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KEYWORDS Abstract  Electrocoagulation (EC) is one of the most cost-effective techniques for eliminating pol-
lutants from wastewater. The objective of the present work was to develop a novel low-cost EC
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the contact rate between the pollutant molecules and EC anode leading to enhance the pollutants
removal efficiency from urban wastewater. Moreover, to optimize the EC operative conditions with
reducing the number of required experiments, modeling by Box-Behnken design (BBD) in response
surface methodology was performed to investigate the effects of many operating parameters: initial
pH, applied current, operating time and packed density, on the removal efficiency of chemical oxy-
gen demand (COD), biochemical oxygen demand (BOD), phosphorous (P) and fecal coliforms
(FC). Considering the treatment energy consumption, the results led to two important operative
conditions for cost-effective EC treatment: economic and optimal conditions for experimental
and modeled removals. The predicted results from BBD modeling regarding economic operative
conditions were found to be COD (Y) 80%, BOD (Y5,) 84%, P (Y3) 96%, and FC (Y4) 99%, with
an energy consumption (Ys) of 3.50 kWh m~>. Accordingly, experimentally validation using eco-
nomic operative conditions resulted in removal efficiencies of COD (78.5%), BOD (83%), P
(94.7%), and FC (99%) with a lower energy consumption of 2.52 kWh m~>. Hence, the predicted
results revealed a good agreement with the experimental data. These findings could pave the way to
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reduce significantly the number of required experiments for other research works, and make
aluminum based-electrode as a promising candidate for development and scale-up a low-cost EC

electrode.

© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The urbanization expansion and population growth in recent
decades were accompanied by a rapid increase in urban
wastewater production. As known, untreated urban wastewa-
ter poses dangers to the environment and human health, due
to the existence of numerous toxic substances such as viruses,
heavy metal, pathogens and other inorganic and organic pollu-
tants in wastewater. Thusly, the management and treatment of
urban wastewater present a serious concern in many countries
all over the world. Many treatment technologies have been
evolved to control the urban wastewater, including: adsorption
(Margot et al., 2013), activated sludge (Ni et al., 2009), chem-
ical coagulation (De Feo et al., 2008), advanced oxidation pro-
cess (Zhou et al., 2011), and reverse osmosis (Dialynas and
Diamadopoulos, 2009). Although these methods can remove
most of the organic pollutants, they are costly and involve sev-
eral operational difficulties that could limit their use at the
large scale. Therefore, the development of efficient, facile and
inexpensive methods to treat urban wastewater is still needed.

Recently, electrocoagulation (EC) treatment technique has
been considered as an alternative method over the aforemen-
tioned techniques, due to its advantages that include compact
treatment facility, less sludge production, small equipment
space and relatively low cost. Accordingly, the material type
of the electrode is regarded among the main factors affecting
the performance of EC process (Chou et al., 2009). Thus, in
attempts to select an appropriate electrode material for treat-
ment of a wastewater, different parameters should be consid-
ered and mainly material cost, oxidation potential, and
targeted pollutant. As reported, different metallic electrodes
have been widely used for wastewater treatment, like boron-
doped diamond (Ruiz et al., 2011), copper (Prajapati et al.,
2016) and zinc (Hussin et al., 2017); while, aluminum is rarely
investigated that revealed a good coagulation performance
(Elazzouzi et al., 2018; Omwene and Kobya, 2018). Moreover,
it was reported that anode metal plate is an energy-consuming
process, which recently increased the interest to reduce the cost
of conventional electrocoagulation process through the devel-
opment of low-cost electrode.

For instance, in a study conducted by Ardhan et al.
(Ardhan et al., 2014), a low-cost anode made from iron scrap
was employed to achieve high color and chemical oxygen
demand (COD) removals from synthetic wastewater, which
indicated that the process can effectively remove 98% and
93% of color and COD, respectively. Un et al. investigated
the treatability of COD that originated from textile wastewater
using EC process with a packed bed anode made from wrap-
ping iron wire (Tezcan Un and Aytac, 2013). A good COD
removal efficiency of 98.46% and energy consumption of
0.093kWh mg~! were obtained at 60 min of retention time
and 50 mA cm 2 of current density with an initial pH of 9.
However, conventional anodes are associated with high

fabrication costs, making EC process economically unviable.
The shape of the electrodes may also affect the performance
of EC process. On the other hand, a huge amount of waste-
metal scraps (metal chips, filings, shavings, etc) as by-
products is generated by metalworking shops. Accumulation
of these kind of scraps leads to an environmental threat, which
renders its removal tedious. In the context of waste valoriza-
tion, the use of waste-aluminum scraps as an anode in EC pro-
cess would be advantageous in terms of waste management
and feasibility. Moreover, the scrap shape anodes have a larger
electrode contact surface area than the other shape of the
anodes, thereby providing a high contact area between the
electrodes and pollutants in the EC reactor, leading to overall
increase in EC process efficiency. Therefore, the shape and
cost-effectiveness of aluminum scrap based-electrode could

Table 1 Characteristics of the urban wastewater used in this
study.

Parameters Units Values
COD mg L' 1100
BOD mg L' 560

TSS mg L~! 450

P mg L' 12

FC NPP/100 ml 4.5 x 107
Conductivity ps cm ™! 3240
Turbidity NTU 350
Initial pH pH; 7.5

Cylindrical Al cathode

Packed-bed EC reactor

Al scrap anode

Magnetic stirrer

Fig. 1  Schematic diagram of the EC experimental setup: (1) DC
power supply, (2) Perforated PVC containing scrap aluminum as
the anode, (3) Aluminum plate cathode, (4) Circulation pump.
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result in promised candidate for development and scale-up the
low-cost electrode.

It is of interest here to point out that in conventional opti-
mization approaches, a large experiments number is required
leading to increasing the use of material, treatment time and
supplied power. Hence, the application of a theoretical predic-
tion approach can permit to reduce the number of needed
experiments. Recently, Response Surface Methodology
(RSM) has been performed for optimization of numerous pro-
cesses and particularly for wastewater treatment of dye
(Dastkhoon et al., 2017) and paper industry (Dil et al.,
2015). Thus, Box-Behnken Design (BBD) in RSM is an impor-
tant design tool that successfully used for the process optimiza-
tion, and provided comprehensive conclusions and detailed
information even for a small given number of experiments
and of interactive effects between operating parameters.
Recently, BBD has been successfully tested to optimize the effi-
ciency of EC processes for several wastewaters (Garg and
Prasad, 2016; Tak et al., 2015). Isa et al. used BBD to optimize
the experimental conditions for boron removal from wastewa-
ter using EC process (Isa et al., 2014). At optimal operating
conditions, 98% of boron was removed from synthetic
wastewater. However, the optimization process of real urban
wastewater treatment using RSM is still scarce.

In the present work, a novel low-cost EC process using an
anode made from aluminum-waste scrap was used for the
treatment of real urban wastewater. Then, BDD was also
investigated to achieve the optimum conditions for high
removal of chemical oxygen demand (COD), biological oxygen
demand (BOD), phosphorous (P) and fecal Coliforms (FC)
with a minimum of energy consumption. The results obtained
from this study could be a reference study for real urban
wastewater treatment research works with reduced number
of required experiments for the optimum conditions of
removal of pollutants from urban wastewater using low-cost
EC process.

2. Materials and methods

2.1. Wastewater characteristics

The used samples were collected near the entrance of the urban
wastewater treatment plant located in Al-Hoceima city
(Northeast of Morocco). The collected wastewater was ana-
lyzed (as described in Table 1) and directly used in the exper-
iments without any pretreatment. Monomeric method
(respirometer system OxyTop, Fisher scientific, UK) was per-
formed to analyze BOD. UV-vis spectrophotometer device
(Spectrocoquant PHAR 300 MERK, MERCK, Japan) was

Table 2 Range of operating parameters in their coded levels.

used to analyze the COD and P. Conductivity and pH mea-
surements were performed using (pH/ion/Cond 750 WTW
Inolab WTW, Germany). While, the aluminum metal-scrap
was made from aluminum chips (length: 0.9-13 mm; width:
0.3-2.0 mm) that collected from a metal machining shop in
Al-Hoceima city (Morocco). All analyses were performed
according to standard analyses (APHA. 2005).

2.2. Electrocoagulation system

Fig. 1 shows the set-up of a novel EC used in this present
study. A Plexiglas cylindrical packed bed EC batch was
equipped with cylindrical perforated Al cathode, and the
anode was comprised of Al scraps packed within a PVC perfo-
rated tube centrally placed in the cathode. The PVC perforated
tube has a length of 10 cm, diameter of 3 cm and thickness of
0.1 cm, which contains small holes of 0.3 cm distributed regu-
larly on its wall surface to permit a homogeneous transport of
metal ions from the electrode. The electrodes were connected
in the monopolar mode and immersed up to 6 cm in depth.
The total surface area of cylindrical electrode was 0.012 m?
and the inter-electrode distance between the cathode and
anode was maintained at 1 cm. The Al scrap aluminum was
made from the used aluminum cans, which was cut into small
pieces of dimension of 5 mm*5 mm then used as anode after
being carefully washed.

A digital DC power supply (galvanostatic mode,
ALR3002M model) was used in the range current of 0-2.5 A
and range voltage of 0-30 V and connected to the system.
The agitation of the solution was performed using a magnetic
stirrer at a constant agitation speed of 200 rpm to assure uni-
form bulk distribution of generated ions in the solution. The
pH of urban wastewater was adjusted using aqueous HCI
0.1 M or NaOH 0.1 M. Aluminum scraps were rinsed for a
while using a diluted HCI solution in attempts to eliminate
the dust and organic matter that could be adhered on the sur-
face of used aluminum cans, before being washed with distilled
water. Then after, they were dried at 100 °C for 12 h in a vac-
uum drying oven (NBF-6050, China). The complexes formed
during wastewater treatment are easily removed from the sam-
ple by flotation. All experiments were carried out at room tem-
perature and the samples were taken directly without filtration
during the predetermined reaction time.

2.3. Experimental design

The experimental design and mathematical modeling were per-
formed using Design expert 10.0 software (Stat-ease, US),
ANOVA analysis and Box-Behnken design were chosen for

Parameter (range)

Xy X3 X3 Xy

Levels I1(A) time (min) pH Packed density (g cm ™)
(0.5-1.5) (2-10) (5-9) (0.4-0.8)

—1 0.5 2 5 0.4

0 1 6 7 0.6

+1 1.5 10 9 0.8
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Table 3 Experimental run values on COD, BOD, P and FC removals and energy consumption proposed by BBD.

Independent variables Response (Expérimental values)
Run XpI(A) Xytime (min) XspH  Xg:Packed density Yy (COD %) Y, (BOD %) Y3 (P %) Y4 (FC %) Ys
(g ecm™) (EC kWh m~?)

1 0.5 2 7 0.6 47 57 86 92 0.3
2 1 2 9 0.6 53 66 90 94 0.6
3 1 2 5 0.6 52 63 88 93 0.6
4 1 2 7 0.8 55 68 92 95 0.6
5 1 2 7 0.4 51 65 89 94 0.8
6 0.5 6 5 0.6 56 70 85 93 0.9
7 0.5 6 9 0.6 57 72 87 95 0.9
8 1.5 2 7 0.6 60 75 90 96 0.9
9 0.5 6 7 0.8 60 76 90 94 1

10 0.5 6 7 0.4 52 74 87 95 1.2
11 0.5 10 7 0.6 63 77 89 96 1.5
12 1 6 7 0.6 68 78 93 99 1.8
13 1 6 7 0.6 68 78 93 99 1.8
14 1 6 7 0.6 68 78 93 99 1.8
15 1 6 7 0.6 68 78 93 99 1.8
16 1 6 7 0.6 68 78 93 99 1.8
17 1 6 9 0.8 69 74 96 98 2

18 1 6 5 0.8 67 70 93 98 2

19 1 6 9 0.4 65 73 94 99 2.4
20 1 6 5 0.4 63 68 92 99 2.4
21 1.5 6 5 0.6 83 82 97 98 2.7
22 1.5 6 9 0.6 84 84 97 99 2.7
23 1.5 6 7 0.8 85 84 97 99 3

24 1 10 9 0.6 78 75 95 99 3

25 1 10 5 0.6 76 74 96 97 3

26 1 10 7 0.8 76 78 95 99 33
27 1.5 6 7 0.4 82 82 96 99 3.6
28 1 10 7 0.4 74 77 93 99 4

29 1.5 10 7 0.6 80 79 98 99 4.5

Table 4 Model summary statistics tested for COD, BOD, P and FC removals’ efficiencies and energy consumption.

Response Model STD. Dev. R? Rgdj Rirea PRESS CV%  Adeq. Precision Mean Remarks
COD removal Linear 3.77 0.8995 0.8827  0.8441 529,56 5.24 17.840 66.48  Suggested
2F1 4.28 0.9028 0.8489  0.6851 1069.,87
Quadratic  3.48 0.9501  0.9001 0.7123 977,28 Suggested
Cubic 2.72 0.9870  0.9391 —0.8792  6384,00 Aliased
BOD removal Linear 4.27 0.6141  0.5498  0.4260 651,66 2.67 17.405 74.24
2F1 4.55 0.6724  0.4904 0.0524 1075,84
Quadratic  1.98 0.9516  0.9033 0.7214 316,32 Suggested
Cubic 2.60 0.9643 0.8332 —4.1475 5844,00 Aliased
P removal Linear 1.47 0.8579  0.8342  0.7805 80,37 1.26 16.348 92.31  Suggested
2F1 1.51 0.8879  0.8257  0.6426 130,90
Quadratic  1.16 0.9483  0.8967  0.7025 108,96 Suggested
Cubic 0.42 0.9970  0.9862  0.5740 156,00 Aliased
FC removal Linear 1.44 0.6849  0.6323  0.5670 67,96 0.74 16.504 97.03
2F1 1.64 0.6928 0.5222  0.2568 116,66
Quadratic  0.72 0.9538 0.9076  0.7340 41,76 Suggested
Cubic 0.74 0.9793 0.9034 —1.9815 468,00 Aliased
Energy consumption  Linear 0.35 0.9141 0.8998 0.8673 4,59 7.40 43.11 1.97
2F1 0.28 0.9589 0.9361 0.8725 441
Quadratic .15 0.9914 0.9829 0.9507 1.71 Suggested
Cubic 0.000 1.0000  1.0000 Aliased

the optimization. The design includes 29 EC experiments sets, (X4). While, the corresponding responses are COD (Y)),
and the main operational variables are applied current (X;), BOD (Y3), P (Y3), FC (Y,4) and energy consumption (Ys).
electrolysis time (X,), initial pH (X3) and packed density The levels and range factors chosen are illustrated in Table 2,
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which have been selected based on the preliminary experiment-
trials and previous experimental research works (Elazzouzi
et al., 2017, 2018). The obtained experimental data were ana-
lyzed by RSM to fit the following polynomial model of second
order:

Y=o+ S BXe+ S B S BXX e
(1)
where Y is the response (%); By is the model intercept coeffi-
cient, B; i = 1,2,3), B and B; (1 = 1,2,3,4;j = 1,2,3,4) are
the interaction coefficients of quadratic, linear, and the
second-order terms, respectively; k is the independent parame-
ter number.
The experimental data were fitted to different models (lin-
ear, quadratic, third-order polynomials, and two factor inter-
actions (2FI)). They were then statistically analyzed to select

Design-Expert® Software

Factor Coding: Actual

COD (%) 9
+ Design Points

Ias
47

X=Al 8
X2=C: pH

COD (%)
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05 07 09 11 13 15

Design-Expert® Software
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p(%) . 9
« Design Points
9%

85
X1=Al 8
X2=C:pH
Actual Factors

B:Time=6
D: Packed density = 0,6

C: pH (pH)

05 07 09 11 13 156

' Al(A)

the appropriate model, which reflects no significant lack of

fit and it has the highest value of R?, Rf,redicted, Rﬁ dusted and

low-predicted residual error sum of squares. In addition, the
models’ factors were evaluated at a confidence level of 95%.
In order to validate the results of the model under optimum
conditions, the lab experiments were performed and compared
to the predicted results.

3. Results and discussions

3.1. ANOV A analysis

RSM was used to study the optimization and the effect of pro-
cess parameters, and to design the experiments. The
Box Behnken-design of 29 experiments with four factors of
applied current, initial pH, packed density and EC time with

Design-Expert® Software
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99
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Fig.3  Effect of initial pH (X3) and current (X;) on COD (Y;), BOD (Y,), P (Y;) and FC (Y4) removal efficiencies; at [NaCl]inigia1 = 2 g/

L and time = 6 min.
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three levels is presented in Table 3. BBD suggested a second
order polynomial model, which represents the relation between
operating variables and all responses. The response functions
with the determined coefficients for COD, BOD, P and FC
removals as well as the energy consumption (EC) are presented
by Egs. (2), (3), (4), (5) and (6) as follows:

Y, (COD removal, %) = +68.00 + 11.58X; + 10.75X, + 0.75X;
+ 2.08X, 4+ 1.00X; X, 4+ 0.00X; X3
- —1.25

X1 X4+ 0.25X, X5 — 0.50X, X, + 0.00X3 X, + 0.96X3
—4.54X3 + 0.21X; — 0.29X;

Design-Expert® Software
Factor Coding: Actual
COD (%) 10
+ Design Points
85

COD (%)

47
X=Al 8
X2 = B: Time
Actual Factors

CpH=T
D: Packed density = 0,6

B: Time (min)
-

05 07 09 i 13 15

Design-Expert® Software
Factor Coding: Actual

ph)
+ Design Points
98
8
X=Al 8
X2=C:pH
Actual Factors

B: Time =6
D: Packed density = 0,6

C: pH (pH)

05 07 09 14 13
Al(A)

Y,(BOD removal, %) = +78.00 + 5.00X, + 5.50X; 4+ 1.42X;
+0.92X, — 4.00X, X, + 0.00X, X3
+0.00

X1 Xy — 0.50X,X; — 0.50X, Xy — 0.25X3X, + 1.54X7

—5.71X; — 3.58X3 — 1.33X; (3)
Y3(P removal, %) = +93.00 + 4.25X, + 2.58X, + 0.67X;
+ 100X, + 1.25X, X, — 0.50X, X3
— —0.50X, X4
—0.75X,X; — 025X, X4 + 0.25X3 X, — 1.29X7 — —1.04X3
+0.083X; + 0.58X; (4)

Design-Expert® Software
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+ Design Points
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D: Packed density = 0,6
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Fig. 4 Effect of time (X;) and current (X;) on COD (Y;), BOD (Y,), P (Y3) and FC (Y4) removal efficiencies; at pH = 7 and

[NaCllinitiar = 2 g/L.
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Y4(FC removal, %) = +99.00 + 2.08X; + 2.08X, + 0.50.X;
—0.17X; — 0.25X1 X, — —0.25X, X5
025X, X,

+0.25X,X; — 0.25X, X, + 0.00X3X, — 1.75X% — 2.00X3
—0.87X; — 0.12X;

Y5 (EnergyConsumption, kWhm™ )
=+1.8+0.97X; + 1.29X, + 0.00X5 — 0.20X, + 0.60.X, X,
+0.00.X, X35

—0.1X, X4 4+ 0.00X, X3 — 0.13X,.X4 + 0.00X3X, + 0.00X>
+0.00X3 + 0.00X3 + 0.40X;

X=Al
X2.= D: Packed density

Actual Factors
B:Time=6
CpH=7

Design-Expert® Software
Factor Coding: Actual

p(%)
o Design Points
IS&
8
X1=Al
X2 = D: Packed density
Actual Factors

B: Time =6
CpH=7

D: Packed density (g/cm3)

D: Packed density (g/cm3)

08

COD (%)
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In attempts to test the validity of the models developed in
this study, a statistical analysis of variance was performed.
Table 4 shows that the model validity can be verified by these
parameters of regression coefficient R%, adequacy of precision,
F-values and P-values. It was reported that the value of R?
should be at least 0.8 for good fitting of a model (Bashir
et al., 2017). In the present study, the values of R? for removal
of COD, BOD, P, and FC are respectively 0.9501, 0.9516,
0.9483 and 0.9538. The obtained R? values indicate that the
model matches well with the experimental data, and all
obtained values met good adequacy and satisfactory level.
The predicted R? is also in reasonable agreement with the
adjusted R? and the values are given in Table 4.

The values of adequate precision are 17.84 for COD, 17.40
for BOD, 16.34 for P, 16.50 for FC and 43.11 for energy con-
sumption, which indicates an adequate signal taking into
account that the ratio higher than 4 is desirable. Hence, this
model can be applied to navigate the design space. F-values

Design-E Software
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Fig.5 Effect of packed density (X4) and current (X;) on COD (Y;), BOD (Y>), P (Y3) and FC (Y,) removal efficiencies; at time = 6 min

and pH = 7.
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Fig. 6 Effect of current (X,) and packed density (X4) on energy consumption.

explain the distribution of experimental values around the fit-
ted model, and the F-values obtained in this study are all sig-
nificant. The other criterion used for evaluating the model was
P-values that define the significance of the model terms. P-
values lower than 5% can confirm that the regression model
is significant. In the present study, we can mention that all
P-values of responses are less than 5%, which indicates a
higher significance of the model terms. Furthermore, the
obtained data shows that the model Y, terms X;, X5, XX,
and X; have significant effects on COD removal, the model
Y, terms X, Xa, X3, X4, X, X, and X3 have significant effects
on BOD removal, the model Y3 terms X;, X5, X3, X4, X X5,
X;3X4, X3 and X3 have significant effects on P removal, and
the model Y, terms X, X5, X3, X;X4 and X,X3 have signifi-
cant effects on FC removal, whereas the model Y5 terms X,
X, X3, X1Xo, X X4, X3 have significant effects on energy con-
sumption. The quadratic model for COD, BOD, P and FC
present the highest R2, adjusted R?, predicted R?, F-values,
and lowest P-values when compared to other models; there-
fore, it was selected for further analysis to optimize the EC
process. In addition, Fig. 2 shows the plot of predicted values
versus actual ones and indicates an adequate agreement
between the applied model data and the experimental data.

3.2. Effect of variables on COD, BOD, P, and FC removal
efficiency

3.2.1. Interaction effect of initial pH and applied current

Fig. 3 shows the 2D plot that describes the effect of initial pH
and applied current on COD, BOD, P, and FC removals effi-
ciency. While keeping electrolysis time and packed density at
the center point (6 min and 0.6 g cm™>), as initial pH increased
from 5 to 9 the removal efficiencies of COD, BOD, P and FC

increased from 60 to 80%, 70 to 85%, 88 to 96%, 94 to 99%,
respectively. Fig. 3 represented that the highest treatment rate
can be achieved when initial pH is around 7, which is in accor-
dance with reported findings (Jiang et al., 2002). Thus, it is also
reported that amorphous AI(OH); has the minimum solubility
within the pH range of 6.5-7.8 (Akbal and Camci, 2011),
owing to the availability of enough coagulant in this pH med-
ium. At low pH 5, several monomeric and polymeric species,
likeAI(OH);, AI(OH);", Als(OH)};, AL(OH)}T, Ali;(OH)3,
transform into insoluble Al(OH);(, flocs through polymeriza-
tion and precipitation mechanism. While, at high pH > 9, the
monomeric AI(OH), concentration increases, which leads to
decrease the insoluble amorphous AI(OH)s(, flocs (El-Naas
et al., 2009). It could be concluded that pH within the range
of 5-9 is suitable to achieve good removal of pollutants from
wastewater by EC process.

3.2.2. Interaction effect of operating time and applied current

Fig. 4 presents the contour plot for the effects of applied cur-
rent and operating time on the COD, BOD, P and FC removal
efficiencies. As previously expected, the removal efficiency
increased with the increase of operating time and applied cur-
rent. As an example, increasing operating time from 2 to 6 min
(the center point), and applied current from 0.5 to 1.5 A, the
removal efficiency of COD, BOD, P and FC increased from
50 to 80%, 60 to 86%, 86 to 98% and from 92 to 100%,
respectively. This behavior can be attributed to the increase
in applied current and operating time leading, in turn, to
increase AI’" ions released by the anode and increase the bub-
ble generating rate at the cathode. By consequent, it results in
an important amount of precipitate for a faster and a more
efficient removal of pollutants, which is in accordance with
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Table 5 Experimental and predicted values of optimum and economic conditions for EC process.

Response

Independent
variables
time

Energy consumption

(kWh.m™?)
Predicted Actual

FC (%)

BOD P (%)

(%)

COD
(7o)

Packed
density

Condition CD

Predicted

Predicted Actual

Predicted Actual

Predicted Actual

Actual

Xy(g.cm™)

X3

X, (min)

X

(pH)
7.48
8.00

(4)

3.50
2.52

3.63
2.62

99.7
99

99

98

97.5

84
84

83.2
83

85.13
80

82

0.75
0.74

7.65
5.52

1.50

L.

Optimum

99

96

94.7

78.5

50

Economic

reported results (Adhoum and Monser, 2004; Holt et al.,
2002).

3.2.3. Interaction effect of packed density and applied current

Fig. 5 shows the contour plot for the effect of packed density
and applied current on the removal efficiencies of BOD, COD,
P, and FC; while keeping initial pH at 7 and electrolysis time at
6 min. As the packed density (X4) increased from 0.4 to 0.8 g
em ™2 and applied current (X1) from 0.5 to 1.5 A, the removal
efficiencies of COD, BOD, P and FC increased from 74 to
84%, 52 to 80%, 88 to 96% and 95 to 99%, respectively.

Generally, the number of microscopic galvanic cells in the
packed-bed EC reactor is positively proportional to the dosage
of Al scraps. Therefore, it is reasonable that the COD, BOD, P
and FC removal rates were enhanced by increasing the alu-
minum scrap dosage in the reactor. According to these results,
the decline in removal performances with a decrease in packed
bed density could be explained by the fact that loose metal
scraps cause a reduction in contact of anode material, which
raises the external resistance from the solution, hence lowering
EC performance (Ye et al., 2016).

3.3. Effect of current and packed density on energy consumption

In the EC treatment process, energy consumption is one of the
important economic parameters. The energy consumption of a
treated unit volume of urban wastewater can be calculated
using the following equation:

U*I*ZE(}
14

where E is the electrical energy in kWh m >, U is the cell volt-
age in volt (V), L is the current in ampere (A), tgc presents the
time of EC process per second and V is the volume of treated
urban wastewater. The energy consumption values as a func-
tion of treated solution volume were calculated in different
runs and presented in Table 2. Moreover, Fig. 6 shows the
3D response surface and contour plot of the effect of current
and packed density on ECS. At a constant current, the increase
in packed density from 0.4 to 0.6 g cm > led to decrease energy
consumption. At some conditions, the increase in packed den-
sity up to 0.6 g cm > led to increase the energy consumption.
The lowest ECS (0.6 kWh m~?) was obtained at a center point
of packed density (0.6 g cm™>) and an applied current (1 A).

E= (10)

3.4. Optimization using BDD

The option of point prediction was used in order to optimize
the process parameters. There are five response options for
goal fields: none, minimum, target, within range and maxi-
mum. In order to determine the optimum process parameters
for the maximum COD, BOD, P, and FC removal efficiencies,
two methodologies of optimization were used in this present
study. The first methodology was performed to maximize the
removal efficiencies, while the energy consumption was set
within the range. The second one was used to maximize
BOD, COD, FC and P removal efficiencies, whereas the energy
consumption was minimized. According to the BBD results,
the optimal operating conditions for the maximum COD,
BOD, FC and P removals were found to be 1.5 A, 7.65 min,
7.48 and 0.75 g cm ™~ for current (X1), electrolysis time (X2),
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Table 6 Overview of literature studies of COD and P removals from wastewaters by EC process using different types of electrode.

Electrode type Wastewater type and Operating Optimum value Re (%) Energy Ref.
conditions consumption

Aluminum Ball Synthetic Humic acid (HA) pH; = 4,CD = 6 Am~2, R.. EC = 1 kWh (Kacet al.
wastewater: pH 4-8, CD = 2-10 mA tgc = 25 min, cob = 90.8%, m? (2017);
em 2 tge = 5-25 min, [HA]10-50 mg [HA] = 30 mg L~! Khandegar
L' and Saroha

(2013))

Iron scrap Synthetic color wastewater (Reactive  Current = 0.9 A, Recop = 93% EC = 0.50 (Ardhan
blue 21): Current = 0.6-1.2, tgc = 0— tgc = 10 min kWh m~3 et al., 2014)
26 min

Iron plate Domestic wastewater: [PO4] = 52 mg L= Repos = 99% EC = 4.17 (Omwene
[PO4] = 5-50 mg L™ pH; = 4,CD = 20 A kWh m~> and Kobya,
CD = 1040 A m 2, tgc = 0- m 2, tgc = 100 min 2018)
100 min, pHi = 4-7

Aluminum plate Leachate wastewater: tgc = 0— tgc = 30min, CD = 631 R.cop = 56% EC = 39.7 (Ilhan et al.,
30 min, CD = 348-631 A m 2, A m™? kWh m > 2008)

Aluminum plate Synthetic Phosphate wastewater: pH; = 3 Rep = 100% EC = 4 kWh (Attouretal.,
j = 20-180A m 2, tgc = 0-140 min, m 2016)
[P] = 100 mg/L, pHi = 2-11

Aluminum plate BR,_] = 2.5-10A m72, tgc = 20 min, le =3 Re.P = 90% EC = 14.86 (i]‘demez
[P] = 100 mg/L, pHi = 3 kWh m~—3 et al., 2006)

Aluminum plate Olive oil mill wastewater: CD = 10— CD = 20 min, Recop = 52% EC = 2kWh (Inan et al.,
40 mA cm 2, pH; = 49, tgc = 2= pH; = 6.2, tgc = 30 min m~3 2004)
30 min

Aluminum Poultry slaughtering wastewater: pHi = 3, tgc = 40 min, R, EC = 103.89 (Eryuruk

plate + H,O, + PAC pH; = 2-10, tgc = 0-100 min, [H05] = 02mgL™',  cop = 9548% kWhm™> et al., 2018)
[H,0,] = 0-025mg L™', [PAC] 0— [PAC] = 0.5mgL~",
0.6mg L™, CD = 30-50 mA cm > CD = 50 mA cm >

Aluminum scrap Real urban wastewater: pHi 5-9, pHi7.85, Current = 1.5 R.cop = 81% EC = 3.55 This work
Current = 0.5-1.5 A, tgc = 0 A, tgc = 5.84 min, Repop = 84% kWhm™
10 min, [NaCl] = 1-3 mg L™ [NaCl] = 3mg L™! Rep = 97%

Rerc = 99%

pH; (X3) and packed density (X4), respectively. Under these
conditions, the predicted removal efficiencies of COD, BOD,
P and FC are found to be 85.13%, 84%, 98% and 99.7%,
respectively. Then, the experiments were performed using the
optimized conditions and led to the removal efficiency values
of 82%, 83.2%, 97.5% and 99% for COD, BOD, P and FC,
respectively. The obtained experimental results for all response
parameters match well with the predicted results, which reflects
a good suitability of the model to optimize the EC treatment
process. Moreover, the economic conditions for the maximum
removal of pollutants are the applied current (X1) of 1.5 A,
electrolysis time (X2) of 5.52 min, initial pH (X3) of 8.00
and packed density (X4) of 0.74 g cm . Under these condi-
tions, the predicted removal efficiencies of COD, BOD, P
and FC reached 80, 84, 96 and 99%, respectively. Similarly,
the experimental results were 78.5, 83, 94.7 and 99% for
COD, BOD, P and FC, respectively. According to these
results, an initial pH of 7.5 that corresponds to the original
pH of the studied urban wastewater can be beneficial for
achieving the highest COD, BOD, P and FC removal efficien-
cies. Thus, it can be concluded here that the EC applied condi-
tions can be performed without any change of the initial pH.
From Table 5, when the packed density increased from 0.74
to 0.75 g cm™> and operating time decreased from 7.65 to
5.52 min, the difference in BOD and FC removal efficiencies

between the optimum and economic conditions were quite neg-
ligible; while the COD and P removal efficiencies increased sig-
nificantly from 78.5% to 82.0% and from 94.7 to 97.5%,
respectively. In accordance with that, the specific energy con-
sumption decreased from 3.63 to 2.52 kWh m™>. Therefore,
the very good correlation between the predicted and the exper-
imental results verified the model validity. This indicated that
the optimal values of the individual factors were determined
using RSM as a powerful tool.

4. Comparison with results in the literature

The effectiveness of the EC using scrap aluminum in this study
was compared with the literature findings that treat different
types of wastewater employing different kinds of electrode
material (Table 6). From the displayed data, it can be seen that
COD and P removals from wastewater solutions varied from
52 to 95.48% and from 90 to 100%, respectively. For these
results, the optimum conditions for COD and P removals were
obtained as pHi of 3-6.2 and 3-4, current efficiency of 6-631
and 10-20 A/mz, and EC time of 10-30 and 20-100 min,
respectively. At these conditions, energy consumption varied
from 0.50 to 39.7 KWh m* and from 4 to 14.86 KWh m >,
respectively. In this study, the energy consumption needed to
achieve 82% of COD and 97.5% of P was found to be 3.5
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KWh m 3, which is sufficiently low as compared to values
mentioned in Table 6. Therefore, it can be concluded that
the optimized process is economically feasible.

5. Conclusion

A novel developed EC system with an electrode (anode) com-
posed from used aluminum scrap that is packed in a perforated
cylinder of PVC, was developed to optimize the BOD, COD, P
and FC removals from real urban wastewater. In addition,
modeling by Box-Behnken design (BBD) was investigated to
predict the optimal and economic conditions for the efficient
removal of pollutants. The model suggested by the BBD for
the maximum removals of COD, BOD, P, FC, and minimum
energy consumption exhibited that the obtained values are in
the desirable range and matched in good adequacy with the
model. Thus, the proposed second-order polynomial model
was acceptable owing to the high accuracy obtained with R>
values of COD (0.950), BOD (0.951), P (0.948), FC (0.953)
through ANOVA analysis; therefore, quadratic models were
selected for predicting the responses. Hence, the optimum
experimental conditions resulted in removal efficiency of
82.0% COD, 83.2% BOD, 97.5% P and 99.0% FC, with an
energy consumption of 3.50 kWh m™>. Accordingly, after the
set of the economic conditions, the treatment efficiency became
78.5% for COD, 83% for BOD, 94.7% for P and 99% for FC
with a lower energy consumption of 2.52 kWh m ™. The results
reflected clearly the predicted values agreed well with the
obtained experimental values of COD, BOD, P and FC. Thus,
the findings here showed that using scrap aluminum as low-
cost anode of EC process for real urban wastewater treatment
is more efficient than plate electrode, which can be considered
as first reported results for such kinds of real urban wastewater
treatment with BBD modeling, and suggested to be very useful
for further research works regarding either other wastewaters
or investigating other types of scrap anodes.
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