 55.41323 6.19x10%*
Between runs 209.3126 3 69.77087 19.11437 3.87x10%
Error 164.2581 45 3.650179

Total 3407.594 63

during the treatment process. The lowest value of the per-
formance of the process occurred in experiment numbered
6 with 68. 52% removal of the chloride by the treatment
process [27, 28, 32, 45]. This level of performance occurred
when the initial concentrations of chloride (40 x 10° mg
/1), the separation distances between electrodes (10.0 cm),
the depth of the electrode (1.0 cm) and pH (10.0) were at
higher factorial factor levels, which meant that these lat-
ter mentioned selected factors contributed negatively to
the performance of the treatment process. From Table 2,
the Skewness of the performance of electrochemical treat-
ment in removing chloride from an aqueous solution was
between -1.12 and 1.83. With the exception of experiment
number 14, which has positive Skewness, all the other ex-
periments were of negative Skewness, which indicated that
most values are concentrated on the right of the mean, with
extreme values to the left. Kurtosis (f) is a degree of data
peakedness or horizontalness relative to a normal distribu-
tion pattern. The data sets or information with higher val-
ues of kurtosis tend to have a distinct peak near the mean,
either decline and reduce rapidly or have heavier tails than
necessary. From Table 2, the Kurtosis of the performance
of electrochemical treatment in removing chloride from

16000
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y = 1.0126x - 224.9] R* 5 0.9983
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Figure 5. Calibration curve (relationship between obtained
and expected chlorideconcentrations).

aqueous solution was between 0.160 and 3.518. The Kurto-
sis values of the performance of electrochemical treatment
in removing chloride from an aqueous solution were posi-
tive, which indicated the data sets have a distinct peak near
the mean, decline rather rapidly, and have heavy tails. With
the exception of experiment number 14, which has Kurtosis
greater than 3, all the other experiments had Kurtosis less
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Table 4. Result of ANOVA for the calibration

Source of variation Sum of squares Degree of freedom Mean Sum of square F-value P-value
Between groups 96114.29 1 96114.28571 0.002819033 0.95853
Within groups 4.09E+08 12 34094771.43
Total 4.09E+08 13
Table 5. The coefficient for the mathematical polynomial regression models
Experiment  Average Model As Model B’s Model C’s
coefficients coefficients coefficients
1 87.41 Constant  87.629 Constant 86.671 Constant 86.930  Cubic Initial Con ~ -6.5E-07
2 83.93 Initial Con  -0.122 Initial Con -0.110 Initial Con -0.108 Cubic Current ~ 0.002882
3 89.93 Current 0.576 Current 0.675 Current 0.362 Cubic Sep D -0.00377
4 86.59 SepD -1.044 SepD -0.980 SepD -0.515 Cubic Time 0.051667
5 70.02 Time 2.042 Time 2.193 Time 1.113 Cubic Flow (I/hr)  -0.01613
6 68.52 Flow (I/hr)  -0.411 Flow (I/hr) -0.292 Flow (I/hr) -0.157  Cubic Depth(cm)  -0.00316
7 83.64 Depth(cm) — -2.462 Depth(cm) -1.440 Depth(cm) -1.432 Cubic Area -7E-06
8 81.70 Area 0.091 Area 0.113 Area 0.116 Cubic pH -6.2E-05
9 94.33 pH -0.113 pH -0.078 pH -0.070  Cubic Initial Con  -6.5E-07
10 86.65 Sq. Initial Con  -0.00024  Sq. Initial Con  -0.00024
11 94.82 Sq. Current  -0.00902 Sq. Current -0.00964
12 86.01 Sq.Sep D -0.0054 Sq.Sep D -0.00523
13 81.57 Sq. Time -0.03026 Sq. Time -0.03129
14 83.08 Sq. Flow (I/hr)  -0.03373  Sq. Flow (I/hr)  -0.02743
15 89.13 Sq. Depth(cm)  -0.72951  Sq. Depth(cm)  -0.72654
16 85.17 Sq. Area -0.00089 Sq. Area -0.00089
Sq.pH -0.00272 Sq.pH -0.0026

Table 6. The statistical evaluation of the mathematical model equation

Average Accuracy MSC CD R AIC SC
Model A 2.99 97.01 0.630 0.804 0.897 96.023 96.658
Model B 2.97 97.03 0.690 0.874 0.935 95.945 96.602
Model C 2.94 97.06 0.705 0.893 0.945 95.945 96.602

than 3, which indicated that experiment 14 is a leptokurtic
distribution, sharper than a normal distribution, with val-
ues concentrated around the mean and thicker tails.

Table 3 presents the ANOVA of the performance of the
treatment process. The table revealed that there were sig-
nificant differences between the performances and the runs
(experiments) at a 95% confidence level. Table 4 presents
the results of ANOVA for the calibration conducted on the
equipment used in the determination of the chloride con-
centrations. The table revealed that there was no significant
difference between obtained and expected chloride concen-
trations ata 95% confidence level (F, |,=0.0028; p=0.95853).
Figure 5 presents the relationship between obtained and
expected chloride concentrations. The Figure established
that there is a good relationship between the obtained and
expected chloride concentrations (R*=0.9983). Table 5

shows the analysis of the fractional factorial experiment,
the effects and the coefficient of each of the selected factors
for model A. The table revealed that these selected factors
can be classified into two groups as positive and negative
factors. The current through the wastewater, the treatment
time and the surface area of the electrodes were the positive
factors. The above-mentioned factors are the factors with
increment in magnitude that improved the performance
of the treatment process. The initial concentration of the
salt, the distance between the electrodes, the flow rate of the
wastewater, the depth of the electrodes and the pH value
of the wastewater were the negative factors, that reduced
the performance of the treatment process. These negative
factors were the factors with a decrement in the magnitude
of the performance of the treatment process. From the ta-
ble, the significant factors (at a 90% confidence level) on
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Table 7. Effects of selected factors on performance of electrochemical treatment in removing chloride from aqueous solution,

optimum and statistical evaluation (Model A)

Initial Current Separation Treatment Flow Depth Surface pH Error Total
concentration distance time rate of area of
of chloride between electrode electrodes
electrodes

Sum of squares 0.06 1.33 4.36 16.67 0.67 24.24 0.03 0.05 3.15 75851
Degree of freedom 1 1 1 1 1 1 1 1 7.00  15.00
Means Sum of squares 0.06 1.33 4.36 16.67 0.67 24.24 0.03 0.05 045 50.57
F-value 0.13 2.95 9.70 37.05 1.50 53.86 0.07 0.11

F-critical values at 90 %, 95 %, 97.5 %, 99 % and 99.5 % are 3.59, 5.59, 8.07, 12.25 and 16.24, respectively.

Table 8. Effects of selected factors on the performance of electrochemical treatment in removing chloride from aqueous solu-

tion, optimum and statistical evaluation (Model B)

Initial Current Separation Treatment Flow Depth Surface pH Error Total
concentration distance time rate of area of
of chloride between electrode electrodes
electrodes

Sum of Squares 0.05 1.82 3.84 19.24 0.34 8.30 0.05 0.02 16.91 75851
Degree of Freedom 1 1 1 1 1 1 1 1 7.00 15.00
Means Sum of Squares 0.05 1.82 3.84 19.24 0.34 8.30 0.05 0.02 242  50.57
F-value 0.11 4.05 8.53 42.74 0.76 18.44 0.11 0.05

Table 9. Effects of Selected Factors on the performance of electrochemical treatment in removing chloride from an aqueous

solution, optimum and statistical evaluation (Model C)

Initial Current Separation Treatment Flow Depth Surface pH Error Total
concentration distance time rate of area of
of chloride between electrode electrodes
electrodes

Sum of Squares 0.05 0.52 1.06 4.96 0.10 8.20 0.05 0.02 35.61 75851
Degree of Freedom 1 1 1 1 1 1 1 1 7.00  15.00
Means Sum of Squares 0.05 0.52 1.06 4.96 0.10 8.20 0.05 0.02 509 50.57
F-value 0.10 1.16 2.35 11.01 0.22 18.21 0.12 0.04

electrochemical performance toward chloride removal are
current, separation distance between electrodes and time.
Table 5 revealed the coeflicient for the mathematical poly-
nomial regression models as follows (equations [18-20]):

a) For Model A.
Y(%) 87.629-0.1221, +0.576C, —1.0424D, +
18
2.042T,-0.411Q, —0.2.462D, +0.0914, —0.113pH .

b) For Model B.

Y(%) = 87.629-0.1221,+0.576C, —1.0424D, + o
2.0427,-0.411Q, —0.2.462D, +0.0914, —0.113pII ()

For Model C.

Y(%) = 87.629-0.1221 +0.576C, —1.0424D, +

20

2.0427,-0.411Q,-0.2.462D, +0.0914, - 0.113 pH =

Table 6 shows the statistical evaluation of the mathemat-
ical model equations. The table revealed that average er-
ror, accuracy, MSC, CD, and R of these model equations

(Models A, B and C) were 2.99%, 97.01 0.41183, 0.804, and
0.897; 2.97%, 97.03%, 0.690, 0.874, 0.935; 2.94%, 97.06%,
0.705, 0.893 and 0.945, respectively. This result indicated
that these mathematical models are reliable with 97.01%,
97.03% and 97.06% accurate, which indicates that Mod-
el A can predict 97.01% of the experimental data, Model
B predicts 97.03% and Model C provide information on
97.06% of the experimental data. Tables 7 to 9 present the
results of ANOVA on the effects of the selected factors in
each of the model equations. Table 7 presents the effects
of selected factors on the performance of electrochemical
treatment in removing chloride from aqueous solution,
optimum and statistical evaluation (Model A). Table 8
shows the effects of Selected Factors on the performance
of electrochemical treatment in removing chloride from
aqueous solution, optimum and statistical evaluation
(Model B) and Table 9 is for the effects of selected factors
on the performance of electrochemical treatment in re-
moving chloride from an aqueous solution, optimum and
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Treatment Time (1)
Current flow (A)

Depth of the electroce (em)

Figure 6. (a) Relationship between treatment time, depth of electrodes and performance of electrochemical treatment in
removing chloride from an aqueous solution. (b) Relationship between the current, depth of electrodes and performance
of electrochemical treatment in removing chloride from an aqueous solution. (c) Relationship between the pH, depth of
electrodes and performance of electrochemical treatment in removing chloride from an aqueous solution. (d) Relationship
between Contact Area, depth of electrodes and performance of electrochemical treatment in removing chloride from an
aqueous solution. (e) Relationship between the flow rate, depth of electrodes and performance of electrochemical treatment
in removing chloride from an aqueous solution. (f) Relationship between the separation distance between the electrodes,

depth of electrodes and performance of electrochemical treatment in removing chloride from an aqueous solution.

statistical evaluation (Model C). From these Tables (Table
7-9) the factors can be grouped into two factors with ef-
fects but not significant and factors with effects and factors
are significant. The factors with effects and significance are
separation distance between electrodes, treatment time,
current and depth of electrodes. Figure 6 presents the re-
lationship between the performance of the treatment pro-
cess and selected operational factors. Figure 6a shows the
relationship between treatment time, depth of electrodes
and performance of electrochemical treatment in remov-
ing chloride from an aqueous solution.

Figure 6b presents the relationship between the current,
depth of electrodes and performance of electrochemical
treatment in removing chloride from an aqueous solu-
tion. Figure 6¢ shows the relationship between the pH,
depth of electrodes and performance of electrochemical
treatment in removing chloride from an aqueous solu-
tion. Figure 6d is for the relationship between Contact
Area, depth of electrodes and performance of electro-
chemical treatment in removing chloride from an aque-
ous solution. Figure 6e is for the relationship between
the flow rate, depth of electrodes and performance of
electrochemical treatment in removing chloride from
an aqueous solution. Finally, Figure 6f presents the re-
lationship between the flow rate, depth of electrodes and

performance of electrochemical treatment in removing
chloride from an aqueous solution. All these figures re-
vealed that there were polynomial relationships between
the selected operational factors and the performance of
the treatment process. These revelations indicated that
optimizations of these factors are necessary and will be
helpful in operational techniques.

It was observed that these relationships were similar to
the surface response of the influence of some the oper-
ational variables and parameters on the arsenic reduc-
tion and removal by electrocoagulation utilising iron
electrodes and other techniques in Oke et al. [56], Vijaya
Bhaskar et al [57], Can et al. [58], Darvishi et al. [59], and
Majumder and Gupta [60], the response surface tech-
nique and methodological examination or evaluation
of the adsorption of textile dye onto biosilica or alginate
nano-biocomposite: kinetic, and isotherm studies and
thermodynamic behaviour in Darvishi et al. [59], the re-
moval and elimination of methylene blue dye from aque-
ous solutions by zeolite composite from shrimp waste
and new chitosan in Gilhotra et al. [61], Yao et al. [62],
Gadkari et al [63], and Elimelech and Phillip [64], and
electrocoagulation technology for high strength arsenic
wastewater: process optimization and mechanistic study
in Can et al. [58].
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CONCLUSIONS

It can be concluded based on the study that:

a. Electrochemical treatment with carbon electrodes is ef-
ficient in removing chloride from salty wastewater. The
system was able to reduce chloride concentration from
15000 mg/1 to 5% of the initial concentration at a cur-
rent flow of 9.68 A and retention time of 5 hours.

b. The operational factors with negative effects (increasing
these operational factors decreases the removal perfor-
mance) on the performance of the treatment process
were separation distance between the electrodes, pH,
depth of the electrode, initial concentration of the chlo-
ride and flow rate.

c. These operational factors applied current, treatment
time and contact surface area of the electrode used are
positive factors (increasing these operational factors
increases the removal performance) that influence the
electrochemical treatment of salty wastewaters.

d. The operational factors that had significant effects on
the performance of the treatment process are current,
time and separation distance between the electrodes.

e. Inthe case of models and their evaluations Model C per-
formed better than Model B and Model A based on av-
erage errors of 2.99%, 2.97% and 2.94%, respectively and
R values 0f 0.945, 0.935 and 0.897 for Models C, B and A,
respectively, which supported conclusions on nonlinear
models in Mahmoud [65] and Amin et al. [66].
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