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ABSTRACT

This investigation observed the effect of electrolytic treatment time, current density, pH and
supporting electrolyte on the removal efficiency of COD of secondarily treated sewage (STS).
A glass chamber of 2 litre volume was used for the experiment with two electrode plates of
Al, each having an area of 125 cm2 and 2 cm distance apart from each other. The treatment
showed that the removal efficiency of COD increased to 82.25% with the increase in current
density (1.82–7.52mA/cm2), time (5–40min) and pH (4–8) of STS. The electrode and energy
consumption varied from 2.52 � 10�2 to 10.51 � 10�2 kg Al/m3 and from 2.76 to 45.12
kWh/m3. Under optimal operating conditions, the operating cost was 1.56 US $/m3. The
addition of 0.5 g/L NaCl as a supporting electrolyte nominally increased the removal of
COD (85.8%), and later, the observation is in contrast with previously published studies
claiming greatly enhanced removal of COD in the presence of supporting electrolytes.

Keywords: Aluminum electrode; COD; Current density; Electrochemical treatment; Supporting
electrolyte

1. Introduction

Sewage treatment consists of unwarranted impuri-
ties and toxins that deserve ample documentation due
to environmental impact caused by such wastewater if
directly discharged into receiving water bodies. In
addition, due to an increase in the scarcity of clean
water [1], there is an urgent need for proper manage-
ment of available water resources. An important goal
of the environmental protection and resource conser-
vation concepts is reuse of treated wastewater, and if
possible, of residues emanating there from, and other
treatment by-products [2,3]. Therefore, the need to

develop more efficient and cost-effective methods for
the treatment of sewage cannot be over emphasized.
It is well known that conventional treatment methods
often induce chemical reactions through the use of
coagulants, flocculants and other additives that aid in
the removal or sedimentation of inorganic and organic
contaminants present in wastewater. The role of elec-
trochemistry in water and effluent treatment is rela-
tively new and small, since conventional electrode
materials achieve only low current efficiencies due to
the water electrolysis side reactions and electrode
passivation [4,5].

The “Electrolysis” literally means to break
substances apart by using electricity. The process
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occurs in an electrolyte, an aqueous or a salt melting
solution that gives a possibility to transfer the ions
between two electrodes. The key process in electroly-
sis is the interchange of atoms and ions by the
removal or addition of electrons from an external cir-
cuit. The anode is involved in rapid adsorption of sol-
uble organic compounds and trapping of colloidal
particles that can be easily separated from an aqueous
medium by flotation [6,7]. In the electrolytic process
for the treatment of secondarily treated sewage (STS),
Al electrodes (anodes) are dissolved during electro-
lytic treatment to generate coagulating agents, and
their hydroxides and polyhydroxides formed, thereby
combine and subvert the organic and inorganic impu-
rities present in STS.

In an electrolytic reactor, the Al3+ ions generated
at anode immediately hydrolyse to produce
corresponding hydroxides and/or polyhydroxides in
adequate pH. The Al hydroxides and polyhydroxides
produced by the electrochemical dissolution have
been reported to have stronger affinity to capture the
pollutants in the wastewater, causing more and better
coagulation than those from the conventional Al coag-
ulants such as alum. Additionally, the gas bubbles
that evolve due to the water electrolysis can cause flo-
tation of the pollutants and the coagulated materials.
Therefore, electroflotation may also play an important
part in an electrolytic cell. Although the Al(OH)3 pro-
duced by the anodic Al dissolution is thought to be
more active incoagulating the pollutants in wastewa-
ter, the passivation of Al anodes and impermeable
film formed on cathodes may interfere with the per-
formance of electrocoagulation and electroflotation [8].

The addition of sodium chloride to the electrolytic
system leads to the decrease in power consumption
because of increase in conductivity [9,10]. Vlyssides
and Israilides [11] indicated that in the presence of
chloride ions, the products of anodic discharge are Cl2
and OCl�; later is a strong oxidizer capable of oxidizing
organic molecules present in wastewater. Lee and Pyun
[10] specified that this was probably because of the
NaCl which increases Cl� anions that can destroy the
passivation layer and increase the anodic dissolution
rate of metal, either by the incorporation of Cl� into the
oxide film or by the participation of Cl� in the metal
dissolution reactions. This has motivated several
groups to study the effect of sodium chloride on the
electrolytic treatment of waste and contaminated water.
For example, the effect of sodium chloride on the
removal of pollutants in swine wastewater [6], the
removal of arsenic from water [9] and decolorization/
removal of crystal violet dye [12] have been studied. In
swine wastewater [6] removal, efficiencies of NH4–N,
soluble nitrogen (NH4–N+NOx–N), soluble total

organic carbon and colour were proportional up to
0.05% NaCl levels, but PO–P removal did not exhibit
similar behaviour. However, the use of sodium chlo-
ride has been reported to greatly enhance COD
removal efficiency in laundry wastewater [13] from 42
to 71%. In the present study, treatability of STS by elec-
trolytic treatment at various operating conditions using
Al electrodes and also after the addition of NaCl as a
supporting electrolyte has been investigated for the
removal of COD. We were able to achieve a significant
reduction in COD to the extent of �82% and in contrast
to what has been reported, we did not observe any sig-
nificant increase in COD removal after addition of
NaCl. We also evaluated for the economic cost of the
process including electrode and energy consumption
during the electrolytic treatment.

2. Materials and methods

2.1. Collection of STS samples

The samples of STS were collected from the outlet
of activated sludge process of the sewage treatment
plant, Jagjeetpur, Haridwar (Uttarakhand), India and
brought to the laboratory and subjected to electrolytic
treatment using Al–Al electrode combination. The pH
of STS was adjusted before the electrochemical process
and was maintained by adding the required amount
of H2SO4 (1M) or NaOH (1M). The characteristics of
STS are shown in Table 1.

2.2. Electrolytic experimental set-up

The schematic arrangement of the experimental
set-up is shown in Fig. 1. The experiments were car-
ried out in a rectangular vessel having capacity to
hold 2 L of STS. Al–Al electrode plates each having
surface area of 125 cm2 were connected to their respec-
tive anode and cathode leading to a DC power supply
(LMC electronics, India 0–500V and 0–2 A) and were
energized for a required duration of time at different
voltage and current values as required. The inter-elec-
trode distance (2.5 cm) between two neighbouring

Table 1
Characteristics of STS

Parameters Mean± S.D

pH 7.54 ± 0.19

Conductivity (lS) 766.8 ± 18.09

TDS (mg/L) 527.5 ± 19.88

COD (mg/L) 106.69 ± 8.11
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electrode plates was fixed. All the experiments were
performed at room temperature (30 ± 2˚C) and at a
constant stirring speed (100 rpm) to maintain the uni-
form mixing of STS during the electrolytic treatment.
Before conducting an experiment, the electrodes were
cleaned by dipped in dilute hydrochloric acid (HCl)
(5% v/v) for 5min and then were thoroughly washed
with water and were finally rinsed twice with
distilled water. Different quantities of NaCl (0.1, 0.3
and 0.5 g/L) were added to the electrochemical
process as a supporting electrolyte to study the effect
of chlorides on COD removal efficiency. After electro-
lytic treatment, the STS was allowed to stand for two
hours and then sampled for COD analysis.

2.3. Analytical methods

The COD and pH of STS were determined before
and after the electrolytic treatment following the Stan-
dard Methods [14]. The calculation of COD removal
efficiency after electrolytic treatment was carried out
using the following formula.

CR% ¼ C0 � C

C0

� 100 ð1Þ

where C0 and C, respectively, are values for COD of
STS before and after electrolysis.

3. Results and discussion

The results on COD removal efficiency of STS by
electrolytic treatment at different operating conditions
like current density, operating time, pH and support-
ing electrolyte are shown in Figs. 2–4.

3.1. Effect of current density and operating time

Current density is one of the most important
parameters of electrolytic process that can affect the
COD removal efficiency from STS. The rate of bubble
generation increases and the bubble size decreases
with increase in current density and both of these
trends are beneficial in terms of high pollutant
removal efficiency by H2 flotation [15–17]. Zaroual
et al. [18] reported that the efficiency of COD removal

Fig. 2. Effect of current density and operating time on
COD removal of STS.

Fig. 3. Effect of pH on COD removal efficiency from STS
(current density 7.52mA/cm2; operating time 40min).

Fig. 4. Effect of supporting electrolyte (NaCl) g/L on COD
removal efficiency of STS (current density 7.52mA/cm2;
pH 7).

Fig. 1. Systematic design of experimental set-up.
(A—anode; C—cathode; R—reactor; M—magnetic stirrer;
PS-DC power supply; Amp—current and volt—voltage).
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of textile effluent depended on the quantity of hydrox-
ide flocs, which was bound with time and cell current
of electrocoagulation. When one of the two parameters
increased, the distribution of the coagulation agent
density was more effective. The efficiency of ion pro-
duction on the anode and cathode increased as the
current density increased. Therefore, there was an
increase in flocs production in the solution, and hence,
there was an improvement in the efficiency of COD
removal of baker yeast wastewater. It was also advis-
able to limit the current density in order to avoid
excessive oxygen evolution as well as to eliminate
other adverse effects like heat generation [19]. The
COD and TOC removal efficiencies increased with
increasing the current density while at high current
densities can be attributed; the extent of anodic disso-
lution increased positively charged polymeric metal
species resulting in increased COD and TOC removal
efficiencies of paint manufacturing wastewater [20].

This study observed that the removal of COD from
STS increased with the increase in current density and
operating time of the electrolytic treatment. From this
study, it was observed that the COD removal effi-
ciency for the Al electrode increased from 69.17 to
82.25% with an increase in current density from 1.84
to 7.52mA/cm2, respectively (Fig. 2). This can be
attributed to the fact that the current density deter-
mines the rate of metal oxidation resulting in a greater
amount of precipitate being formed during the
electrolytic treatment that increases the removal of
pollutants from STS.

Operating time also influences the treatment effi-
ciency of the electrolytic process. During the treat-
ment, the anodic electrode dissolution leads to release
the Al+3 ion into the STS and OH� from the cathode
leading to the formation of Al(OH)3 and related oxi-
dized products. The COD removal efficiency depends
directly on the coagulant generated from the elec-
trodes. It was revealed that the increase in time of
electrolysis from 5 to 40min yielded an increase in the
COD removal efficiency from 7.69 to 82.24% for Al
electrodes with different current densities (1.82 to
7.52mA/cm2) (Fig. 2). The present study indicated the
removal efficiency of COD increased rapidly in the
first 20min of the electrolytic process. The maximum
removal efficiency of COD was observed at 40min,
and highest current density was 7.52mA/cm2. This is
due to the increase in concentration of aluminium and
their hydroxides in the STS during electrolytic treat-
ment. It has been reported that the increase in the
electrolysis period resulted in a decrease in residual
COD and BOD concentrations of distillery spentwash
[21]. An increase in the operating time from 10
to 60min in the treatment of the baker’s yeast

wastewater by electrocoagulation resulted in an
increase in the removal efficiencies of COD, TOC and
turbidity [19]. A study on the effect of operating time
on STS showed that an increase in the operating time
of electrolysis resulted in a corresponding increase in
removal efficiency of TD, COD and BOD [22].

3.2. Effect of pH

The pH of electrolyte medium is an important con-
tributing parameter that can influence the electrolytic
process. The formation of Al(OH)3 is due to the pres-
ence of generated Al3+ ions at the anode and OH– at
the cathode. In the present study, the effect of pH on
COD removal efficiency with the different initial con-
centrations of pH (5–8) of STS was studied at optimum
current density (5.72mA/cm2) and operating time
(40min). The removal efficiency of COD increased
from 78.44 to 82.24% with increase in the pH from 5 to
7. However, an increase in pH above 7 decreased the
removal efficiency of COD from 81.56 to 80.15%
(Fig. 3). Gurses et al. [23] has reported an increase in
the removal efficiency of colloidal particles in the pH
range of 4–7 that leads to the formation of amorphous
hydroxide precipitates and other aluminium hydrox-
ide complexes with hydroxide ions and polymeric spe-
cies. Zaied and Bellakhal [24] established that the
increasing pH beyond 7 suppressed the COD removal
most probably due to the formation of AlðOHÞ�4 which
does not contribute to the reduction of COD.

Electrochemical-based electrolytic processes exhibit
some buffering capacity because of the balance
between the production and the consumption of OH�

and the need for charge neutralization before the final
transformation of soluble Al compounds into Al(OH)3
particles [19]. The Al3+ ions on hydrolysis may gener-
ate the aqueous complex species AlðH2OÞ3þ6 , which is
predominant at pH<4. Between pH 5 and 6, the
predominant hydrolysis products are Al(OH)2+ and

AlðOHÞþ2 ; between pH 5.2 and 8.8, the solid Al(OH)3
is more prevalent; and above pH 9, the soluble species
AlðOHÞ�4 is the predominant and is the only species
present above pH 10 [25].

3.3. Effect of supporting electrolyte

We studied the effect of supporting electrolyte
(NaCl) on the COD removal efficiency in STS water at
three concentrations of 0.1, 0.3 and 0.5 g/L. The results
are shown graphically in Fig. 4. We did not observe
any significant increase in the COD removal on addi-
tion of NaCl to the STS. We achieved a COD removal
of 82.24% in the absence of any supporting electrolyte.
There was nominal but consistent increase in COD
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removal on addition of NaCl, and highest COD
removal of 85.76% was achieved in the presence of
0.05% NaCl (w/v). This is in complete disagreement
with the observations of Wang et al. [13] who have
reported a great enhancement in COD removal from
�40 to 71% after addition of NaCl to laundry waste-
water. The addition of NaCl increases the ionic
strength and current at same voltage, and the pres-
ence of chlorides leads to anodic discharge of Cl2 and
OCl�. The OCl� itself is a strong oxidant, which is
capable of oxidizing organic molecules present in
wastewater [9–13]. The addition of NaCl into the med-
ium results in the following reactions taking place in
the wastewater [15,26]:

2Cl� ! Cl2 þ 2e� ð2Þ

Cl2 þH2O ! HOClþ Cl� þHþ ð3Þ

HOCl ! OCl� þHþ ð4Þ

Apparently, Cl2 and OCl� are better oxidizing
agent for detergent impurities present in the laundry
wastewater than for the sundry organic compounds
present in STS. Consequently, addition of NaCl is not
warranted for the removal of COD in STS. However,
we still recommend the addition of supporting elec-
trolyte for reducing the current consumption and in
turn will lower the cost of the process making it eco-
nomically more viable.

4. Operating cost

Electrical energy and electrode consumption are
important economical parameters in EC process. In
EC process, the operating cost includes material,
mainly electrodes and electrical energy costs, as well
as labour, maintenance, sludge dewatering and its dis-
posal. In this study, energy and electrode material
costs have been taken into account as major cost items
in the calculation of the operating cost (US $/m3) as
follows [12]:

Operating cost ¼ aCenergy þ bCelectrode ð5Þ

where Cenergy (KWh/m3) and Celectrode (kg Al/ m3)
are the consumption quantities for the COD removal.

a—electrical energy price 0.1 US$/ kWh; b—elec-
trode material price 3.4 US$ /kg for Al electrode. Cost
due to electrical energy (KWh/m3) is calculated as
follows:

Cenergy ¼ U � I � tEC
v

ð6Þ

Cost for electrode (kg Al/m3) was calculated as
follows using the equation:

Celectrode ¼ I � t�Mw

z� F� v
ð7Þ

where U—cell voltage (V), I—current (A), tEC�—time
of electrolysis (s) and v—volume (m3) of STS,
MW—molecular mass of aluminium (26.98 g/mol),
z—No. of electrons transferred (z= 3) and F—Fara-
day’s constant (96487C/mol).

It is evident from Figs. 5 and 6 that the COD
removal increased from 69.17 to 82.24% with a corre-
sponding increase in energy consumption from 2.76 to
45.12 kWh/m3 with respect to an increase in current
density from 1.82 to 7.52mA/cm2 that also resulted
in an increase in the electrode consumption (2.52 �
10�2 to 10.51 � 10�2 kg/m3). The operating cost of

Fig. 5. Effect of current density on electrode consumption
(kgAl/m3) and COD removal efficiency from STS.

Fig. 6. Effect of current density on energy consumption
(k-Wh/m3) and COD removal efficiency from STS.
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electrolytic treatment was increased from 0.36 to 1.56
US$/m3 due to increase in electrical energy as well as
an electrode consumption in the electrolytic treatment.

4.1. Kinetic study

The rate of removal of COD is represented by the
following first-order mechanism [27]:

ln
C0

Ct

� �
¼ kt ð8Þ

where C0—initial value of COD (mg/L), Ct—value of
COD at time t, and t—time in minutes, and k isthe
rate constant (min�1) for electrolytic treatment with
varying current density. The study indicated that the
pseudo-first-order abatement kinetic was relatively fit-
ted. Fig. 7 shows that an increase in current density
from 1.84 to 7.52mA/cm2 increased the rate constant
from 0.001159 to 0.025025min�1 for Al–Al electrode
system.

5. Conclusion

The removal efficiency of COD of STS for Al elec-
trodes was found to be dependent on current density,
operating time and initial pH throughout the electro-
lytic treatment. The optimal operating conditions of
initial pH of 7, current density of 7.52mA/cm2, NaCl
concentration of 0.5 g/L and operating time of 40min
yielded 86% removal of COD from the STS in the elec-
trolytic cell. The kinetic rate constants for COD
removal at various current densities indicated that
pseudo-first-order kinetic is in good agreement with
the experimental results.

However, the most surprising aspect of the present
work was the observation that the addition of sodium
chloride as a supporting electrolyte did not cause any
significant increase in the removal of COD from STS.
This is clearly at variance from the reported studies
that have claimed greatly enhanced removal in the
presence of sodium chloride.

The maximum electrode and electrical energy con-
sumption was 10.51 � 10�2 kg/m3 and 45.12 kWh/m3

at the optimum conditions. The operating cost was
found to be 4.87 US$/m3 Thus, the electrolytic treat-
ment can be used as an economical process for the
removal of COD from STS.

Acknowledgements

The University Grant Commission, New Delhi,
India is acknowledged for providing the financial sup-
port in the form of UGC research fellowship (F.4-1/
2006 (BSR) 7-70/2007 BSR) to Mr Arun Kumar
Sharma.

References

[1] S. Aiyuk, I. Forrez, D.L. Kempeneer, A. Haandel, W. Verstraete,
Anaerobic and complementary treatment of domestic sewage
in regions with hot climates—A review, Bioresour. Technol. 97
(2006) 2225–2241.

[2] G. Lettinga, J.B. Van Lier, J.C.L. Van Buuren, G. Zeeman, Sus-
tainable development in pollution control and the role of
anaerobic treatment, Water Sci. Technol. 44 (2001) 181–188.

[3] Q. Yi, A sustainable technology for developing country anaer-
obic digestion, in: Proceedings of the 9th World Congress on
Anaerobic Digestion–Anaerobic Conversion for Sustainability
(Part 1), September 2–6, Antwerp, Belgium, 2001, pp. 23–30.

[4] Ch. Comninellis, Electrocatalysis in the electrochemical con-
version/combustion of organic pollutants for wastewater
treatment, Electrochim. Acta. 39(11) (1994) 1857–1862.

[5] D. Simonsson, Electrochemistry for a cleaner environment,
Chem. Soc. Rev. 26 (1997) 181–189.

[6] J.H. Cho, J.E. Lee, C.S. Ra, Effects of electric voltage and
sodium chloride level on electrolysis of swine wastewater,
J. Hazard. Mater. 180 (2010) 535–541.

[7] A.K. Chopra, A.K. Sharma, V. Kumar, Overview of electro-
lytic treatment: An alternative technology for purification of
wastewater, Arch. Appl. Sci. Res. 3(5) (2011) 191–206.

[8] P.K. Holt, G.W. Barton, C.A. Mitchell, The future for electro-
coagulation as a localized water treatment technology, Che-
mosphere 59 (2005) 355–367.

[9] J.A.G. Gomes, P. Daida, M. Kesmez, M. Weir, H. Moreno, J.R.
Parga, G. Irwin, H. Mc Whinney, T. Grady, E. Peterson, D.L.
Cocke, Arsenic removal by electrocoagulation using com-
bined Al–Fe electrode system and characterization of prod-
ucts, J. Hazard. Mater. 139(2) (2007) 220–231.

[10] W.J. Lee, S.I. Pyun, Effects of hydroxide ion addition on ano-
dic dissolution of pure aluminum in chloride ion-containing
solution, Electrochim. Acta. 44 (1999) 4041–4049.

[11] A.G. Vlyssides, C.J. Israilides, Detoxification of tannery waste
liquors with an electrolysis system, Environ. Pollut. 97 (1997)
147–152.

[12] D. Ghosh, C.R. Medhi, H. Solanki , M.K. Purkait, Decoloriza-
tion of crystal violet solution by electrocoagulation, J. Envi-
ron. Prot. Sci. 2 (2008) 25–35.

Fig. 7. Effect of current density on the rate constant versus.
time.

46 A.K. Chopra and A.K. Sharma / Desalination and Water Treatment 53 (2015) 41–47



[13] C.T. Wang, W.L. Chou, Yi-M Kuo, Removal of COD from
laundry wastewater by electrocoagulation/electroflotation,
J. Hazard. Mater. 164 (2009) 81–86.

[14] APHA, AWWA, WEF, Standard Methods for the Examination
of Water and Wastewater, American Public Health Associa-
tion/American Water Works Association/Water Environment
Federation, Washington, DC, 2005.

[15] O.T. Can, M. Bayramoglu, M. Kobya, Decolorization of reac-
tive dye solutions by electrocoagulation using aluminum elec-
trodes, Ind. Eng. Chem. Res. 42 (2003) 3391–3396.

[16] M. Kobya, H. Hiz, E. Senturk, C. Aydiner, E. Demirbas,
Treatment of potato chips manufacturing wastewater by elec-
trocoagulation, Desalination 190 (2006) 201–211.

[17] S. Song, J. Yao, Z. He, J. Qiu, J. Chen, Effect of operational
parameters on the decolorization of C.I. reactive blue 19 in
aqueous solution by ozone-enhanced electro coagulation,
J. Hazard. Mater. 152 (2008) 204–210.

[18] Z. Zaroual, M. Azzi, N. Saib, Contribution to the study of
electrocoagulation mechanism in basic textile effluent, J. Haz-
ard. Mater. 131(1–3) (2006) 73–78.

[19] M. Kobya, S. Delipinar, Treatment of the baker’s yeast waste-
water by electrocoagulation, J. Hazard. Mater. 154 (2008)
1133–1140.

[20] A. Akyol, Treatment of paint manufacturing wastewater by
electrocoagulation, Desalination 285 (2012) 91–99.

[21] K. Vijayaraghavan, D. Ahmad, A. Yuzri, A. Yazid, Electrolytic
treatment of latex wastewater, Desalination 219 (2008)
214–221.

[22] A.K. Chopra, A.K. Sharma, Removal of turbidity, COD and
BOD from secondarily treated sewage water by electrolytic
treatment, Appl. Water Sci. 3 (2013) 125–132.

[23] A. Gurses, M. Yalc, C. Dogar, Electrocoagulation of some
reactive dyes: A statistical investigation of some electrochemi-
cal variables, Waste Manage. 22 (2002) 491–499.

[24] M. Zaied, N. Bellakhal, Electrocoagulation treatment of black
liquor from paper industry, J. Hazard. Mater. 163 (2009)
995–1000.

[25] G. Chen, Electrochemical technologies in wastewater treat-
ment, Sep. Purif. Technol. 38 (2004) 11–41.

[26] K. Vijayaraghavan, T.K. Ramanujam, N. Balasubramanian, In
situ hypochlorous acid generation for the treatment of distill-
ery spent wash, Ind. Eng. Chem. Res. 38 (1999) 2264–2267.

[27] E-S.Z. El-Ashtoukhy, N.K. Amin, Removal of acid green dye
50 from wastewater by anodic oxidation and electrocoagula-
tion—A comparative study, J. Hazard. Mater. 179 (2010)
113–119.

A.K. Chopra and A.K. Sharma / Desalination and Water Treatment 53 (2015) 41–47 47




