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ABSTRACT

The rapidly growing world population with increasing level of pollution and continuous need for
energy and food is forcing the exploration of the wastewater recycling and resource recovery.
Due to the fact that water is a limited and vital resource, it should not be wasted after having
been used in industrial processes. One of the main tasks among the emerging technologies is to
get high quality water in sufficient quantity at an affordable price from the unused ravage water.
In the present scenario, the biological treatments are not sufficient for the reason that they have
some disadvantages, such as they take a long time for treatment, require extensive land area for
treatment, and the problem of how to get rid of dudge produced by the treatments, whereas the
electrochemical remediation methods can be used as an alternative technology for the
purification of wastewater contaminated with toxicants. Electrolytic wastewater treatment is
rarely used in comparison to chemical treatment. However, this treatment is convenient and may
be more efficient to produce high quality water. Electrodes with Aluminum (Al), Iron (Fe), Steel
() and graphite are generally the best suited to electrochemical water treatment. In the present
review, the applications of electrochemical treatment as well as electro-coagulation (EC),
electro-flotation (EF) and electro-coagulation/flotation (ECF) to the treatment of wastewater
and their operating parameters (reactor design, current density, time and electrode type and
arrangement) affecting these processes have been discussed. Among the electrochemical
processes, EC process should be the best choice, not only because it can achieve more
satisfactory removal but also due to the fact that the process is cost-effective and simple in
technological aspect. The major research efforts in the future could be focused on physico-
chemical and/or biological treated wastewater for the optimization of electrolytic technology in
order to meet the requirement of the desirable/permissible limits of discharged wastewater for its
reuse.

Keywords: WastewaterElectrolysis, Electro-coagulation, Electro-flotatjaCurrent density and
Electrode material.
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Nomenclature

Al Aluminum FeC} Ferric chloride

Fe Iron ZPO Zinc phosphate

St Steel \% Voltage

C Carbon kWh/m  Energy consumption

Ti Titanium oC operating cost

DSA Dimensionally stable anode  US$ US Dollor

EC Electro-coagulation I Current (A)

EF Electro-flotation MW Molecular mass (g/mol)
ECF Electro-coagulation/flotation F Faraday’s cansi(96486C/mol)
EO Electro-oxidation % Volume ()

COD Chemical oxygen demand kL/h kilolitres/hour

BOD Biochemical oxygen demandA/m? Current density

TKN Total Kjaldal nitrogen HRT Hydraulic retentidime
ppm  Part per million DAF Dissolved air flotation

INTRODUCTION

Water is a very limited natural resource and in yneases there is not enough supply of water of
appropriate quality for industrial and domestic.Udany pollutants in water streams have been
identified as harmful and toxic to the environmant human health. Strategies for ecological
protection generally include the development of m@vimproved industrial processes that have
no or minor effects on nature, and of processestfertreatment of inevitable wastelThe
tendency of the cost of water to increase, andhipker cost of effluent treatment due to the
new restrictions on its discharge to the environmbave induced industries to adopt
programmes aiming at the minimization of water eongtion and favouring the development
of new methodologies for the optimization of thessources [1].

As the rivers, lakes and other water bodies anegoebntinuously polluted and the potable water
supply is insufficient in many places, there is @mgent need to develop more effective,
innovative and inexpensive techniques for the tneat of wastewater. Conventional treatments
of wastewater containing organic and inorganic conmgls by coagulation and flocculation have
been used for decades to destabilize the coll@daktances. In these processes, aluminum
sulfate, ferrous sulfate, and ferric chloride hdween used as coagulating agents and other
additives (e.g. polyelectrolyte) are dosed to poaedlarger aggregates which can be separated
physically. These are multi-stage processes thad nepetitive supply of chemicals and
extensive land area.

There is a need of more cost-effective methodwutdypa wide range of polluted water on-site,
and with minimal additives that are required fostainable water management. Electrolytic
treatment of wastewater presents an innovativentdolyy in which a sacrificial metal anode and
cathode produce electrically active coagulants @mg bubbles of hydrogen and oxygen in
water.

It is indicated that a variety of very promisinghaiques based on electrochemical technology,
including EC, EF and ECF are more in use in wasteweeatment .According to Chehal. [2]

EC has many advantages over the conventional caagul Firstly, it is more effective in
destabilizing small colloidal particles. Secondtyis able to fulfill simultaneous coagulation and
flotation with less production of sludge. Thirdtiqe EC equipment is very compact and thus also
suitable for installation where the available spiacather limited. Furthermore, the convenience
of coagulants generated in wastewater by adjustingent that makes automation quite easy.
Electrochemical treatment seems to be a promismegthent method due to its high
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effectiveness, its lower maintenance cost, lessl fie@elabor and rapid achievement of results
[3]. These remediation methods have been usednéshé€ technologies” where biological
treatments are unsatisfactory [4]. Electrolysiedfprospective advantages of relatively simple
equipment, oxidative or reductive chemistry, andrapion at ambient temperature and pressure.
Challenges include freeloading processes such atewater electrolysis that lowers current
efficiency, formation of insulating deposits on #lectrode surface and the need for inexpensive
electrode materials for the wastewater treatment.

The “Electrolysis” literally means to break substes: apart by using electricity. Michael
Faraday first formulated the principle of electgiy in 1820. The process occurs in an
electrolyte, a watery or a salt melting solutioattives a possibility to transfer the ions between
two electrodes. When an electrical current is &oplihe positive ions move to the cathode while
the negative ions move to the anode. At the eldegpthe cations are reduced and the anions
will be oxidized. Environmentally oriented eleahemistry is more and more asked for
pollution abatement of wastewater and reclaimirg rdquirement of discharge or permissible
limit of wastewater. Under these circumstances laot®chemical treatment is an emerging
technology with many applications in which a variet unwanted dissolved toxic chemicals and
microorganisms can be effectively removed from easter.

Lin et al. [5] explained that the mechanism of the electraubal process in agueous systems is
quite complex. It is generally believed that thare three possible mechanisms involved in the
process: EC, EF and electro-oxidation (EO). Elégiio effluent treatment is based on the
anodic dissolution of metals which form their hyddes and the pollutants are removed by
sorption, coagulation, and other processes ocguirinthe space between the electrofigs
Pernget al. [7] evaluated the pilot-scale study using pulséstteocoagulation technology to
treat the wastewater of an old corrugated conthowed (OCC)-based paper mill effluent. The
technology was found to be effective for maximwmoval of 47.7% of conductivity, 99.3%
of suspended solids (SS) and 75% of chemical oxggemand (COD) using current density of
only 240 A/m and hydraulic retention time (HRT)d thin.

A pilot scale EC unit (supplied, commissioned #&maled by EC Pacific Pty Limited, Sydney)
capable of treating approximately 10 kilolitres/hqkL/h) was installed at Burrangong meat
processors (BMP) in Young in May 2000. Trials we@nducted to determine the unit's
performance in treating cooled, diluted stick wafesm the facility’s Low Temperature
Rendering Plant. Initial focus during the first y@as on establishing the best type of equipment
to permit separation of the EC sludge from theté@&ffluent. Later studies (November 2001 —
May 2002) addressed the operating parameters sirpeeformance of the EC unit. There was a
typical removal rate of P70 — 90 %), Oil & Grease (90 — 95 %), TKN (50 5 %), Total
suspended solids (TSS) (90 — 95 %) and COD (80%)R0

Electro-coagulation

EC process is the electrochemical production ofadé&zation agents such as Al and Fe that
bring about neutralization of electric charge femoving pollutants. Once charged, the patrticles
bond together like small magnets to form a masss phocess has been proven to be very
effective in removing contaminants from water arsl dharacterized by reduced sludge
production, no requirement for chemical use an@ edoperation [9]. Al plates can be used as
electrodes to produce Elions by connecting the plates to low power sugpi$), producing
Al** jons which attract all the negatively charged ipks especially the bacteria, causing their
coagulation and sedimentation [10,11]. During EBg toagulant is generatdd situ by
electrolytic oxidation of an anode of appropriatatenial. Charged ionic species are removed
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from wastewater by allowing ions to react with opipely charged ions, or with flocs of metallic
hydroxides generated within the effluent [12]. baid Lin [13] investigated the EC of chemical
mechanical polishing (CMP) wastewater from semicmhar fabrication. The study explored the
feasibility of treating the CMP wastewater by ECsimultaneously lowering the wastewater
turbidity, copper (Cu) and COD concentrations.

The EC technique has been observed to be moretieéfdfor the removal of COD than the
conventional coagulation and sedimentation prosesSeluble metal electrodes like Al and Fe
were found to be very effective in comparison tsolnble electrodes such as carbon (C), and
titanium (Ti). Al and Fe ions support to the coagign of colloidal particles [14]. In this method
of treating polluted effluent, sacrificial anoded @nd Fe) corrode to release active coagulant
precursors into the wastewater. These moleculedupe insoluble metallic hydroxides of Al
and Fe which can remove pollutants by surface cexapion or electrostatic attraction [15].

Electro-flotation

EF is also a method of separating substances ichwéliectrically generated tiny bubbles of
hydrogen and oxygen gas interact with pollutantigles making them to coagulate and float on
the surface of water body [16]. Llerestal. ([17] showed that the recovery of sphalerite fines
was optimal at a pH range between 3 and 4. It wss@bserved that within this pH range, the
hydrogen bubbles were smaller of about 16 + 2 umpK 6, the mean hydrogen bubble
diameter was 27 um. and at pH 2, the mean diaroétee hydrogen bubbles was about 23 pm
when the current density was fixed at 500 A/using a 304 stainless steel wire mesh. A
comparative study of EF system and dissolved aiafiion (DAF) from soil washing water was
carried out by Parkt al. [18] to remove cadmium (Cd) ions. It was repotteat much more Cd
(100%) can be removed by EF using Al electrodemparison to DAF processes. Casquetira
al. [19] carried out a laboratory scale study of EF wging a platinum gore (5 mm) anode and St
mesh cathode. The results showed that it was pessilremove 96% zinc (Zn) by EF using
sodium dodecyl sulfate (SDS) as collector in thackiometric ratio 1:3, current density of
around 8 mA/crhand an inlet pH of about 7.0.

Mansur and Chalbi [20] examined the effect of opegaparameters such as current density, oil
concentration, flotation time and coagulant con@itn on the performance of the EF cell. The
maximum change in percentage of oil removal waeesl to be 99.5% with 40 min flotation
time; 1000 mg drfinitial oil concentration; 120 A fncurrent density and 3.5% NaCl by wt +30
mg dn? coagulants. Nahut al. [21] studied the EF cell using St cathode and edisionally
stable anode (DSA) with a composition of Ti/R Ti 966 O2. It indicated 99% removal of the
oil using a current density of 19.40 Amwith an energy consumption of 0.167kw-fim

Electro-coagulation/flotation

ECF processes can be applied to a broad rangetef auad wastewater treatment systems. These
are most effective in removing inorganic contamtsaand pathogens. Because of their broad
applicability, they have been used for groundwatet surface water remediation at their several
sites [22]. Cora and Hung [23] conducted a benddesstudy of ECF for the removal of
wastewater with Cd ions. During the process, actloublanket of finely dispersed gas bubbles
was created with the help of two metallic electo@mthode/anode). The fine bubbles raise and
attach to insoluble contaminant particles like rsetar other organic substances. The other
electrolytic products in the form of free radicalgght also react with soluble organic matter and
may cause considerable transformation. This p@doce tends to occur after several minutes of
the treatment. The floated sludge was observeddonaulate in the upper portion of the reactor
covering its entire cross-sectional area.

194
Scholarsresearch library



Arun Kumar Sharma et al Arch. Appl. Sci. Res., 2011, 3 (5):191-206

The study on ECF process to treat refinery wasemwand to remove emulsified oil from
wastewater showed that wastewater treated withialum hydroxide formed by dissolution of
Al anodes when hydrogen evolved at the cathoddsfldhe hydroxide flocs adsorbed the oil.
The prime differentiator between pollutant remobglsettling or flotation seemed to be due to
the current density employed in the reactor [2d)lesnikov et al. [25] used EF process of
electrolysis in a controlled waste stream. It workey creating a cloud or blanket of finely
dispersed gas bubbles that raised and attachedatuble contaminant particles such as hard to
treat metals or other organic substances. The obotw is typically described as the
combination of the processes of EF and electroyptation. The gas bubbles are formed by
electrolysis of water in which hydrogen originatéés cathode and oxygen at the anode.

In France, an ECF system was joined together wystie membrane process (micro filtration)
on the flux of municipal wastewater parameters. e Téxperiments were conducted in a
continuous mode with a 71 L electrolytic cell arillAl electrodes for the removal of COD, SS
and turbidity from the municipal wastewater perreaading the hybrid process. It showed that a
combination (hybrid process) of an ECF system wwithrofiltration could increase the removal
efficiency [26, 27]. A combined process of EC arfél \itzas used by Ibanex al. [28] and they
explained that the gas bubbles can carry the poitub the top of the solution where it can be
more easily concentrated, collected and removed. mktallic ions reacted with the OH ions
which were produced at the cathode. Insoluble hydes adsorbed the pollutants which were
then removed by precipitation and flotation. A l@wurrent produced a low bubble density
leading to a low upward momentum flux conditionattimay encourage sedimentation over
flotation [29]. Cora and Hung [23] built an ECF c&a to treat wastewater with heavy metals. In
this study cadmium chloride was the source of retalns. It was defined that the ECF reactor
was able to achieve metal removal efficiency of 30%9% at all the applied current levels (1, 3
and 6 amp) for 30Pmin.

ELECTROLYTIC TECHNOLOGY
Electrochemical characterization
gineti cs Electrode material
urrent
Passioation and Arrangements
O
3 &
o Electroflotation Electrocoagulation .
k=) Buhble Characterization Particle characterization =
5 Flotationrates Settling rates ) s
= Bubble size distribution Particle size distributuion o
= Bubble density Zeta potential o
Electrocoagulation
R and
| Electroflotation
Both process occure between
Bubble Coagulant
J, Density Dosage v
4§ —

Operating current density

Fig. 1. Outline of electrolysis as an amalgamatiotechnology.

The ECF technique offers an alternative methoddaroving pollutants from wastewater. This
process involves applying of an electric currentsaerificial electrodes inside a reactor tank
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where the current generates a coagulating agenigasdubbles. In addition, it involves the
electrolytic addition of coagulating metal ionsetitly from sacrificial electrodes. These ions
coagulate with pollutants in the wastewater similarthat of the addition of coagulating

chemicals such as alum and FeG@nd allow for easier removal of the pollutants by
sedimentation and flotation [30].The removal effraty of electrolytic processes with different
electrodes and current density described by diftemathors is given in Table 1.

There are three main processes of Electrolyticrtelciyy viz. i) Electro-flotation, ii) Electro-
coagulation iii) Electro-coagulation/flotation (Fity).

Mechanism of electrolysis

Electrolysis is an electrochemical wastewater tneaitt technology that is currently experiencing
both increased popularity and significant technicaprovement. It is a complex process
involving many chemical and physical phenomenorn tls& consumable electrodes to supply
ions into the wastewater. In the process, the daagus generatedn situ by electrolytic
oxidation of Fe and Al electrode as an anode nadterich produces ions continuously in the
system. The released ions neutralize the chargégegfarticles and thereby initiate coagulation.
These ions may remove the undesirable contamirfam$al hydroxide and metal phosphate
flocs generated within the effluent) either by cleahreaction and precipitation or by causing
the colloidal materials to coalesce and are themowed by EF [31]. The subsequent values
support the process of electrolysis given by déifieresearchers in Table 1.

The main processes occurring during electrolyses edectrolytic reactions at the surface of
electrodes, formation of coagulants in aqueous ghasisorption of soluble or colloidal
pollutants on coagulants, and removal by sedimiemtand floatation. The main reactions at the
electrodes are as follows [32]:

Al — AlI**+3€ (at anode) 1)
3H,0 + 3¢ — 3
2H, + 30H (at cathode) (2)

The destabilized particles then aggregate to foowsf In the meantime, tiny hydrogen bubbles
produced at the cathode induce the floatation oétnflmcs, helping to effectively separate
particles from wastewater. In addition, the cathotkey be chemically attacked by Olibns
generated together withykt high pH values [33].

2Al + 6H,0 + 20H — 2Al (OH,) ™ + 3H, 3)

Al** and OH ions generated by electrode reactions (1) andegt to form various monomeric
species which finally transform into Al (Oglaccording to complex precipitation kinetics [34].

Compared with traditional flocculation and coagiaat the EC in theory has the advantage of
removing small colloidal particles. They have ay&arprobability of being coagulated because of
the electric field that sets them in motion. Adalitiof excessive amount of coagulants can be
avoided due to their direct generation by EO oéerificial anode. EC equipment is simple and
easy to operate. There are several parameters a&sichize, shape and distance between
electrodes, current density, conductivity, pH, teactime which should be selected with care to
optimize the process efficiency. Gursasal. [34] investigated the effect of electrode nature,
mixing, cell voltage, electrolysis time and curreensity on aqueous solutions of reactive dyes.
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The principle of electrolysis is the cations geteataby dissolution of sacrificial anodes which
induce flocculation of the dispersed pollutantgy(R).

DC Voltage Source

€ » ¥ e
1||i_

Pollutant Rises to the Surface
H,0

Flotation
|

Water pH
Cathode ( Reduction)

|l

Fig. 2. Principle of electrolysis [35]

° ° . Storage tank

Anode (Oxidation)
Precipitate

1
+ 2. Mechanical stirring — — B
_ 3. Feed pump - @ Tl = . |®
4. EC flow reactor N
_ l J J_ _ 5. Power supply
- e 6. Computer
Are—.— 7. Sample point P T T
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1. EC reactor

2. Power supply
3. Electrodes

4. Thermostad

(a) (b)
Fig. 3. Experimental setup for (a) batch and (b) aatinuous EC processes [31].

Factors influencing electrolytic treatment technolgy
The control, operation and chemical interactions tbé electrolytic system affect the
performance and reliability of electrolytic treatmeéechnology. Adding to complexity and the
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suitable contaminant removal mechanisms and th&ractions with the reactor design, current
density, electrode type and operating time inflgetihe electrolysis.

Reactor design

The reactor design affects operational parametetading bubble path, flotation effectiveness,
floc-formation, fluid flow regime and mixing/setily characteristics. It is important to design the
reactor for a specific process and the reactorsefogrgy conversion and electrochemical
synthesis will have different drivers to those udadthe destruction of electrolyte-based
contaminants. The form of the reactants and pragluantd the mode of operation (batch or
continuous) are also the important design facteig. @).

Desirable factors in reactor design and their iogtions include i) reasonable expenditure of
low-cost components, a low cell voltage, and a brpedssure drop over the reactor, ii)

convenience and reliability in operation designed facile installation, maintenance, and
monitoring, iii) appropriate reaction manufacturimgth in the reactor (homogeneous and
suitable values of current density, electrode pgagmmass transport, and flow), iv) simplicity

and flexibility in an elegant design, which is attive to end users [36].

Applied current density

Applied current density plays significant role learolytic treatment as it is the only operational
parameter that can be controlled directly. In #yistem electrode spacing is fixed and current is
a continuous supplied. Naohideal. [37] treated dyestuff using Pb@node and reported that
Orange |l was decolorized completely by a 120 nhcteolysis procedure using a Pb&nhode at
current density of 0.2 Alcih After destabilization of the colloidal suspensiceffective
aggregation requires adequate contact current amd coagulant (Al) available per unit of time
The residence time is decreased in the reactanchegl the probability of collision and adhesion
between pollutant and coagulant [29,38]. Curremisig directly determines both coagulant
dosage and bubble generation rate; and stronglyemées both solution-mixing and mass-
transfer at the electrodes [15].

Kashefialaskt al. [39] evaluated the bench scale study of dye rein@dvad yellow 36). There
was a maximum dye removal of 83.5% at the 127.8*46m6 min. from the initial 50 mg/l dye
concentration. Kalyangét al. [40] ascertained the maximum color removal 92% 84%; and
COD 95% and 89% using mild St and Al electrodepeetvely at 10mAchf This was
attributed due to the fact that at high currentsitess, the extent of anodic dissolution increased
and in turn the amount of hydroxo-cationic compkexesulted in increase of the color and COD
removal (Fig.4).
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Fig. 4. Influence of applied current density (a) pecentage COD removal, (b) percentage colour with
electrolysis time, anode: Al; pH: 5; NaCl: 400 ppminfluent concentration: 3200mg T*[40].

Kobya et al. [31] investigated the bench and continuous scaldysfor phosphate and zinc
removal from ZPO (zinc phosphate) rinse water. #swound that the optimum operating
conditions for removal of POand Zn were current density of 60.04/rpH 5.0 and operating
time of 25 min with Al electrode; and current deépsif 60.0A/nf, pH 3.0 and operating time of
15 min with Fe electrode. The highestP&nd Zn removal efficiencies at optimum conditions
were 97.7% and 97.8% for Fe electrode and 99.8% %hd% for Al electrode. Removal
efficiencies of P@and Zn were found to decrease when flow rate waeased from 50 to 400
ml/min in continuous mode of operation. This wa® da the fact that the amount of anodic
dissolution of Al and Fe electrodes increased kghhsurrent densities resulting in a greater
amount of precipitate for the removal of pollutajts].

Electrode type and arrangement

The wastewater to be treated is passed througkldotrolytic reactor with electrodes and was
subjected to coagulation and flotation by genegathre ions forms the electrodes. These ions
floating on the surface of wastewater after beimgtared by hydrogen gas bubbles are generated
at cathode surfaces. The electrode connectionshielectrolytic reactor are monopolar and
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bipolar. A simple arrangement of the electrode eations in the electrolytic reactor is shown in
Fig.5. Cell voltage and current are measured asatlignd need to be controlled in all these
experiments. With monopolar connections, an elegiotential is connected between ‘n’ pairs of
anodes and cathodes [42, 35]. Parallel connectmmesch electrode cause curren) {b pass
across eacfelectrode and solution but if an electrical pot@n(iJ,) is applied between two
feeder electrodes, a series of connections to dipelectrodes cause the same current to pass
through “n” electrode pairs.

Ciardelli and Ranieri [43] performed a laboratorgale study on wastewater of different
characteristics (from finishing and dyeing procesgsant wastewaters before and after active
sludge treatment) with electrochemical treatmernhwonstant current and alternate Al and Fe
electrodes. It was found that there was maximum Cetorides (Cl) and sulphate (9O
removal of 80%, 75% and 55% respectively. Koleyal. [44] demonstrated the bench scale
study of the textile wastewater and found that Fleewas more efficient than Al electrode in
COD removal. The results indicated that in acidedam pH< 6, COD and turbidity removal
efficiencies of Al electrodes were higher than tho$ Fe, while in neutral and alkaline medium
Fe was preferable. On the other hand, for the damntédity or COD removal efficiencies, Fe
required a current density of 80-100 A/mwhile Al required 150 A/thfor a operating time of
10 min. Rahmani [45] carried out a laboratory scilely for the removal of turbidity at 20V. It
was found that in 20 min, the removal efficiency Ad, Fe and St electrodes was 93, 91 and 51
% respectively. Based on turbidity removal effi@gnAl was more efficient electrode materials
prior to Fe and St as sacrificial electrode.

Monopolar Bipolar
Cathodes - S5 &F F
Anvodis Cathode
feeder teeder
At clectrode clectrode
Cell voltage, Up= Uy Cell voltage, Uy = Uy + Upp+....+ Uy,
Cell current, Iy = Iy +lgp+....+1y,  Cell current, I;= I,
Parallel connections Series connections

Fig. 5. Monopolar and bipolar electrode conection [42]
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Fig. 6. Comparison of turbidity removal rate of different electrode [45]

Vlyssideset al. [46] conducted a number of experiments in a laiooyascale pilot plant using
Pt/TiO, anode in presence of NaCl as a supporting elgttrolt was explained that the 89%
COD removal. The treatment efficiency dependedhendatalytic activity of the anodes used,
the COD loading rates and the pH of the solution.

Manisankaret al. [47] studied the effect of halides (NaF, NaCl araBN in the electrochemical
treatment of distillery effluent using anodizedgvde plate anodes and graphite cathodes. They
observed complete decolourization in all cases. #&imum of 93.5%, biochemical oxygen
demand (BOD), 85.2% COD and 98.0% absorbance redustre obtained in the presence of
NacCl as supporting electrolyte.

According to Walsh [48] certain harms occurred teddawith electrodes and its stability viz. a)
activity and surface area changes due to catalyoskage, and potential-distribution, b)
adsorption/desorption of reactant, product, intelisdes, contaminants, c¢) film

formation/removal via e.g., passivation or polyrpation, and d) Phase transformation e.g.
solid—solid, intercalation and dehydration.

Operating time duration

Generally, the organic concentration in wastewagduces with the increase in electrolytic time.
Ni‘am et al. [49] studied the effect of time at constant cutresensity of 5.62
mAcm? and observed that the removal of COD and turbiditya function of operating time
changed from 10 to 50 minutes, there was a remmiv@lOD 15.17% to 76.57% and turbidity
9% to 98.2 %. Zayast al. [50] studied the effect of electrolysis time ore tpurification of
vinasse biological treated + coagulation/floccaat(BT +CF) at different pH values (4.1, 5.0
and 7.0) was studied at constant cell potentidV&nd analyzed (Fig. 4). Removal of COD,
colour and turbidity as a function of pH after 2hotes of electrolysis of vinasse BT +CF with
a cell potential difference of 5V, the removal mariage of COD increased linearly between 10
and 30 min, but from 40 min onwards attained a @oris/alue of 99%. By contrast, the samples
with initial pH values of 5.0 and 7.0 attained 9898moval of COD after 65 min of electrolysis,
that is, 25 min later than the pH 4.1 sample. Hawvew the electrolysis time interval of 20 min
<te <65 min, the removal percentage of COD at a givectslysis time was always higher at
pH 5.0 than at pH 7.0. These findings suggestedathpH value around 7.0, the degradation of
organic material in vinasse BT +CF via EO is lemgfed, and hence longer electrolysis times
are necessary to obtain maximum efficiency of remhov
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Fig.7. Removal of COD, color and turbidity as a fuwtion of electrolysis time during electrochemical
treatment of vinasse BT +CF with a constant cell gential difference of 5V [50].

Sengil et al. [51] studied the bench scale treatment of tannenyng drum wastewater. The
removal efficiency of the parameters depends dyremh the concentration of hydroxyl and
metal ions produced on the electrodes. After 10 afirlectrolysis, COD, sulphide and oil-
grease removal efficiency at pH 3 and 7.85 mA/aurrent density were 65.7%, 62.5% and
91.4%, respectively. Gaa al. [52] investigated the ECF technology for treatmaindlgae. The
results indicated that Al was an excellent eleatrothterial for algae removal as compared with
Fe. The optimal parameters determined were: cumensity = 1mA/ch pH= 4-7, water
temperature = 18-36C, algae density = 0.55x109-1.55x109 cells/L. Untlex optimal
conditions, 100% of algae removal was achieved Wl energy consumption as low as
0.4kWh/nd.

Operating cost of electrolytic treatment

The process of evaluating and selecting appropuatstewater treatment technology usually
begins with a technical feasibility study that dege on the nature of the application. The most
important aspect that should be considered to agtithe capital investment of a treatment of
any technique, as stated by Faraday’s law, theuropgson rate of an Al anode is linearly
proportional to the current and the electrolysmeti However, in accordance with the results
obtained by Chest al. [11], the actual electrode consumption may becedwr increased from
the theoretical value depending upon the wastevwditaracteristics and operational conditions
due to the electrochemical side reactions. AccgrdinKumaret al. [53], the EC process offers
the possibility of anodic oxidation and situ generation of adsorbents (such as hydrous ferric
oxides, hydroxides of aluminum). The electrode miat&as a significant effect on the treatment
efficiency, in terms of both cost and removal oflyging compounds and, if the treated water is
destined for human consumption, this material cah lme toxic. Although Fe, Al and St
electrodes are inexpensive and easily availabdg, #ine anodically soluble, leading to high wear
and thus generating sludge.

The operating cost (OC) involves costs of chemjcallsctrodes and energy consumptions as
well as labor, maintenance, sludge dewatering asypbdal, and fixed costs [54]. According to
Kobya et al. [31], energy and electrode material costs werertakto account as major cost
items in the calculation of the OC (US$JmThe energy consumed was estimated at a cost of
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0.12 US$/kWh (a). The Fe electrode consumption esisnated at a cost of 0.60 US$/kg (b),
whereas a cost of 2.4 US$/kg was considered foAtleéectrode material.

OC=a Cenergy+ bC electrode T C Cchemicals

Where Qnergy(kWh/m3) and Giectrode(kg Al or Fe electrode/f) are consumption quantities for
treatment of the ZPO rinse water. Cost with respeelectrical energy (kWh/fhwas calculated
as:

C energy: U I t EC /V

Where U is cell voltage (V), | is current (A), t EE€the time of EC and V is the volumejnof
the ZPO rinse water. The costs of energy are exdedependent on the currency of particular

country. Cost for electrode (Kg Alfwastewater) is calculated by the following equation
Faraday’s Law:

ItM

Lectrode =
ZFv

Where, | is current (A), tis time of electroly$s, MW is molecular mass of Al (26.98 g/mol), z

is no of electron transferred (z = 3), F is Faraslapnstant (96487C/mol) and v is volume3m
of wastewater (Table 2).
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Tablel. Summary of pollutant removal efficiency byelectrolysis

Reference Cell Current or Electrodes Treatment
Pollutants voltage Current . Removal path | Efficiency Reactor
: Connections
(V) density (%)
Alfafaraet al P, Algae from eutrophied Al/ titanium allo Electro Batch and
S A P 80-430 An? Y | flocculation 40-50 .
[55] lake water Or C anode continuous
And EF
[E’S%']‘tasa a1 Boron 0-30 0-5A Al EC 92-96. | continuod
Buzzinietal., 19, 38 and .
57] COD and Colour Z6mAchi Al EC 67-98 continuous|
Daneshvaget Brackish water: 2 Floated and :
al., [58] hardness, SO CI 22 Am Fe and st settled 40-90 Continuoug
Dimogloetal., | COD , turbidity Phenol, 5t015 mA Al/Fe; Graphite/St )
[59] Hydrocarbon and greaseg cm? steel mesh EF and EC 40-88 Batch
Etzt])yaet a, Textile wastewater COD <30 5-20 mAém Fe/Al- Monopolar Egﬁ;d and 90-99.5 Batch
Kobyaet al., cob <30 200 Am_2 Al and Fe Floated and 65-93 Batch
[60] Monopolar settled
Ni'am et al., .- 3.51t05.62
[49] COD and Turbidity mA cn? Fe EC 65-95 Batch
E%I]yanl etal., Colour, COD 10mAcnt Al and mild steel ECn 84-95 Batch
Pouet and Municipal wastewater: Settled and
: ’ 0-80 0-40 A Al/Al- Plate floated 70-80 Continuous
Grasmick [27] | COD .
with DAF
Rahmani .
AR [45] Turbidity 10-30 (Al, Fe and St) EC 51-93 Batch
. . Electro-
Ugurlu [61] Nitrite, nltrate, and 12 40-80 mA Aland Fe reduction and 65-95 Batch
ammonia electrodes EC

Table 2. Energy and operational facts between CP drEC [62]

Parameter Chemical Precipitation Electro-coagutatio
Effective flow rate 12.51/h 12.51/h
Annual capacity 110 My 110 mily
Material used Sodium liquor (NaOH) Al plates (Al)

Material cost

0.36 US$/l (NaOH-1M)

5.75 US$/kg (#ates)

Material used / th

40 | (NaOH-1M) / m3

1 kg (Al) / m3

Material cost / m

14.37 US$/m

5.75 US$/m

Annual material cost

1581.05 US$ly

632.23 US$ly

Energy demand

60 Wh (agitator, pump)

125 Wh (ECtep

Energy demand / n

4.8 US$/kWh/m

10 US$/kWh/m

Annual energy cost

152.32US$/y(0.28 US$/K

h)

3169%y(0.28 US$/kWh)

Annual treatment cos|

t

1,732.37 US$ly

948.21 US$ly

Treatment cost / in

15.21 US$/m

8.62 US$/m

n

Thus, it is easy to classify a general mechanisr&lettrolytic technology and their affecting

parameters (reactor geometry, current density, entkelectrode type and arrangement) so as to
understand the wastewater treatment processes. Willishelp in focusing attention on

electrolytic treatment as a feasible wastewateatinent technology in the near future.

Electrolytic technology is an essential and sigaifit discipline in many sectors of wastewater
treatment including clean synthesis, monitoringrerhoval efficiency of contaminants, water

CONCLUSION

sterilization, clean energy conversion and alsodffieient storage and utilization of electrical

energy. Electrolysis has significant advantageshsas its simple equipment, convenient
operation and non-requirement of chemical substafarehe sedimentation and floc generation.

It allows the wastewater treatment to electrochathicoxidize or reduce the organic

contaminants to non-hazardous inorganic substaregeeng various electrolytic processes, the
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EC seems to be the best compromise as the praecésshnically simpler, with no chemicals,
which are of high cost in comparison to the ela#g The technologyas potential for
wastewater treatment where surface water or groatetws normally contaminated@he research
work should be focused on quantifying the inteatti between electrolytic processes and their
feasibility in terms of thedevelopment of advanced electrode materials, agifit of different
electrodes types, developing the more refined gianal design for electrolytic reacterenergy
consumption and the economy so that the technotagybe an effective, low cost and eco-
friendly alternative process for the removal of ieas recalcitrant contaminants from
wastewater. Such technology can be helpful in dewyc/treatment of the wastewater for
producing high quality water at an affordable price
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