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ABSTRACT

Electrocoagulation and high voltage disinfection are two effective methods to remove dye and micro-
organisms. Existing electrocoagulation procedures use low voltage, less than 100 V, and disinfection
procedures utilize pulsed high voltage current. This study investigates the capability of non-pulsed
high voltage current to remove methylene blue (MB) and total coliform. A circuit is designed to trans-
form 220 V AC current to 9-15 kV DC current without using capacitor, which may lessen the cost
of circuit design. The impacts of electrode material, level of voltage, current density, and distance
between electrodes are tested on the MB removal results and disinfection. The results show that dye
and total coliform removals are 99% and 99.999998% (7.8 log) by using iron, 88% and 100% (9-log) by
using copper, and 93% and 99.999998% (7.4 log) by using aluminum electrodes, respectively. Voltage
has a direct impact on dye and coliform removal, and increasing the current density would increase
the rate of reactions, but the distance between electrodes has an inverse impact on the rate of removal
of MB and total coliform. For each type of electrodes, the effect of voltage amount, current density,
distance between electrodes, and the duration of process are modeled by response surface method
(RSM) with high precision. All models have R? values above 0.92. Both dye and removal processes are
optimized with RSM in order to minimize the voltage amount, the current density, the time of process,
the electrical energy consumption, and anode consumption.
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1. Introduction

One of the major effluent contaminants of various indus-
tries such as paper, textiles, lather, plastics, cosmetics, and
pharmaceuticals is dyes [1-5]. Wastewater pollutions are
normally in the form of colloidal particles which are not
removed by flotation, typical filtration, or sedimentation
due to their stability in water. Colloids have microscopic size

* Corresponding author.

(in the range of 1 nm to 10 pum). A balance between the repul-
sive electrostatic force and the attractive van der Waals force
causes the stability of colloids in a solution. At very short dis-
tances, the van der Waals forces of attraction of permanent or
induced dipoles are significant. Coagulant reduces the repul-
sive energy between the particles. Therefore, a weak bond,
the secondary minimum of potential energy, between par-
ticles could result in agglomeration of colloids more easily.
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Flocculation supports and enhances flocks properties such as
settling ability and filterability [6-9].

Electrocoagulation is performed based on the dissolu-
tion of electrode material used as an anode. This so-called
“sacrificial anode” produces metal ions, which act as coagu-
lant agents in the aqueous solution.

During EC process, anode is consumed via dissolu-
tion. Faraday’s low dictates that in theory, amount of anode
consumption is equal to [7,8,10]:

60xIxtxM
Mt (8) = T xF )
where [ is the applied current (A), t is the treatment time
(min), M is the molar mass of the electrode material
(M, = 55.845 g/mol, M, = 26.982 g/mol, M, = 63.546 g/mol),
z is the valancy of ions of the electrode material (z,, =2, z,, =3,
z, =2), and F is Faraday’s constant (96,485 C/mol).

It can been found that the anode consumption in prac-
tice is 105% to 190% more than the theoretical amount. This
phenomenon is referred to as super faradaic efficiency [7].

Table 1 shows the basic reactions that occur in an electro-
coagulation procedure [2,6-12].

The most common electrodes in experimental EC pro-
cesses for dye removal comprise Fe and Al electrodes [12-15].
Cupper has been also deployed recently as electrode in EC
processes [9,16,17].

The most effective parameters in electrical treatment
methods are voltage (V), current density (Cd), material of elec-
trodes, surface of electrodes and distance between them (d),
pH, time (t), temperature, electrical conductivity of solution
and the initial concentration of pollution [7,8,12,13,18-21].

Previous research findings into the field of using electri-
cal current in water/wastewater treatment indicate that most
of electrical techniques are in low voltage, that is, under 100
V, for electrocoagulation [7,8,12,14,17,18].

Microorganisms are the other important part of water/
wastewater contaminants. Many researchers worked on
removing microorganisms (disinfection) by using pulsed
high voltage currents, above 500 V, for disinfection purposes.
These studies employed pulsed current to produce plasma by
spark to remove microorganisms, using properties of plasma
such as high temperature and pressure [9,22-26]. These stud-
ies used transformer systems, which consist of a transformer
and a capacitor to transform urban electricity current into
pulsed high voltage DC current.

There is a lack of data and experiments about removing
dye and disinfection simultaneously. Therefore, in this paper,
we intend to design a simple and low capital cost transformer
system/circuit that transforms urban electricity current into
non-pulsed high voltage current. Following benefits and
contributions can be concluded for this study:

e It is not needed to use capacitor that is a delicate and
expensive part of the electrical circuit.

* Unlike previous studies that used plasma properties pro-
duced by spark, in this study disinfection is accomplished
without spark. This reduces the temperature pollutant.

® The system also has the electrocoagulation potential. As
a result, disinfection and colloidal contaminant removal
could happen in one reactor, simultaneously.
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e This study examines the capability of non-pulsed high
voltage current for wastewater treatment.

Previous studies have not dealt with the effect of different
electrode materials on the disinfection process in detail. The
effect of the properties of electrical system such as voltage,
current density, electrode type, and time on the removal of
Methylene blue dye and total coliform are also investigated
in this study.

Finally, the response surface method (RSM) is employed
to study and model the interaction between operational para-
meters and to optimize the efficiency of the processes, for
each type of electrodes. These parameters are comprised of
V, Cd, d, and t. RSM uses regression method for modeling
[27-29].

Table 1
Reactions which occurred in an electrocoagulation procedure
with Fe, Al [7,10,12], and Cu [9] electrodes

Iron electrode”

Anode Fe, , > Fe* +2e”

0 7 ")
Bulk of Fe?, +20H,, - Fe(OH)
solution ! ! %)
Cathode ZHZO(i) +2e > Hz(g) + ZOH('aq)
Overall Fe ) +2H,0, — 4Fe (OH)S(S) +4H,,)

Iron electrode’

Anode 4Fe, , — 4Fe*  +8e”

(s) (aq)
Bulk of 4Fel” +10H,0 +O, - 4Fe(OH), +8H;
solution g § ) 4
Cathode 8H'  +8¢ —4H

(aq) 2(g)
Overall 4Fe( +10H,0, + O, — 4Fe (OH)3(SO) +4H,,,

Aluminum electrode

Anode 2Al1  —2A1% +6e”

(s) (aq)
Bulk Of 3+ +

2AL"  +6H.,O,, » 2AI(OH)_, +6H

solution (aa) 270 ( )3(5) (2a)
Cathode 6H'  +6e” — 3H

(aq) 2(g)
Overall 2Al, +6H,0,, ~ 2A1(OH),  +3H,

Cu electrode

Anode Cu,, — Cu® +2e

(s) (aq)
Bulk of 2+ ¥

Cu’ +2H,0O,, > Cu(OH)_ A +2H

solution (2a) > ( )2(5) (2a)
Cathode 2H' +2e” - H

(aq) 2(g)

1

Overall 2Cuy,) +3H,0) + -0y, = 2Cu(OH)2(S) +H,,

“Main reaction takes place at Fe electrodes.
"Ferrous iron may be oxidized to Fe® by atmospheric oxygen or
anode oxidation [7,12].
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2. Materials and methods
2.1. Contaminants
2.1.1. Methylene Blue

MB is one of the most common dyes in industries that
is usually removed by absorption or electrocoagulation
methods, as the most effective and low cost methods for dye
removal [30-33]. The chemical structure of MB (C, .H ,CIN.S)
is shown in Fig. 1 [30,31].

DR5000 Hatch spectrophotometer is used to evaluate
the MB concentration. The optimum wavelength would be
620 nm [30,34].

2.1.2. Total coliform

Various bacteria, parasites, and viruses, known to be
pathogenic, have the potential to cause health problems, if
they enter the human body. The Environmental Protection
Agency (EPA) considers total coliform as an indicator of
other pathogens in drinking water. Total coliform is used
to determine adequate water treatment and integrity in
the distribution system [35]. Total coliforms are group of
bacteria commonly found in the environment. However,
fecal coliform and Escherichia coli are derived from human
and animal waste [36,37]. Many researchers consider the
total and/or fecal coliform as a main indicator of quality of
drinking water [35,37-39].

There exist several methods to determine the total coli-
form amount in water bodies. These methods require trained
operators, sampling and culturing equipment, and the
process takes more than a day to accomplish [36,40,41].

In this study, total coliform is collected from positive
Brilliant Green solution and cultured on Agar media which

N =
™ Cl
HJC\ \-+/CH?
N S N
| |
CH CH,

contains lactose. After total coliform growth on the media
(Fig. 2), total coliform dissolves little by little in Ringer solu-
tion to a point that light absorbance reading of the solution
reaches the 0.15 in wave length of 620 nm. The number of
total coliform in this state will be equal to number of 10°
(total coliform in 1,000 mL [42]. Properties of Ringer solution
are indicated in Table 2.

5 mL of the bacteria containing Ringer solution are added
to 495 mL of the bacteria-free solution that will undergo
disinfection process. After disinfection process, the num-
ber of bacteria is evaluated by the most probable number
(MPN) test [41].

2.2. Parameters

The most crucial parameter in electrocoagulation is
the material of electrodes, and the most common materi-
als for EC include aluminum, iron, and copper [9,12-17].
Electrodes with the different type of material enjoy the var-
ious potential for disinfection and copper seems to have the
most significant effect on organism among three electrode
materials: Al, Fe, Cu undergo a test here. Cu has a disin-
fection effect even without electricity current [44,45]. In the
present study, two identical electrodes are tested each time
in 500 mL of synthetic solution contaminated by MB dye
and total coliform.

Voltage, current density and distance between electrodes
are the other parameters, the effects of which on the removal
of dye and total coliform are investigated in this study. In this
study, neon transformers are used to transform the urban
electricity into high voltage current. Thus, the voltage and

Table 2
Ringer solution properties [43]

Parameter Value

NaCl 8,690 mg/L
KCl 300 mg/L
CaCl, 480 mg/L
pH 6.4

EC 6,500 puS/cm

Fig. 2. Cultured colonies of total coliform (a), and amounts of these coliform colonies are detached (b) and solved in Ringer solution
little by little to reach the light absorbance of 0.15 in 620 nm. By doing this, we will have the number of 10° total coliform in 1,000 mL.

coliform-free Ringer solution used as blank solution [42].
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current density are determined by the current and voltage
ratings of available neon transformers. In addition, pre-
liminary tests showed that if distance between electrodes
is under 2 cm or over 10 cm, the efficiency of the process
will be significantly reduced. Specifications of tests that were
conducted in the present study come in Table 3.

2.3. Transformer

The first step of this study was to design and build a
transformer that transforms AC power into DC power with
high voltage. To this end, first, 220 V AC to 15,000 V AC
power is transferred. Then, the high voltage DC is produced
[46,47]. The neon light transformer seems to be proper for
the objectives of the present study [23]. Three different sizes
of the neon transformer with output voltages of 9, 12, 15 kV
are used here to transform the public electricity into high
voltage AC. To transform AC into DC power, two circuits
consisting of a proper number of N007 diodes are set up in
series to produce positive pole, and the other circuit is set up
in reverse direction to produce the negative pole [23,46,47].
One of the innovations of the present study is that in all of
previous studies the transformer circuit used the earth pole
as the negative pole (Fig. 3) while here, a real negative pole
is made to provide more stable power for the system. In the
previous studies, the high voltage discharge was made by

Table 3
Specifications of tests of the present study

Initial concentration of MB 100 mg/L

Initial number of total coliform 10°NTC/L

Type of water Distilled water
Electrical conductivity of water ~0 puS/cm

Time 0-120 min
Temperature 25°C

pH ~7

Material of electrodes Fe, Al, Cu
Surface of electrodes 20 cm?

Distance between electrodes 2,5,10 cm
Reactor 1,000 mL Beaker
Voltage 9,12,15kV
Nominal current density 1.5, 3, 4.5 mA/cm?
Added NaCl 1,000 mg/L

Overall electrical conductivity of solution 2,100 puS/cm

NTC: Number of total coliforms.

Neon transformers Spark gap switch
O—WA—

100V AC R1 R2

[ |
1

Fig. 3. Schematic of the circuit used by Shimizu et al. [23], the
earth pole is used as a negative pole. Most of the other similar
studies use same circuit with different type of transformer.

using capacitor. However, in this study, non-pulsed current
is produced without using any capacitor.

Fig. 4 shows the schematic of the designed circuit. To
avoid the heating problem, two similar transformers and
four diod-based circuits are working in turn that is managed
by a timer switch. Fig. 5 shows the real system built for this
study.

In order to change the amount of current, one to three
identical transformers with output current of 30 mA are set
up in parallel to produce 30, 60 and 90 mA. To change the
voltage, three different sizes of neon transformers with out-
put voltages of 9, 12 and 15 kV are deployed in the circuit.

Due to the rated current of the neon transformers, the
current densities and voltages are as presented in Table 3.

For both electrocoagulation and disinfection processes,
all tests are conducted for each electrodes material, consid-
ering different experiment times, 30, 60, 90, 120 min. A mag-
netic stirrer with 180 rpm is used to increase the probability
of impacts of colloids. For settlement of flocks, after each
experiment samples remain (move less) in beaker for 10 min
for MPN test and 1 h for MB concentration. Then, 100 mL
of sample is taken from the above of beaker for measure-
ment. The duration of settlement for MPN test is shorter to
avoid the settlement of bacteria by their own weight.

2.4. RSM analysis

RSM design and analysis are performed by Design-Expert
10 software. In this study, R?value is selected to demonstrate
the accuracy of these models.

Timer switch Phase output of timer switch

J‘220V AC \

=!‘\

Direct series of dipdes

Null pole "~ 9,12,15kVDC

Inverse series of djodes

Neon transformers ‘

<@
<t

Fig. 4. Schematic of the circuit designed for the present study.

Neon transformers

Fig. 5. Real system built for the present study.
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SS
R =1 D 2
Ssmt ( )
where
88 =2 (v~ 7) 3

i

Ssres = Z(yx - fz)z = Zerroriz (4)

i

where, y, is the real data of ith result, f, is the ith estimation
result, and y is the average of real data.

RSM is also used to optimize the electrical energy consum-
ption (EEC, kWh/L) by minimizing voltage, current density,
and the time of process. EEC is calculated by Eq. (1) [7,13]:

EEC[kWhj: V(V)xI(A)xt(min) 5
m’ 60x Vol(L)
Or
EEC(kWh/kg of removed pollution) = ZO(V\)/XII((I:?) Xct ((m;:g
X O X g
(6)

3. Results
3.1. MB remouval

Figs. 6-8 show the results of MB removal with the dif-
ferent electrode material, voltage, electrodes distance, and
current density.

Fig. 6 shows that the voltage has a direct impact on dye
removal and higher voltage increases the speed and final
removal of dye. These tests also reveal that Fe electrodes are
the best for MB removal.

Fig. 7 demonstrates that distance between electrodes
has an inverse impact on dye removal and increasing the
distance will increase the duration time of removal and the
final concentration of MB.

Fig. 8 shows that increasing the current density will
increase the speed of removal reaction, and the final con-
centration will be decreased.

For each electrode type, RSM is employed in order to
study and model the interaction between the operational
parameters of: V (9-15 kV), Cd (1.5-4.5 mA/cm?), d (2-10 cm),
t (30-120 min) as the numerical parameters and the MB
removal (mg/L) as the target of analyses. The specifications
of these tests are the same as those presented in Table 3.

Table 4 shows the polynomial models for calculating MB
removal with respect to the operational parameters.

RSM is also employed for optimization of the MB
removal process. Given Eq. (6), EEC depends on V, I, ¢, and
value of removed MB. Therefore, for minimizing the EEC,
we try to minimize V, Cd, t, while maximizing MB removal,
and d value is in the range. Results of the optimization of
MB removal process are concluded in Table 5. Desirability

100 o =
N Fe-Fe —=9kv
80 e ——12kV
= 60 ——— 15kV
é . ] S— R
-
20
0
0 30 60 90 120
Time (min)
100 o<
~ Al-Al Sl
80 = ——12kV
o == 15KV
S 60 N
E/ e
@m 40 ey
2 :
20
0
0 30 60 90 120
Time (min)
100 B
. Cu-Cu =2k
80 e — 12kV
~ ‘“ﬁ_‘..,.@'
4 - 15kV
g —
@ 40 —f
=
20
0
0 30 60 90 120
Time (min)

Fig. 6. Effect of voltage on the MB removal. Cd = 1.5 mA/cm?,
d=2cm.

of the results is evaluated with a number between 0 and 1. 0
and 1 express the most undesirable and desirable conditions,
respectively. Theoretical anode consumption is also indicated

in Table 5 as m in milligrams.
anode

3.2. Total coliform removal

Figs. 9-11 show the results of total coliform removal with
the different electrode material, voltage, electrodes distance,
and current density.

Results reveal that the Cu electrodes have a strong inhab-
itation and removal effect on total coliform and decrease the
total coliform to absolute zero. Voltage has a direct impact on
total coliform removal.

Fig. 10 shows that increasing the distance between elec-
trodes will increase the disinfection process time and increase
the final NTC of the solution. However, in the case of Cu
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electrodes, even with 10 cm distance, the final NTC would be  increase the speed of reaction and decrease the final NTC of
equal to zero finally. the solution.

As can be seen in Fig. 11, the current density has a direct RSM method is employed so as to investigate the effect of

impact on total coliform removal and increasing it will operational parameters on NTC removal, and optimization of

this process. The details of RSM design and analysis are the

same as abovementioned in MB removal section. However,

100 »
&0 160 —+— 1.5 mA/em”2
g Fe-Fe
:én 60 80 ——3 mA/cm”"2
o 40 5 60 +~4.5 mA/cm2
= £
20 m 40
=
0 20
0 30 60 90 120 0
Time (min) 0 30 60 90 120
Time (min)
100 AL ——d=2cm
Al-A 100 o -
1.5 mA/cm”2
80 Al-Al
&) ey 80 ——3 mA/cm”2
%n 60 *—d=10cm .
E) S 60 o—4.5 mA/cm’2
m 40 ch
b q 40
20 =
20
g 0
0 30 . 60 - 90 120 0 30 60 90 120
Time (min) Tiiree {fuic])
100 o ——d=2cm
100 = ——1.5mA/cm”"2
Cu-Cu
80 Cu-Cu
—_ 5 d=10cm 80 ——3 mA/cm”2
e ~_~
2 60 o 60 —4.5 mA/em”2
N E
& 40 @ 40
2 =
20 20
0 0
0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)

Fig. 7. Impact of distance between electrodes on the MB removal. ~ Fig. 8. Effect of current density on the MB removal. V' =15 kV,

V=15kV, Cd = 1.5 mA/cm?. d=2cm.

Table 4

MB removal models
MB removal (mg/L) with Fe electrodes: R?
(70.189 +0.109x V +1.308x Cd —0.166 xd +0.093 x  +0.0196 x Cd x d — 0.009 x Cd x t — 0.0002 x > )2 0.982

MB removal (mg/L) with Al electrodes:

(—0.159 +0.131x V +0.809 x Cd —0.186 xd +0.087 x t +0.0269 x Cd x d —0.0055 x Cd x t —0.00025 x +* )2 0.973

MB removal (mg/L) with Cu electrodes:

(—0.700 +0.153x V +0.988 x Cd —0.173xd + 0.074 x t —0.0057 x Cd x t —0.00017 x t* )A 0.945
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Table 5

Optimum conditions for MB removal
Electrode Vv Cd- d t MB removal Desirability EEC ode
type kV) (mA/cm?) (cm) (min) (mg/L) (kWh/kg MB) (mg)
Fe 9 29 2 82 66 0.52 21,618 83
Al 10.2 2.7 2 95 59 0.43 29,563 29
Cu 11.2 3.2 2 95 59 0.40 38,472 120

°Cd could be converted into current intensity (I) by multiplying in the surface area of electrodes (20 cm?).

9
8
7
6
=3
S 4
Z 3
)
=
0
0 30 60 90 120
Time (min)
9 o
8 Al-Al —-9kV
-
~ 6
O 5
Z 4
& 3
=2
1
0
0 30 60 90 120
Time (min)
9
8 Cu-Cu ——9kV
7 ——12kV
a6 15kV
O35
F
a 4
an 3
3 2
1
0
0 30 60 90 120

Time (min)

Fig. 9. The effect of voltage on the total coliform removal.
d =2 cm, Cd = 1.5 mA/cm? The final results of Cu electrodes
were complete removal of total coliform (NTC = 0). Since the
charts are logarithmic, the final NTC for Cu electrode is equal
to1 (NTC=1).

from the data in Fig. 11, for Cu electrodes, after 60 min, the
NTC reaches 0. So, with regard to Cu electrodes, the range
of time is set up to 30-60 min in RSM designs. Models for
calculating Log (NTC removal/L) are presented in Table 6.

9
8
7
—~ 6
=5
Z 4
;/n 3
g 2
1
0
0 30 60 90 120
Time (min)
9
8 Al-Al
7
36
E 5
z 4
‘%3 3
— 2
1
0
0 30 60 90 120
Time (min)
9
8 N\ Cu-Cu —-d=2em
7 A ~o—d=5cm
Q 6 d=10cm
U 5
Z 4
5 3
= 2
1
O e
0 920 120

Time (min)

Fig. 10. Effect of distance between electrodes on the total coli-
form removal. V=15kV, Cd =1.5 mA/cm?. The final results of Cu
electrodes were complete removal of total coliform (NTC = 0),
but since the charts are logarithmic, the final NTC for Cu elec-
trode is equal to 1 (NTC =1).

Table 7 shows the results of optimization of total coliform
removal:

Final temperature is almost equal to the room tempera-
ture and does not change during the experiments. Initial and
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Fig. 11. Effect of current density on the total coliform removal.
V =15 kV, d = 2 cm. The final results of Cu electrodes were
complete removal of total coliform (NTC = 0). But, since the
charts are logarithmic, the final NTC for Cu electrode is equal
to 1 (NTC=1).

final pH also are almost the same, and the maximum pH
variation is around +0.2.

4. Discussion

Results show that the presented system has low cost
and includes simple instruments. Non-pulsed high voltage

current is capable of removing both MB and total coliform
effectively. The effect of electrode material and V, Cd, and
t, on removing these two contaminants is also investigated,
and accurate models are presented for calculation of the
amount of removal.

Voltage and current density have direct impact on total
coliform removal because more voltage can destroy the wall
of coliform cells, and more current density means more
electron flow that can lead to more coliform cells.

EEC values of the dye removal with electrocoagula-
tion process are much higher than previous studies that
employed EC for dye removal. For example, Kuokkanen et
al. [7] reported EECs lower than 190 kWh/kg COD, in waste-
water treatment applications with low voltage current.

Low efficiency of the presented system in dye removal
could be explained with low current intensity of system. The
efficiency of electrocoagulation process directly depends on
the amount of the coagulant that is produced by dissolution
of anode in the solution. In addition, as Eq. (1) implies that
the amount of metal dissolution depends on the current
intensity, and it is independent of voltage value. In this study,
current intensities are very low (<90 mA) and the voltage is
very high (>9 kV), resulting in high electrical power of system
with low dye removal efficiency.

However, in comparison with studies that made attempts
to remove coliform with pulsed high voltage, the EEC value
of this study is very low. For example, Shimizu et al. [23]
employed 8 kV, ~7 A current for removal of 7 log of coliform
in 50 mL that equals to 5.7 log in 1 L in 20 min. The optimum
EEC for their study is equal to 3,275 kWh/Log(NTC).L, which
is around 50 times more than our optimum results.

Present study indicates that Fe electrodes are more effec-
tive than Al, and Al is more effective than Cu electrodes in
dye removal. These results are in accordance with the study
by Barrera Diaz and Gonzalez-Rivas [16]. They compared the
effect of these electrode materials on COD removal by low
voltage (lower than 15 V [48]) electrocoagulation [16].

This study implies that the amount of voltage has a direct
effect on dye removal. More voltage will lead to more dye
removal, as also approved by Zidane et al. [6] that studied
the effective parameters such as voltage on dye removal
efficiency.

Results also reveal that more current density results in
more dye removal. This statement is in agreement with the
other similar studies, such as Abu Ghalwa et al. [13].

Table 6
Total coliform removal models
Log (NTC removal/L) with Fe electrodes: R?
) \2 0.990
(0.878+0.013x V +0.233xCd - 0.023xd +0.014xt —0.0271x Cd” ~0.00003x * )
Log (NTC removal/L) with Al electrodes:
\2 0.976
(0.953+0.013x V +0.065x Cd —0.023xd +0.018 x t ~0.00006 x £*)
Log (NTC removal/L) with Cu electrodes:
0.923

(2.926 ~0.024xV +0.046 x Cd —0.014 xd — 0.035x £ +0.00078 x V x t +0.00046 x t* )2
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Table 7
Optimum conditions for total coliform removal

Electrode Vv Cd d t Log Desirability EEC ode
type (kV) (mA/cm?) (cm) (min) (NTC removal/L) (kWh/Log(NTC)) (mg)
Fe 9 2.1 2 87 5.324 0.57 206 63
Al 9 15 2 66 4.229 0.71 140 11
Cu 9 15 2 67 9 0.87 67 40

Total coliform removal with Fe electrodes is slightly
more than that of Al electrodes. However, Cu electrodes are
significantly more effective than Fe and Al in total coliform
removal. These results are in line with the results of Varkey
[44]. The paper worked on the effect of explosion of microor-
ganism to several metal plates without any electrical current.
This study proves that Cu is much more effective than Al
in removing total coliform [44].

Temperature and pH changes during experiments are
negligible. Consistency of temperature can be explained with
low current intensity of system that does not generate much
heat. Hence, the ambient temperature overcomes the small
temperature changes.

The low pH changes also can be explained by low metal
dissolution during the processes. In addition, majority of
dissolute metal is separated from solution through the coag-
ulation process. Therefore, initial and final pH are almost the
same.

5. Conclusions

An effective system was designed and built in the pres-
ent study. The system has several innovations in comparison
with previous studies. Both positive and negative poles are
made here, while in other studies the earth is used as the
negative pole. The system is designed with cheap and simple
instruments, which is effective on both dye removal and dis-
infection of total coliform in one reactor. This is a significant
advantage that could reduce the required time, area, equip-
ment and cost of the treatment process. Hence, the system is
simple and has low cost. The interaction of the operational
parameters was modeled by using RSM with very high accu-
racy (R?>0.92). Presented models can be used to predict and
increase the efficiency of the process in practical applica-
tions. The process was also optimized by RSM to minimize
the duration of the process.

The output current of the system is non-pulsed high volt-
age current, while the other studies used pulsed discharge
produced by capacitors, which generate spark to remove
biological waste. However, the presented method has a neg-
ligible effect on the ambient temperature, and it does not pro-
duce heat pollution. The results showed that pH variations
during the process is negligible.

The capability of removing both dye and total coliform
in one reactor without using any additional chemical and/or
physical procedures can be very useful in water/wastewater
treatment processes. Since additional chemical procedures
are not used, the amount of generated sludge is minimum
that reduces the cost of sludge disposal. Therefore, this
method can be employed for slaughterhouse, tranny, and
hospital wastewater treatment.

The tests which were conducted in the present study
revealed that voltage and current intensities have direct
impacts on dye and total coliform removal, and increasing
these parameters will decrease the duration time of removal.
However, the distance between electrodes has an inverse
impact on dye and coliform removal, which increased the
duration time of removal reaction. Fe electrodes are the best
material for MB removal. Cu is the best material for total coli-
form removal and can decrease the number of total coliform
faster than the other materials. Cu electrodes eliminate the
whole of total coliform. Al and Fe materials can reduce the
number of total coliform by 99.99%. However, they cannot
remove all the total coliform.

The system that is designed and made in this study has
a relative low EEC value for total coliform removal with
non-pulsed high voltage in comparison with others that
used pulsed high voltage for disinfection purposes. The cur-
rent study also found that the EEC value for dye removal is
relatively high in comparison with low voltage electrocoag-
ulation process. Hence, the proposed system is suitable for
both dye and total coliform removal in one reactor or just
total coliform removal. However, it is not proper to use the
presented system for just dye removal by electrocoagulation.

As future works, we suggest investigating the effects of
other effective parameters such as properties of solution, ini-
tial concentration, type and concentration of electrolyte, and
higher current densities on the results of dye removal and
disinfection by using the presented practical system.
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