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Abstract

This study depicts the removal of Manganese ions (Mn?') from simulated wastewater by combined electrocoagulation/
electroflotation technologies. The effects of initial Mn concentration, current density (C.D.), electrolysis time, and different mesh
numbers of stainless steel screen electrodes were investigated in a batch cell by adopting Taguchi experimental design to explore the
optimum conditions for maximum removal efficiency of Mn. The results of multiple regression and signal to noise ratio (S/N)
showed that the optimum conditions were Mn initial concentration of 100 ppm, C.D. of 4 mA/cm?, time of 120 min, and mesh no. of
30 (wire/inch). Also, the relative significance of each factor was attained by the analysis of variance (ANOVA) which indicates that
the percentage of contribution followed the order: time (47.42%), C.D. (37.13%), Mesh number (5.73%), and Mn initial Conc.
(0.05%). The electrolysis time and C.D. were the most effective operating parameters and mesh no. had a fair influence on Mn
removal efficiency, while the initial conc. of Mn. had no significant effect in the studied ranges of control factors. Regression
analysis (R°= 90.16%) showed an acceptable agreement between the experimental and the predicted values, and confirmation test

results revealed that the removal efficiency of Mn at optimum conditions was higher than 99%.
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1- Introduction

Heavy metals from various economic activities can be
considered as very influential toxic agents. Due to their
great solubility and low biodegradability in the aquatic
environments, aqueous solutions, and many industrial
wastewaters, the presence of these components even at
low concentrations causes deterioration of many
ecosystems and particularly human health. Further, Heavy
metals lead to serious environmental pollution [1], [2].

Industries including mining, electro-plating or melting
operations are developed rapidly. Wastewaters discharged
into the environment from these industries holding
excessive concentrations of toxic metals (e.g. Mn, Cd, Zn,
and Cu), so destructive effects on the organism life would
take place if no handling arise [3], [4].

The abundance of Manganese (Mn) metal in nature is
very high and it is considered as a vital metal for the
human system but with trace amounts due to its ability in
enzymes activation. It is used widely in many applications
like primary cells, alloys industry, ceramics, and electrical
coils besides its presence naturally in the atmosphere as

suspended particulates due to its disposal from different
sources like industrial emission and soil erosion [5].

Several techniques were employed for the pollution
abatement of heavy metal ions in wastewater which
include: adsorption [6], chemical precipitation [7], ion-
exchange [8], biosorption [9], membrane filtration [10],
coagulation-flocculation [11], and flotation [12].

Many of these techniques have disadvantages. For
example, precipitation can be considered as the most
economical valid, but additional treatment is required due
to the production of precipitate sludge. Reverse osmosis,
ion-exchange, and other membrane separation techniques
can efficiently be used in metal ions removal, but there
are limitations in the use of these techniques like high
material, and functional cost. In addition to their operative
problems, these disadvantages, together with the
requirement of effective low-cost treatment, have created
innovative challenges for these technologies [13].
Electrocoagulation (EC) is not a new technology but it is
an eco-friendly process. In this technique, there are no
chemicals added as in the chemical coagulation process.
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So, there is no problem of neutralizing excess chemicals
and no probability of secondary contamination initiated
by chemical substances that added at high concentration.

EC technique also has many advantages include:
producing effluent with a less total dissolved solids
content (TDS), demanding simple equipment and it is
easy to operate, producing a clear, odorless and colorless
discharge. Besides, low amount of sludge is formed in
this technique which consists mainly of metallic
oxides/hydroxides which tend to be readily settable and
easy to be removed. Also, the smallest colloidal particles
can be removed by this technique due to the fast motion
resulted from the applied electric field that facilitating the
coagulation [4],[14], [15]. The high effectiveness of the
EC process in the elimination of heavy metal ions from
industrial/synthesis wastewater has been proved by
several studies [5], [16]-[19].
Electrocoagulation/Electroflotation ~ (ECF) is  an
electrochemical process in which the wastewater would
be subjected to a direct current (DC) field. So, in-situ
generation of coagulants by electro-dissolution of a
soluble sacrificial anode dipped in the wastewater would
take place. The most sacrificial anodes are Al and Fe.
Solid flat electrodes are traditionally used, but in some
previous studies, cylindrical perforated ones are
implemented due to better dispersal of the applied DC
field onto the wastewater to be handled [20], [21].

The ECF has often been considered for the wastewater
treatment and it has a wide area of application, for
example, heavy metals, organic chemicals, oil, Textile
effluents, specific organics, turbid effluent, petroleum
industry, suspended particles of all sorts, fluoride, nitrate,
and arsenic [22]. There are complex chemical and
physical changes that commonly take place in any
electrocoagulation process. When a direct current or
voltage is applied, positive ionic coagulants would be
formed due to sacrificial anodes oxidation. Consecutively,
generation of hydroxyl ions (OH") and some O, and H,
gas bubbles would take place due to water reduction
arising at the cathode. The formed ions is migrated to
oppositely charged electrodes so destabilization of the
contaminants and the particulate suspension would take
place because of this movement leading to break down
the emulsion. Metallic hydroxides of good adsorption
properties would be formed because of interaction
between the positive ion (AI** or Fe?*) and the hydroxyl
ion (OH), that are capable of destabilizing any dispersed
particles existing in the wastewater. Larger aggregates
formed because of adsorption of Pollutants into the
hydroxide structures [2], [15]. The formed aggregates can
be carried by flotation of hydrogen and oxygen bubbles
which move upwards in the liquid phase where it can be
more easily concentrated, collected and removed or can
be precipitated if they have a quite high density in
comparison with the medium [2], [15]. At the anode,
anodic dissolution of stainless steel electrode takes place
beside water oxidation to produce oxygen gas and
hydrogen ions. At the cathode, generation of hydroxyl ion
(OH") and hydrogen gas occur due to water reduction and
these hydroxyl ions would react with Fe ions to produce
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Fe(OH),. The chemical reactions can be illustrated as
follows [1], [14], [21]:

Atthe Anode: Fey) © Felfy + 2e” 1)
1 + -

H,0 = (2) 0,4 2H* + 2¢ )

At the cathode:

2H,0 + 2e~ - 20H™ + Hy, 3

In the solution:

Felty + 20H™ - Fe(OH)y 4)

However, Fe** ions can be generated in the presence of
oxygen and at acidic pH, and many species can be
existing in the electrolytic solution as represented in the
following reactions [1]:
Fe3* + H,0 — Fe(OH)** + H*

®)
Fe** + 2H,0 - Fe(OH)} + 2H* (6)
Fe3* +3H,0 — Fe(OH); + 3H*

Also, Fe(OH); and Fe(OH) 4 can exist in the electrolytic
solution in more amount under alkaline conditions. It is
stated that Fe(3") hydroxide coagulants have higher
activity than Fe(2") hydroxide due to the higher stability
of Fe(OH)s. So, the presence of these species gives an
enhancement to the ECF process. In this case, the overall
electrochemical reaction is [1]:
4Fegsy + 10H,00) + Oy(g) © 4Fe(OH) 3y + 4Hy() (7

There are several previous studies deals with manganese
ions removal from wastewater [23]-[25], however, there
is a dramatic lack of results in case of applying different
mesh no. of stainless steel screen electrodes in ECF
process. The objective of this research is to examine the
removal of Mn ions by ECF technique using Taguchi
experimental design with Lyg orthogonal array to optimize
the parameters and analyze them successively. Also, the
effect of the controllable parameters on the removal
efficiency of Mn ions was determined, and the
optimization was accomplished by applying the standard
procedure proposed by the Taguchi to attain maximum
Mn ions elimination. Four effective parameters that have
a high influence on the removal efficiency were studied:
Mn initial concentration, current density, time, and finally
mesh number which has not been satisfactorily considered
in previous studies. A confirmation experiment was also
accomplished at the optimized conditions.

2- Experimental Work
2.1. Materials and system

In each batch ECF experiment, 1.5 L of a simulated
aqueous solution was prepared. Distilled water was used

in the preparation of the simulated aqueous solution and
all chemicals were of the reagent grade.
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The reagents used were as follows: Manganese sulfate
(MnS0O4.H,0, 99 %), Sodium dodecylsulfate (SDS) as a
collector in a stoichiometric ratio of 1:1, ethyl alcohol
(C,HsOH, 0.1 vol. %) as pH regulators and bubbly agent,
and Sodium sulfate (Na,SO,, 99.5 %) for preparing 0.1 M
supporting electrolyte which used for growing the ionic
strength, reducing the resistance between the electrodes,
decreasing the oxide layer formation on the electrode
which prevents or minimize the release of different ions
from electrodes into the polluted solution. pH for all
experiments was adjusted at 7.5.

The ECF batch experiments have been conducted in a
glass cell (17x12x14 cm) placed on a magnetic stirrer hot
plate (JENWAY, Model 1000) at 250 rpm. Fig. 1 shows a
scheme of the experimental apparatus. Two stainless steel
woven wire mesh electrodes (10x10 cm) were used as
anode and cathode that fixed on a handmade acrylic frame
(10.5%10.5 cm) with (L) shape. The vertical part of this
frame is firmed on the edge of the cell, while the
horizontal part is perforated with 42 holes (0.5 cm). The
cathode is firmed at the top while anode at the bottom, the
distance between the two electrodes was 1 cm. Both
electrodes were connected to a DC power supply (UNI-T:
UTP3315TF-L). Prior to each experiment, the electrodes
were rinsed with HNO; solution (1M) in an ultrasound
cleaner and then washed carefully with double-distilled
water.

All experiments were carried out at the laboratory
temperature and performed in duplicate and the average
value of the removal percentage (Re%) was taken. To
follow the progress of ECF experiments, samples were
taken before each experiment and at the end. The final
sample was filtered using Whatman filter paper (0.15um)
to exclude the sludge generated throughout electrolysis or
centrifuged if necessary. The residual concentration of
Mn was measured by atomic absorption spectroscopy
(Varian SpectrAA 200 spectrometer).
Removal efficiency can be expressed as [26]:
Re% = C“;—Ucf x 100 (8)

Where: C, and C; represent the initial and final
concentration of manganese ions in ppm respectively.

DC Power Supply

© @6

Fig. 1. A schematic photo of ECF cell
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Three types of 316-AlSI stainless steel screens were
used with mesh numbers 18, 24, 30 wire/inch.
For each screen, the porosity (¢) was estimated by

applying Eq. (9) [27]:

ms

pslas (9)

e=1-

Where the weight/area ratio (mg/a;) of the screen was
equal to 0.1334, 0.1334, and 0.1237 (g/cm?) for the three
screens respectively, the screen thickness equal to (I=2d),
and the density of 316-AlSI stainless steel is 8.027
(gm/cm®) [27].

The diameter (d) of the wire of each screen was
measured by digital caliper, and they were 0.04, 0.034,
and 0.03 cm for the three screens respectively. While the
woven type of the screen was identified by using an
Olympus BX51M with DP70a digital camera system and
it was Plain Square.

The porosity values for the three screens were 0.7907,
0.7538, and 0.7146 respectively. Then the specific surface

area (S) was estimated by Eq. (10) [27]:

s=1-9r (10)

Where, r is the ratio of surface to volume of the wire
forming the screen and it is equal to (4/d), and the
calculated specific surface area was equal to be 20.93,
28.964, and 38.055 cm™ for the three screens respectively.

2.2. Design of Experiments (DOE)

An operative method for the analyzing of experimental
results of a study and evaluating the distinct contribution
of controlling parameters on the objective functions can
be obtained by applying DOE methods based on the
statistical techniques.

Moreover, process optimization, cost minimization,
quality enhancement as well as the provision of strong
design solutions can be achieved by these methods.
Taguchi optimization technique is known as a robust,
distinctive, and prevailing optimization discipline that
permits optimization with a minimum number of
experiments [28], [29].

There are many previous studies deals with the
investigation of removal of different pollutants from
wastewater by applying  Taguchi  optimization
method [30]-[35].

Taguchi design of experimental technique was used in
this study to detect the most controlling parameters on Mn
ions removal, minimize the number of experiments,
optimize the four studied parameters, and obtain the
optimal operating conditions for Mn ions removal which
have a prevailing influence on the performance of ECF
process.
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Four factors were investigated in this present study:
initial concentration of Mn (coded A) with two levels
(100, 50 ppm) corresponding to levels 1 and 2; the other
factors with three levels were current density (coded B)
(20, 30, 40 mA/cm?), electrolysis time (coded C) (40, 80,
120 min), and mesh number (coded D) (18, 24, 30
wire/inch) corresponding to levels 1, 2, and 3.

According to the Taguchi experiment design, the
suitable orthogonal array which allows studying the
influence of the considered parameters and the interaction
between them for these mixed levels would be L either
(3° x 2Y) array that presented in Table 1 and the
experiments were conducted according to these
conditions.

Table 1. Coded values of Lg orthogonal array
Coded Values

Exp. No.
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Consequently, an analysis of the signal-to-noise (S/N)
ratio is needed for assessing the experimental results. In
Taguchi technique, the performance characteristics (S/N)
are performed into three options: “larger is the better
(LB)”, “nominal the-best (NB)”, and “smaller-the-better
(SB)”.

The highest Mn ions removal percentage (Re%) was the
objective of this study, therefore the larger is the better
criteria was implemented for the present study. The S/N
ratio with LB characteristics can be performed as in Eq.
(11) [36], [37]:

n 1
=17

Vi
n

S/N.g = —10log [

] (11)
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Where n is the number of repetitions under the same
experimental conditions, and y; is the performance results
of the ith experiment. MINITAB 17 software was used
for analyzing the experimental data.

3- Results and Discussion
3.1. Optimization and The Signal- to- Noise analysis

The investigation of the relationship between removal
percentage of Mn ions and the controllable factors can be
obtained by multiple linear regression equation which was
developed by using MINITAB 17 software. The
mathematical model for Mn ions removal percentage
through the statistical analysis is given by Eq. (12) (with
the correlation coefficient R® being equal to 90.16%,
which implicates a good fitting of the model):

Re % = 59.0 — 0.426 A+ 0.841 B + 0.2072 C — 0.860 D +
0.01815A4 %D (12)

Table 3 shows the experimental and predicted values of
the Lyg orthogonal array for Mn ions removal percentage.

Table 2 also shows the response calculated based on
Eqg. (12) which represents the predicted values of Re%
and the S/N ratios that determined based on Eg. (11) for
all the responses of experiments.

Fig. 2 shows the comparison between the experimental
results and the predicted results based on Eg. (12).

It is obvious that the model predicts reasonably well for
Mn ions removal and Eq. (12) can be considered as a
good tool for process assessment.

Predicted Re%

3 5 7 9 11 13 15 17

B Experimental Re%

120 +
100

. 80
60
40

20

1

Exp. No.

Fig. 2. Comparison between Experimental and predicted
Re% values of Mn removal
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Table 2. Experimental and predicted values of Re% and
S/N ratios results of all experiments

Exp Real Values )
. vin - Py Exp. Predicted S/N_
No. Conc. .D. , T|me number Re% Re% Ratio
(opm) (mA/cm?) (min) (mm)
1 100 20 40 18 62.34 60.55 35.7609
2 100 20 80 24 71.20 69.03 36.8105
3 100 20 120 30 89.20 85.87 38.5413
4 100 30 40 18 67.98 71.85 37.0369
5 100 30 80 24 75.49 80.33 38.0865
6 100 30 120 30 95.94 97.17 39.8172
7 100 40 40 24 78.41 77.75 37.7845
8 100 40 80 30 97.30 91.50 39.2318
9 100 40 120 18 92.87 96.68 39.7352
10 50 20 40 30 62.96 66.07 36.4151
11 50 20 80 18 65.86 68.16 36.6351
12 50 20 120 24 77.85 79.73 37.9682
13 50 30 40 24 78.26 71.73 37.1494
14 50 30 80 30 82.67 85.47 38.5967
15 50 30 120 18 96.87 90.66 39.1002
16 50 40 40 30 80.90 82.90 38.2947
17 50 40 80 18 86.96 84.99 38.5147
18 50 40 120 24 93.93 96.56 39.8478

Table 3 shows the mean of the response of each factor
at a certain level and it was represented graphically in
Fig. 3.

At each column of this table, the bold values refer to the
maximum calculated mean of response (Mn Re%). It is
obvious from the results of mean response that the most
essential factors are in the following order: time > C.D. >
Mesh number > initial Mn concentration.

Table 3. calculated mean of response for data obtained
from Mn removal experiments

Level Mn Conc. CD time r':/LIJ?'rs]Eer
1 81.19 71.57 71.81 78.81

2 80.70 82.87 79.91 79.19

3 - 88.39 91.11 84.83
Delta 0.50 16.83 19.30 6.02
Rank 4 2 1 3

Main Effects Plot for RE%
Data Means

Mn Conc. CD. Time Mesh number

Mean

50 o 20 30 40 40 80 2o B 24 30

Fig. 3. Main effect plot for means values of Re% for Mn
removal

The response table for the calculated Signal to Noise
Ratios (LB) and the ranks of the four studied factors are
shown in Table 4 and which is represented graphically in
Fig. 4; these ranks are based on delta statistics which
compare the relative magnitude of effects.

The highest average for each factor minus the lowest
average for the same is the delta statistics [38].

Lager the S/N ratio means higher the Mn Re%. So, in
this table, the boldfaces refer to the maximum value of the
S/N ratios of a certain factor among three levels for (time,
C.D., and Mesh number) and for two levels of Mn Conc.,

It was obvious from the ranks attained for each factor
that time is the most influential factor, whereas C.D.,
mesh size, and Mn Conc. were the least influential factors

for Mn Re% respectively.

Based on the optimization of the multiple regression
equation (Eqg. (12)) and the results of means and S/N
ratios, the optimum factors were initial Mn Conc. (A) of
100 ppm, C.D. (B) of 40mA/cm?, Time (C) of 120 min,
and mesh number (D) of 30 wire/inch.

Table 4. Response table for S/N (larger is better)

Level Mn Conc. CcD time Mesh number
1 38.09 37.02 37.07 37.80

2 38.06 38.30 37.98 37.94

3 - 38.90 39.17 38.48

Delta 0.03 1.88 2.09 0.69

Rank 4 2 1 3
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Main Effects Plot for SN ratios
Data Means
Mn Conc. C.D.

Time Mesh number

39.0

Mean of SN ratios

50 100 20 30 40 40 80 20 13 24 30

Signal-to-noise: Larger is better

Fig. 4. Main effect plots of S/N (larger is better) for Mn
Re %

3.2. Analysis of Variance (ANOVA)

ANOVA statistical method was implemented to
evaluate the significance of the controlling parameters by
estimating the percentage contribution of each factor
which is the portion of a total observed variance in the
experiment for each significant factor.

The greater value of contribution percentage for any
studied parameter means that it has a high contribution to
the final results. Also, a superior understanding can be
obtained by this analysis and it shows if the detected
results are reliable and whether or not the conductance of
experiments was at the controlled conditions. ANOVA
was established based on the degree of freedom (DF), the
sum of the square (SS), the percentage contribution of
each parameter, the adjusted sum of squares (Adj SS), the
adjusted mean of the square (Adj MS), F-value, and P-
value. All these values are calculated for each controllable
factor [29], [39].

The results of ANOVA for the present study are
depicted in Table 5. It is obvious from the results that the
most significant factors that affect Mn removal efficiency
were as in the following order: time > C.D. > Mesh size
> Mn Conc., based on their contribution %.

The significance of each factor on the response is also
can be determined by P-value, which is defined as a
relation between the parameters’ sum of the square to the
total sum of square. If the p-value is lower than 0.05 (for
a confidence level of 95%), this means that the parameter
is significant [40].

It can be concluded from the results of P-values (which
based on a confidence level of 95%) for time and C.D.
that these parameters were significant, while mesh size
had a fair significance and initial Mn conc. had no
significance in the chosen range in this study.

When F > 1 for the controllable parameters, this
revealed that the error variance is lower than variances of
these factors, and signifying that these controllable factors
had major effects on the responses [29]. So, based on the
results of the present study all the studied factors were
significant except initial Mn concentration.

Table 5. Analysis of VVariance (ANOVA) for Mn removal

F-
Value

P-

DF Value

Source Seq SS Contribution% Adj SS Adj MS

Mn

Conc. !

111 0.05 % 111 1.110 0.05 0.831

C.D. 882.74 37.13% 882.74 441371 1919 0.000

Time 1127.22  47.42% 112722 563.611  24.51 0.000

Mesh

number 136.23

5.73% 136.23 68.113 2.96 0.098

Error 10 229.95 9.67 % 229.95 22.995

Total 17 2377.25 100.00%
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3.3. Confirmation experiment

The confirmation experiment is an important step and is
highly endorsed by the Taguchi approach to validate the
experiment results. In this study, two confirmation
experiments were carried out by utilizing the optimum
parameters. The results showed that Mn Re% was 99.34
and 99.45% respectively.\

3.3. Effect of Operative Factors
a. Effect of initial Mn Concentration

Fig. 5 was plotted by applying Eg. (12) at the optimum
conditions and it shows the effect of Mn initial
concentration on the removal efficiency of the ECF
process. It is obvious that increasing the initial
concentration of Mn leads to increase in the predicted
removal efficiency and this result is in agreement with
previous studies [4]. However, the chosen range of Mn
initial concentration had not that great influence on the
removal efficiency and this was clear from the results of
S/IN and ANOVA when the F- value was 0.05 either less
than 1 and the contribution percentage was 0.05% which
means that it was not a significant factor on the process
performance.

100 -
80

60

Re %

40 -

20 -

0 T T T T T T 1
60 80 100 120 140

time (min)
=4=50ppm =fli=100ppm

Fig. 5. Effect of initial Mn Concentration on Mn Re% at
C.D. = 40 mA/cm? and mesh number = 30 mm
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b. Effect of Current Density

It is well known that one of the most effective
parameters in the ECF process generally is the current
density. The efficiency of this process is affected directly
by the value of this parameter.

Flocs size and growth are affected by current density.
Increasing current density leads to flocs generation with
significant amounts due to more release of ferric ions by
anodic dissolution (according to Faraday's law [37]

(m = [ItM /zF])), and thereby more generation of
iron hydroxides essential to coagulants formation. Also,
the generation rate and distribution of H, gas bubbles
formed at the cathode are affected directly by the value of
current density. Increasing the current density leads to an
increase in bubble generation rate with a decreased in
bubble size which leads to high metal removal by H,
flotation [15], [22], [41]-[43].

Fig. 5 was plotted by applying Eqg. (12) to examine the
effect of increasing the current density on Mn Re %.
Current density increased from 20 to 40(mA/cm?) with
100 ppm of Mn, 120 min of electrolysis time, and using a
screen with mesh number of 30 wire/inch. the removal
efficiency increased from 86.734 at 20 mA/cm? to >
100% at 40 mA/cm?. Also, this was obvious from the
results of S/N, increasing the current density leads to
larger values of S/N which means higher Re% of Mn
removal.

100
80

60

Re %

40

20

60 80 100 120
time (min)
=4=20 (mA/cm"2)
=l=30 (mA/cm”"2)
40 (mA/cm”2)
Fig. 6. Effect of C.D. on Mn Re % at initial Mn conc. =

100 ppm and mesh number =30 wire/inch

20 40

c. Effect of Electrolysis Time

According to Faraday’s law mentioned previously, the
amount of generated ferrous ions which is produced by
anode dissolution is related to the electrolysis time of
ECF process [13], [15], [44]. In the present, study it was
clear from the results of S/N and ANOVA that electrolysis
time had the greatest impact on ECF performance.
Increasing electrolysis time leads to an increase in flocs
generation which causing an enhancement in Mn removal
efficiency.

45

The influence of electrolysis time on Mn Re % is
obvious in Fig. 5 and Fig. 6 which was plotted by
applying Eq. (12) at optimum conditions. It is evident that
increasing electrolysis time gives an increase in Mn
removal efficiency due to an increase in the number of
generated ferrous hydroxide and an increase in the rate
and size of H, bubble production. For the example at 20
mA/cm? the removal efficiency increased from 70.158 to
86.734% by increasing electrolysis time from 40 to 120
min.

d. Effect of Mesh number

The mesh number of screens in the present study had
the following values 14, 24, and 30 wire/inch and higher
porosity and specific surface area had been attained by
increasing the mesh number. Increasing mesh no. leads to
an increase in the number of H, bubbles which have a
small size hence increasing the flotation efficiency and
more pollutants can be removed. So, by increasing the
mesh number the removal efficiency of Mn by ECF
process was enhanced. This is obvious from Fig. 7 which
represents the effect of different mesh number on the
removal efficiency at optimum conditions. The results of
S/N and ANOVA showed that changing mesh size had a
fair significance on Mn Re %.

20

40 60

time (min)

80 100 120

== 18 wire/inch =lll=24 wire/inch
30 wire/inch

Fig. 7. Effect of mesh number on Mn Re % at initial Mn
conc. = 100 ppm and C.D. = 40 mA/cm?

It is worthy to mention that in Figures (5-7), some Mn
Re % values exceeded 100 %. This result is attained
because these figures were plotted by applying Eq.(12),
which represents the predicted values not the real one and
also Minitab software does not have any sense of the
figures and it makes the calculations by numerical
procedure, this result is in agreement with a previous
study [29].
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5- Conclusions

In the present work, the ECF batch process using
stainless steel mesh sacrificial electrodes for the treatment
of aqueous solution containing Mn was studied.

The effect of Mn initial concentration, current density,
electrolysis time, and mesh size of the screen electrodes
was examined to detect their impact on the removal
efficiency.

Taguchi method was applied to optimize ECF operating
factors. The results of S/N and ANOVA approved that the
importance of operating parameters followed the order:
time > C.D. > Mesh number > initial Mn Conc., with
contribution percentage of 47.42, 37.13, 5.73, and 0.05 %
respectively. The optimum conditions were 100 ppm of
Mn concentration, 40 mA/cm? of current density, 120 min
of electrolysis time, and 30 wire/inch of mesh number. It
can be concluded from the results of the present study that
electrolysis time and current density were the most
influential parameters and the mesh size that has not been
widely investigated in previous studies revealed a fair
effect on ECF process, while Mn initial concentration had
not any mentioned effect on the performance of the
removal efficiency.

Two confirmation tests were conducted at optimum
conditions gave Mn removal efficiency higher than 99%.
Consequently, it can be concluded that the ECF process
with stainless steel mesh electrodes was very effective in
Mn removal.

Nomenclature

Nomenclature Meaning Units
ag Specified area of a screen cm?
Co Initial concentration ppm
Cr Final concentration ppm
d Wire diameter m
F Faraday’s constant = 96486 C/mol
I Current intensity Clsec
| Screen thickness cm
M rl:/)l/c(;lrec::)(uiIc;aler i;\r/1e|ght of iron or g/mol
m Iron and hydroxide ions 9
amounts

mg Weight of screen g
n number of repetitions
r ratio cm?
s specific surface area cm?
t time sec

: performance results of the ith
Yi experiment
z Number of electrons
Re % Removal percentage
Ps density gm/cm®
€ porosity

References

[1] 1. D. de Mota, J. A. de Castro, R. D. Casqueira , A.
Gomes, and A. G. D. Junior, “Study of electroflotation
method for treatment of wastewater from washing soil
contaminated by heavy metals” j. mater res technol.,
vol. 4, no. 2, pp. 109-113, 2015.

[2] Z. Al-godah and M. Al-shannag, “Heavy metal ions
removal from wastewater using electrocoagulation
processes: _a _comprehensive review,” Sep. Sci.
Technol., vol. 6395, no. September, 2017.

[3] A. Shafaei, M. Rezaie, and M. Nikazar, “Evaluation of
Mn?* and Co®" removal by electrocoagulation : A case
study.” Chem. Eng. Process. Process Intensif., vol. 50,
no.11-12, pp. 1115-1121, 2011.

[4] E. Gatsios, J. N. Hahladakis, and E. Gidarakos,
“Optimization of electrocoagulation (EC) process for
the purification of a real industrial wastewater from
toxic metals,” J. Environ. Manage., vol. 154, pp. 117—
127,2015.

[5] P. Ganesan, J. Lakshmi, G. Sozhan, and S.

Vasudevan, “Removal of Manganese from Water by
Electrocoagulation:  Adsorption,  Kinetics  and

Thermodynamic Studies,” The Canadian Journal Of
Chemical Engineering, vol. 9999, pp. 1-11, 2012.

[6] L. P. Lingamdinne, Y. Chang, J. Yang, J. Singh, E.
Choi, M. Shiratani, J. R. Koduru, and P. Attri,
“Biogenic reductive preparation of magnetic inverse
spinel iron oxide nanoparticles for the adsorption
removal of heavy metals,” Chem. Eng. J., vol. 307,
no. January, pp. 74-84, 2016.

[7] P. Ghosh, A. N. Samanta, and S. Ray, “Reduction of
COD and removal of Zn®" from rayon industry
wastewater by combined electro-Fenton treatment and
chemical precipitation,” Desalination, vol. 266, pp.
213-217, 2011.

[8] B. Alyiiz and S. Veli, “Kinetics and equilibrium
studies for the removal of nickel and zinc from
aqueous solutions by ion exchange resins,” Journal of
Hazardous Materials, vol. 167, pp. 482488, 2009.

[9] A. Abdolali, H. H. Ngo, W. Guo, J. L. Zhou, J. Zhang,
S. Liang, S. W. Chang, D. D. Nguyen, and Y. Liu,
“Application of a breakthrough biosorbent for
removing heavy metalsfrom synthetic and real
wastewaters in a lab — scale continuous A continuous
fixed — bed study was carried out utilising a
breakthrough biosorbent .” Bioresour. Technol., vol.
229, pp. 78-87, 2017.

[10] U. Divrikli, A. A. Kartal, M. Soylak, and L. Elci,
“Preconcentration of Pb (II), Cr (III), Cu (II), Ni (II)
and Cd (II) ions in environmental samples by
membrane filtration prior to their flame atomic
absorption spectrometric determinations,” Journal of
Hazardous Materials, vol. 145, pp. 459464, 2007.

[11] M. Al-abri, A. Dakheel, C. Tizaoui, and N. Hilal,
“Combined humic substance and heavy metals
coagulation , and membrane filtration under saline
conditions,” Desalination, vol. 253, pp. 46-50, 2010.

46


https://www.sciencedirect.com/science/article/pii/S2238785414001112?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2238785414001112?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2238785414001112?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2238785414001112?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2238785414001112?via%3Dihub
https://www.tandfonline.com/doi/full/10.1080/01496395.2017.1373677
https://www.tandfonline.com/doi/full/10.1080/01496395.2017.1373677
https://www.tandfonline.com/doi/full/10.1080/01496395.2017.1373677
https://www.tandfonline.com/doi/full/10.1080/01496395.2017.1373677
https://www.sciencedirect.com/science/article/abs/pii/S025527011100211X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S025527011100211X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S025527011100211X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S025527011100211X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479715000869?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479715000869?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479715000869?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479715000869?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479715000869?via%3Dihub
https://onlinelibrary.wiley.com/doi/abs/10.1002/cjce.21709
https://onlinelibrary.wiley.com/doi/abs/10.1002/cjce.21709
https://onlinelibrary.wiley.com/doi/abs/10.1002/cjce.21709
https://onlinelibrary.wiley.com/doi/abs/10.1002/cjce.21709
https://onlinelibrary.wiley.com/doi/abs/10.1002/cjce.21709
https://www.sciencedirect.com/science/article/pii/S138589471631141X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138589471631141X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138589471631141X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138589471631141X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138589471631141X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138589471631141X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916410006089?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916410006089?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916410006089?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916410006089?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916410006089?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389409000296?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389409000296?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389409000296?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389409000296?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960852417300366?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960852417300366?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960852417300366?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960852417300366?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960852417300366?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960852417300366?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960852417300366?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960852417300366?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S030438940601404X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S030438940601404X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S030438940601404X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S030438940601404X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S030438940601404X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S030438940601404X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916409013253?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916409013253?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916409013253?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916409013253?via%3Dihub

R. H. Salman/ Iragi Journal of Chemical and Petroleum Engineering20,1 (2019) 39-48

[12] H. Polat and D. Erdogan, “Heavy metal removal
from waste waters by ion flotation,” Journal of

[24] B. Guan, W. Ni, Z. Wu, and Y. Lai, “Removal of
Mn (I1) and Zn (11) ions from flue gas desulfurization

Hazardous Materials, vol. 148, pp. 267—273, 2007.
[13] B. Al Aji, Y. Yavuz, and A. S. Koparal,

wastewater with water-soluble chitosan,” Separation
and Purification Technology, vol. 65, pp. 269-274,

“Electrocoagulation of heavy metals containing model

2009.

wastewater _using monopolar _iron _electrodes,”
Separation and Purification Technology, vol. 86, pp.

[25] P. Taylor and D. Maria, “Manganese removal
from groundwater : characterization of filter media

248-254, 2012.
[14] U. T. Un and S. E. Ocal, “Removal of Heavy

coating.” Desalination and Water Treatment, pp.1-13,
2014.

Metals ( Cd , Cu , Ni ) by Electrocoagulation,”
International Journal of Environmental Science and

[26] I. J. Idan, L. C. Abdullah, and T. S. Choong,
“Equilibrium, kinetics and thermodynamic adsorption

Development, vol. 6, no. 6, 2015.
[15] E. Bazrafshan, L. Mohammadi, A. Ansari-

studies of acid dyes on adsorbent developed from
kenaf core fiber,” Adsorption Science & Technology,

moghaddam, and A. H. Mahvi, “Heavy metals

pp. 1-19, 2017.

removal from agueous environments by
electrocoagulation process — a systematic review,” J.

[27] A. H. Abbar, R. H. Salman, and A. S. Abbas,
“Studies of mass transfer at a spiral-wound woven

Environ. Heal. Sci. Eng., vol. 13:74, pp. 1-16, 2015.
[16] D. Bhagawan, S. Poodari, T. Pothuraju, D.

wire mesh rotating cylinder electrode,” Chem. Eng.
Process: Process Intensif., vol. 127, no. January, pp.

Srinivasulu, G. Shankaraiah, M. Y. Rani, V.

10-16, 2018.

Himabindu, and S. Vidyavath, “Effect of operational
parameters _on  heavy metal removal by

[28] G. Kiani, M. Soltanzadeh, and |. Ahadzadeh,
“Adsorption study of Zinc ion onto halloysite

electrocoagulation,” Environ Sci Pollut Res, Vol. 21,

nanotubes using taguchi’s design of experimental

no. 24, pp 14166-14173, 2014.
[17] T. M. Rekha, B. Vinod, and K. V. R. Murthy

methodology.” Int. J. Nano Dimens., vol. 9, no. 3, pp.
246-259, 2018.

“Removal of Heavy Metals From FElectroplating
Industry by Electrocoagulation ,”” Journal of Chemical
and Pharmaceutical Sciences, no. 3, pp. 111-118,

[29] F. Googerdchian, A. Moheb, R. Emadi, and M.

Asgari, “Optimization of Pb (II) ions adsorption on
nanohydroxyapatite adsorbents by applying Taguchi

2014.

[18] R. G. Casqueira, M. L. Torem, and H. M.

method,” J. Hazard. Mater., vol. 349, no. August
2017, pp. 186-194, 2018.

Kohler, “The removal of zinc from liquid streams by
electroflotation,” Minerals Engineering, vol. 19, pp.

[30] C. Wang, H. Liu, Z. Liu, Y. Gao, B. Wu, and H.
Xu, “FesO, nanoparticle-coated mushroom source

1388-1392, 2006.
[19] O. Hanay and H. Hasar, “Effect of anions on
removing Cu** | Mn?* and Zn®' in electrocoagulation

biomaterial for Cr(VI) polluted liquid treatment and

mechanism research,” R. Soc. open sci, 5. 171776,
2018.

process using aluminum electrodes,” Journal of
Hazardous Materials, vol. 189, pp. 572-576, 2011.

[20] A. H. Abbar, R. H. Salman, and A. S. Abbas,
“Cadmium removal using a spiral-wound woven wire

[31] H. Y. Yen, and C. P. Lin, “Adsorption of Cd (II)
from wastewater using spent coffee grounds by

Taguchi optimization,” Desalination and Water
Treatment, no. July, pp.1-8, 2015.

meshes packed bed rotating cylinder electrode,”
Environ. Technol. Innov., vol. 13, pp. 233-243, 2019.
[21] M. Al-shannag, Z. Al-qodah, K. Bani-melhem,

[32] A. S. Abbas, M. H. Hafiz, and R. H. Salman,
“Indirect Electrochemical Oxidation of Phenol using
Rotating Cylinder Reactor,” lragi Journal of

and M. R. Qtaishat, and M. Alkasrawi, “Heavy metal

Chemical and Petroleum Engineering, vol. 176, no.

ions removal from metal plating wastewater using

4, 2016.

electrocoagulation :  Kinetic _study and  process
performance,” Chem. Eng. J., vol. 260, pp. 749-756,

[33] R. Pundir, G. H. V. C. Chary, and M. G.
Dastidar, “Application of Taguchi method for

2015.
[22] M. Prica, S. Adamovic, B. Dalmacija, L. Rajic,

optimizing the process parameters for the removal of
copper and nickel by growing Aspergillus sp ..” Water

J. Trickovic, S. Rapajic, and M. Becelic-Tomin “The

Resour. Ind., vol. 20, pp. 83-92, 2016.

electrocoagulation / flotation study: The removal of
heavy metals from the waste fountain solution,”

[34] G. Zolfaghari, A. Esmaili-sari, M. Anbia, and H.
Younesi, ‘“Taguchi optimization approach for Pb (II)

Process Saf. Environ. Prot., vol. 94, no. march, pp.

and Hg (1) removal from aqueous solutions using

262-273, 2014.
[23] K. Choo, S. Han, S. Choi, J. Jung, D. Chang, J.

modified mesoporous carbon,” J. Hazard. Mater., vol.
192, no. 3, pp. 1046-1055, 2011.

Ahn, and M. M. Benjamin, “Use of Chelating
Polymers to Enhance Manganese Removal in

[35] B. Razmi and R. Ghasemi-fasaei, “Investigation
of Taguchi optimization, equilibrium isotherms, and

Ultrafiltration for Drinking Water Treatment,” J. Ind.
Eng. Chem., vol. 13, no. 2, pp. 163-169, 2007.

47

kinetic _modeling for phosphorus adsorption onto
natural zeolite of clinoptilolite type,” Adsorption
Science & Technology, pp. 1-14, 2018.



https://www.sciencedirect.com/science/article/pii/S0304389407002634?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389407002634?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389407002634?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1383586611006551?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1383586611006551?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1383586611006551?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1383586611006551?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1383586611006551?via%3Dihub
https://www.researchgate.net/profile/Eren_Oecal/publication/269404945_Removal_of_Heavy_Metals_Cd_Cu_Ni_by_Electrocoagulation/links/548a97350cf2d1800d7aaee0/Removal-of-Heavy-Metals-Cd-Cu-Ni-by-Electrocoagulation.pdf
https://www.researchgate.net/profile/Eren_Oecal/publication/269404945_Removal_of_Heavy_Metals_Cd_Cu_Ni_by_Electrocoagulation/links/548a97350cf2d1800d7aaee0/Removal-of-Heavy-Metals-Cd-Cu-Ni-by-Electrocoagulation.pdf
https://www.researchgate.net/profile/Eren_Oecal/publication/269404945_Removal_of_Heavy_Metals_Cd_Cu_Ni_by_Electrocoagulation/links/548a97350cf2d1800d7aaee0/Removal-of-Heavy-Metals-Cd-Cu-Ni-by-Electrocoagulation.pdf
https://www.researchgate.net/profile/Eren_Oecal/publication/269404945_Removal_of_Heavy_Metals_Cd_Cu_Ni_by_Electrocoagulation/links/548a97350cf2d1800d7aaee0/Removal-of-Heavy-Metals-Cd-Cu-Ni-by-Electrocoagulation.pdf
https://jehse.biomedcentral.com/articles/10.1186/s40201-015-0233-8
https://jehse.biomedcentral.com/articles/10.1186/s40201-015-0233-8
https://jehse.biomedcentral.com/articles/10.1186/s40201-015-0233-8
https://jehse.biomedcentral.com/articles/10.1186/s40201-015-0233-8
https://jehse.biomedcentral.com/articles/10.1186/s40201-015-0233-8
https://link.springer.com/article/10.1007/s11356-014-3331-8
https://link.springer.com/article/10.1007/s11356-014-3331-8
https://link.springer.com/article/10.1007/s11356-014-3331-8
https://link.springer.com/article/10.1007/s11356-014-3331-8
https://link.springer.com/article/10.1007/s11356-014-3331-8
https://link.springer.com/article/10.1007/s11356-014-3331-8
https://www.jchps.com/specialissues/Special%20issue3/23%20jchps%20si3%20T.Malathi%20Rekha%20111-118.pdf
https://www.jchps.com/specialissues/Special%20issue3/23%20jchps%20si3%20T.Malathi%20Rekha%20111-118.pdf
https://www.jchps.com/specialissues/Special%20issue3/23%20jchps%20si3%20T.Malathi%20Rekha%20111-118.pdf
https://www.jchps.com/specialissues/Special%20issue3/23%20jchps%20si3%20T.Malathi%20Rekha%20111-118.pdf
https://www.jchps.com/specialissues/Special%20issue3/23%20jchps%20si3%20T.Malathi%20Rekha%20111-118.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0892687506000574?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0892687506000574?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0892687506000574?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0892687506000574?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389411002743
https://www.sciencedirect.com/science/article/pii/S0304389411002743
https://www.sciencedirect.com/science/article/pii/S0304389411002743
https://www.sciencedirect.com/science/article/pii/S0304389411002743
https://www.sciencedirect.com/science/article/pii/S2352186418303912?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2352186418303912?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2352186418303912?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2352186418303912?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1385894714012212?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1385894714012212?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1385894714012212?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1385894714012212?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1385894714012212?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1385894714012212?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0957582014000974?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0957582014000974?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0957582014000974?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0957582014000974?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0957582014000974?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0957582014000974?via%3Dihub
https://www.cheric.org/PDF/JIEC/IE13/IE13-2-0163.pdf
https://www.cheric.org/PDF/JIEC/IE13/IE13-2-0163.pdf
https://www.cheric.org/PDF/JIEC/IE13/IE13-2-0163.pdf
https://www.cheric.org/PDF/JIEC/IE13/IE13-2-0163.pdf
https://www.cheric.org/PDF/JIEC/IE13/IE13-2-0163.pdf
https://www.sciencedirect.com/science/article/pii/S138358660800436X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138358660800436X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138358660800436X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138358660800436X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S138358660800436X?via%3Dihub
https://www.tandfonline.com/doi/full/10.1080/19443994.2014.927802
https://www.tandfonline.com/doi/full/10.1080/19443994.2014.927802
https://www.tandfonline.com/doi/full/10.1080/19443994.2014.927802
https://www.tandfonline.com/doi/full/10.1080/19443994.2014.927802
https://journals.sagepub.com/doi/10.1177/0263617417715532
https://journals.sagepub.com/doi/10.1177/0263617417715532
https://journals.sagepub.com/doi/10.1177/0263617417715532
https://journals.sagepub.com/doi/10.1177/0263617417715532
https://journals.sagepub.com/doi/10.1177/0263617417715532
https://www.sciencedirect.com/science/article/abs/pii/S0255270118300369?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0255270118300369?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0255270118300369?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0255270118300369?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0255270118300369?via%3Dihub
http://www.ijnd.ir/article_30891.html
http://www.ijnd.ir/article_30891.html
http://www.ijnd.ir/article_30891.html
http://www.ijnd.ir/article_30891.html
http://www.ijnd.ir/article_30891.html
https://www.sciencedirect.com/science/article/pii/S0304389418300712?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389418300712?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389418300712?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389418300712?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389418300712?via%3Dihub
https://royalsocietypublishing.org/doi/10.1098/rsos.171776
https://royalsocietypublishing.org/doi/10.1098/rsos.171776
https://royalsocietypublishing.org/doi/10.1098/rsos.171776
https://royalsocietypublishing.org/doi/10.1098/rsos.171776
https://royalsocietypublishing.org/doi/10.1098/rsos.171776
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1042063
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1042063
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1042063
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1042063
https://www.tandfonline.com/doi/abs/10.1080/19443994.2014.963687
https://www.tandfonline.com/doi/abs/10.1080/19443994.2014.963687
https://www.tandfonline.com/doi/abs/10.1080/19443994.2014.963687
https://www.tandfonline.com/doi/abs/10.1080/19443994.2014.963687
https://www.tandfonline.com/doi/abs/10.1080/19443994.2014.963687
https://www.sciencedirect.com/science/article/pii/S2212371716300403?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2212371716300403?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2212371716300403?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2212371716300403?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2212371716300403?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0304389411007680
https://www.sciencedirect.com/science/article/pii/S0304389411007680
https://www.sciencedirect.com/science/article/pii/S0304389411007680
https://www.sciencedirect.com/science/article/pii/S0304389411007680
https://www.sciencedirect.com/science/article/pii/S0304389411007680
https://journals.sagepub.com/doi/10.1177/0263617418779738
https://journals.sagepub.com/doi/10.1177/0263617418779738
https://journals.sagepub.com/doi/10.1177/0263617418779738
https://journals.sagepub.com/doi/10.1177/0263617418779738
https://journals.sagepub.com/doi/10.1177/0263617418779738

R. H. Salman/ Iragi Journal of Chemical and Petroleum Engineering20,1 (2019) 39-48

[36] S. S. Madan and K. L. Wasewar, “Optimization 11, pp. 41024108, 2011.
for benzeneacetic acid removal from aqueous solution  [41] A. Shafaei, M. Rezayee, M. Arami, and M.
using CaO, nanoparticles based on Taguchi method.” Nikazar, “Removal of Mn”" ions from synthetic
J. Appl. Res. Technol., vol. 15, no. 4, pp. 332-339, wastewater by electrocoagulation process,”
2017. Desalination, vol. 260, pp. 23-28, 2010.

[37] O. Gokkus, and Y. S. Yildiz, “Application of [42] F. Akbal, and S. Camci, “Comparison of
electrocoagulation for treatment of medical waste Electrocoagulation and Chemical Coagulation for
sterilization plant wastewater and optimization of the Heavy Metal Removal,” Chem. Eng. Technol., vol. 33,
experimental conditions,” clean Technol. Environ. no. 10, pp. 1655-1664, 2010.
policy, vol. 17, pp. 1717-1725, 2015. [43] B. Merzouk, B. Gourich, A. Sekki, K. Madani,

[38] H.  Ashassi-Sorkhabi and ~R.  Bagheri, and M. Chibane, “Removal turbidity and separation of
“Sonoelectrochemical  synthesis, optimized by heavy metals using electrocoagulation—
Taguchi _method, and corrosion behavior of electroflotation technique A case study.” J. Hazard.
polypyrrole-silicon nitride nanocomposite on St-12 Mater.,vol. 164, pp. 215-222, 2009.
steel,” Synth. Met., vol. 195, pp. 1-8, 2014. [44] G. Ghanizadeh, G. S. neghab, M. Salem, and K.

[39] A. Zirehpour, A. Rahimpour, M. Jahanshahi, and Khalagi , “Taguchi experimental design for
M. Peyravi, “Mixed matrix membrane application for electrocoagulation process using alternating and direct
olive oil wastewater treatment. Process optimization current on fluoride removal from water,” Desalination
based on Taguchi design method,” J. Environ. and Water Treat., no. May, pp. 1-9, 2015.

Manage., vol. 132, pp. 113-120, 2014.

[40] G. Barman, A. Kumar, and P. Khare, “Removal
of congo red by carbonized low-cost adsorbents:
Process parameter optimization using a Taguchi
experimental design,” J. Chem. Eng. Data, vol. 56, no.

oyl /Al s Aaulgy dadeaall ipal) sla (e (MN?Y) uiiial) el 41))
A,k Aaulgy ) Ciglall alagf sASadiall Ml Guldad) aladiiuly Al gsl)

sl

LAl

/) il Aol g auall o yeall sl (o iniall gl A 5] 801 A (Gaal o3 ¢ Al )all s2a b
¢ Sl il (ga ) ¢ (C.D.) bl &S ¢ Sy siall 58 5 5l Al s st Al eSl) sl
liall gl Ay 5 S0 apenal Budat JOA (e dpmdy A 3 AS5iall 2V 8l) QUaY idiall aas g
s oaiall Y3 il B Gagylall of (S/N) g cpedal | ixiall A1 3) selS aadly
05 30 aan CIIAS 5 ¢ 488 120 55 ¢ 2 an/ awel e 4 8 C.D. ¢ skl L2 52100

Ll O A ada 3N (ANOVA) il dilas sl (e Jale JSI Al 4paaY) Einy o ¢ Ll
5 ¢ (5.73%) <hidl aas ¢ (37.13 %) C.D. « (47.42%) <5l i 5l qoii daalisall 4, 50)
pan s 1l SVl gall (o ilS C.D. 5 sl deladll 5 (0.05%) s Suiadall 1251 58 5
il Al & A il SIS G s e aiaial) gl A1) 56l e Jsiia ils a1 A0
Al 5 A el adll (p las B (R29% = 90.16) sVl Jidad jelal | Lugoaall addl 35Sk
99% (e Aef culs il oy phall 8 uniall 4 5] 56l o 0l siliall < jedal 5 ¢ 428 giall

SR Hh | (o eall slie ASutiall CUBYT 3V gall Ul A e g el | L 5eSU A Ssaiall A1) 51 AN colalS)

48


https://www.sciencedirect.com/science/article/pii/S1665642317300585?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1665642317300585?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1665642317300585?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1665642317300585?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1665642317300585?via%3Dihub
https://link.springer.com/article/10.1007/s10098-014-0897-2
https://link.springer.com/article/10.1007/s10098-014-0897-2
https://link.springer.com/article/10.1007/s10098-014-0897-2
https://link.springer.com/article/10.1007/s10098-014-0897-2
https://link.springer.com/article/10.1007/s10098-014-0897-2
https://www.sciencedirect.com/science/article/abs/pii/S0379677914001829?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0379677914001829?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0379677914001829?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0379677914001829?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0379677914001829?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479713006816?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479713006816?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479713006816?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479713006816?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0301479713006816?via%3Dihub
https://pubs.acs.org/doi/abs/10.1021/je200554z
https://pubs.acs.org/doi/abs/10.1021/je200554z
https://pubs.acs.org/doi/abs/10.1021/je200554z
https://pubs.acs.org/doi/abs/10.1021/je200554z
https://pubs.acs.org/doi/abs/10.1021/je200554z
https://www.sciencedirect.com/science/article/pii/S0011916410003048?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916410003048?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916410003048?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0011916410003048?via%3Dihub
https://onlinelibrary.wiley.com/doi/abs/10.1002/ceat.201000091
https://onlinelibrary.wiley.com/doi/abs/10.1002/ceat.201000091
https://onlinelibrary.wiley.com/doi/abs/10.1002/ceat.201000091
https://onlinelibrary.wiley.com/doi/abs/10.1002/ceat.201000091
https://www.sciencedirect.com/science/article/pii/S0304389408011916
https://www.sciencedirect.com/science/article/pii/S0304389408011916
https://www.sciencedirect.com/science/article/pii/S0304389408011916
https://www.sciencedirect.com/science/article/pii/S0304389408011916
https://www.sciencedirect.com/science/article/pii/S0304389408011916
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1049562
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1049562
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1049562
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1049562
https://www.tandfonline.com/doi/full/10.1080/19443994.2015.1049562

