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Abstract

The purpose of this paper is to review the releligeriature that published from 2010 to 2013 onidspelated
to electrocoagulation technology within the wastenarhe review describes and discussing issuesisutting
electrocoagulation treatment within wastewater|uiding its concept, the background and various evaster
treatment techniques applications in the industrghsas, optimization, modelling, combination conipos
and ,comparison with other treatment methods.
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1. Introduction

Electrocoagulation (EC) is an electrochemical témpim for treating polluted water using electriditgtead of
expensive chemical reagents. It has been succlysafpglied for treatment of soluble or colloidalliptants in
various industrial effluents including, effluent issufrom food industries, tanneries, mechanical glok
(soluble oil) polymerization manufacture, and wasteer textile industries that containing heavy nmta
suspensions solids, emulsified organics and mamgr aontaminants (Erick Butler et al. 2011).

Electrocoagulation has the advantage of removimgstimallest colloidal particles compared with triadil
flocculation—coagulation,such charged particles rageeater probability of being coagulated and atskred
because of the electric field that sets them inanotin addition, electrocoagulation-flotation ¢apable of
reducing waste production from wastewater treatrand also reduces the time necessary for treatme
( Nazih et al., 2010).

Electrocoagulation has a long history as a watsattent technology having been employed to remov&ea
range of pollutants. EC was first proposed in LondgVik et al., in 1889 where a sewage treatmeantpbuilt
and electrochemical treatment has been used wagnthe domestic wastewater with saline (sea)wate
(I.Kabdasl et al. 2012).The principle of electrogalation was first patented in 1906 by A. E. Digltraand were
used to treat bilge water from ships. In the UniBtdtes J.T. Harries awarded a patent In 1909%vé&stewater
treatment by electrolysis using sacrificial alummiand iron anodes. Thereafter, a wide range of maate
wastewater applications followed under a varietycohditions. Coincide with the recent concerns #&bou
pollution, industries become under great pressaordirtd innovative ways to comply with environmental
regulations, electrocoagulation has been re-emeaged viable technology. In this paper, electroatzmn
industrial wastewater process applications wererdesd. A review of the literature published fr&2010 to
2013 related to electrocoagulation treatment withéstewater has been presented with special engpplasied

in the several sections. Such as, optimization, efieg, various wastewater treatment techniqueslytacal ,
instrumentation, and comparison with other treatmeathods as well as sacrificial electrode materdald
electrical energy requirements.

2. Electrocoagulation Process

The (EC) technology includes coagulation and pittipn of contaminants by a direct current eldgtio
process followed by the separation of flocculentttileg or flotation) with or without the addition of
coagulation-inducing chemicals. The water is pumpifgdugh a unit which consists of pairs of metateth
called electrodes, that are arranged in pairs ofamodes and cathode electrodes made of iron priralm are
installed. A direct current electric field is applito the electrodes to induce the electrochemezdtions needed
to achieve the coagulation. Treated water is diggthfrom the system for reuse or disposal. Comatsd
contaminants in the form of biosolids are collecfed disposal or reclamation. When the cathodetelde
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makes contact with the wastewater, the metal igtedhinto the apparatus. Coagulation technologyiéed
coagulation and precipitation of contaminants

In an EC process the coagulated ions a produc®d gitu” and it involves three successive stages

1. Information of coagulants by electrolytic oxidatiof the sacrificial electrodes.

2. Destabilization of the contaminants, particulatespgnsion and breaking of emulsions.

3. Aggregation of the destabilized phase to form flocs
Electrodes which produce coagulants into waternaaee from either iron or aluminium. Iron and aluimm
cations dissolve from the anodes according to Egsd 2.

Fe(s) »F& (aq) + ne (1)
Al(s) —»Af*(aqg) + 36 2)
And at cathode according to Eq. 3

2H,0+2e » H+20H 3)

In solution the positively charged ions are atedctwith the negatively charged hydroxides to predianic
hydroxides that have a strong attraction towardpetised particles as well as counter ions to censgulation
(Yadav, 2010).

3. Wastewater Treatment
3.1. Domestic Wastewater Treatment

Several researchers have studied a domestic wastew8arala (2012), reported that wastewater lsual
consists of a nhumber of contaminants, such as TERJOD, and colors. a wastewater sample is tasted
experimental work, with EC after passing each au(Bel12, 0.25 and 0.36) amp for each time period{((5 15
and 20) minutes .The result of the study was shotlvat the maximum reduction of COD and TDS at 20
minutes for 0.25 amp. While Saleezhal (2011), found that the application of 24.7 f&TA2 current density
with an inter electrode spacing of 5 cm may prov8de8%, 77.2% and 68.5% removal in turbidity, CGibd
TSS within 30 min of EC treatment.

Rodrigo et al(2010), indicated that is a capability of remayiionic phosphorus and COD, when using
conductive-diamond electrochemical oxidation andctbcoagulation for persistent organic consumption
specifically regeneration of urban wastewater. $tuely stated that energy consumption is capabferabving

at values lower than 4.5 kWh/m3.

3.2. Industrial Wastewater Treatment

Several literature has been published on wastevisgatment . El-Ashtoukhet al. (2013) and others have
examined the removal of phenolic compounds fromefinery waste effluent using an electrochemrealctor
with a fixed bed anode that has been made of ralydoriented Al. raschig rings packed in a perfodapdastic
basket located above the horizontal cathode. Thangllt compounds removal,was investigated in teofns
various parameters in a batch mode namely: pH abpgrtime, current density, initial phenol coneatibn, the
addition of NaCl, temperature and the effect of gestructure (effect of functional groups). Theentical
oxygen demand (COD) was measured as well . They sewkaled that the optimum conditions for the reaho
of phenolic compounds were achieved at currentitiens8.59 mA/cm2, pH = 7, NaCl concentration =/L g
and temperature of 25°C. Remarkable removal of 180%e phenol compound after 2 hrs can be achiéwed
3 mg/L phenol concentration of real refinery wasiean. The new anode design of electrocoagulatidh ce
permits high efficiencies with lower energy constimp in comparison with the other cell design used
previous studies.

Gaoet al (2013) argued that an effective electrochemipgraach for simultaneous silver recovery and cyanid
removal from electroplating wastewater was presknteccordingly, pulse current (PC) electrolysis twit
parameters including voltage (4.0 V), frequency(88z), and duty cycle (50%) were settled usingicstat
cylinder electrodes. Then the influences of techgichl conditions on the electroplating wastewateatment
process has been widely investigated, which maeifethat the concentration of silver ions in elegtating
wastewater could be reduced from 221 to 0.4 mg &nd cyanide could be simultaneously removed frofh 15
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to4.9 mg L-1 after 3.0 h of PC electrolysis at pH £ 0.5, aeration rate of 100 L h—-1, and stirspged of 1000
rpm with NaCl addition of 0.05 mol L-1 at room teenature. The results of XRD and EDX analysis showed
that the silver deposits on the cathode were diiystan face centered cubic structure and hadga purity.

To determine the effects of the treatment experirhgrEC Zongeet al (2012) traces that the effluents allowed
to eliminate chromium and to lower COD up to 86%taement. The process designed for the treatmdigfuid
waste from tannery works at 10.5 m3 hr-1 for currdensity of 67.5 A.m-2, 62.5 V, 1.2 kWh m-3 energy
consumption, and produces 86,000 m3 of clear weittr200 mg L-1COD, 0 turbidity, 91% color abateréh
ppm chromium. The treatment produces nearly 480yrB of sludge after compression using filter-prass
216 T of dry matter contain chromium and iron hyides, organic and inorganic pollutants. Mansairal
(2012) highlighted the Electrocoagulation usingngilum electrodes achieved a high removal efficienty
chemical oxygen demand§0%) from aqueous solutions containing 0.51 g-Lafinic acid. The primary
mechanism implicated in eliminating tannic acidnfravater by electrocoagulation using Al. electroie®Ives
the adsorption of tannic acid molecules on the aliumm hydroxide surface. The results of the treathod real
wastewater obtained from the pulp and paper ingusiith an initial chemical oxygen demand (COD)
concentration of 1450 mg-L-1 have shown that moaa 60% of COD can be removed by electrocoagulation
using Al electrodes under optimized experimentahditions. The specific energy required for the
electrochemical process with Al electrodes wasrestd to range from 1 to 2 kWh-m-3.Ali and Yaakad1Q)
preliminary work on on POME samples were colledtedn Sri Ulu Langat Palm Oil Mill with COD, turbitli
and pH around 50,000 mg/L, 2800 NTU and 4 respelgtiwWater samples were collected from usual tafewa
in the laboratory, the pH of tap water was 6 ta 8% pH of the water was adjusted to pH 4 by udiNgHCI.
The production of hydrogen gas from POME duringeteeoagulation was also compared with hydrogen gas
production from tap water at pH 4 and tap wateheut pH adjustment under the same conditions tblikyigt
the advantageous aspects hydrogen production asigwater treatment simultaneously. Produce hydrogsn
while treating POME with EC to reduce COD and tditlyi effectiveness is the main advantage of thislys
Electrocoagulation was performed at different \gdt#é2, 3 and 4 volts). A reactor containing volu2@diters of
POME or water was used to conduct EC experimertis. iaximum hydrogen gas produced was about 22.68
liters/hour and an efficient reduction of COD andbidity of POME by as much as 57% and 62% waseaeu
respectively.

The way in which the chromate removing strain tisalated from spent chrome effluent and identifaesi
Bacillus circulans strain MN1 was studied extenlyil®y Chaturvedi (2011). The isolated strain wasied out
for resistance to Cr (VI) and its ability to remo®@e (VI). The strain was found to tolerate Cr (bncentration
as high as 4500 mg/L, but the cell growth was Hgawifluenced when initial Cr (VI) con-centrationas
increased between 1110 mg/L and 4500 mg/L whilé\Drat 500 mg/L to 1110 mg/L did not suppress ted
growth. Series experiments in this study demotesiréhat the cells removed toxic Cr (VI) more affigly at
30°C compared with that at 25°C and 35°C. The amtininitial pH for Cr (VI) removal was 5.6 and finpH
values of 5.1-5.6 were observed for initial pH 5.2- A comparative study done by Dermentetsa.l (2011)
found that the removal of hexavalent chromium fr@ynthetic aqueous solutions and actual industrial
electroplating wastewater by using iron electrodé® parameters affecting the electrocoagulatiocgss, such
as initial pH, applied current density, initial rakton concentration, COD and time of electropreso®s were
investigated. The optimum pH was found to be inrdmgge 4-8. Initial chromium concentrations of 20800
mg L-1 did not influence its removal rate. High@ncentrations were reduced significantly in relkaljvless
time than lower concentrations. Increased curremtsily accelerated the electrocoagulation prodessever,
on the cost of higher energy consumption. Resekisaled that best removal was achieved at a cullesgity
40 mA cm-2. The electrocoagulation process wasessfally applied to the treatment of an electroptat
wastewater sample. Its Cr (VI) ion concentratiod &DD were effectively reduced below the admisdliinhéits

in 50 minutes of electroprocessing .

According toMerzouket al(2011) the efficiency of electrocoagulation (EC) fthe abatement of COD, TOC,
absorbance (l.e.color) and turbidity from a reattite wastewater, a pure red dye solution (dispehges 2-
naphthoic acid and 2-naphthol) and a solution coimgithe two above fluids. The treatment of the sty
solution is satisfactory with high levels of cokumd organic pollution abatement. The treatmenhefindustrial
waste is less efficient. Treatment of the soluttombining the two above fluids allows to investeyathether
the removal of several polluting matters by elemagulation could be considered as the superiniposif the
various treatments of single-species effluents gort of additivity principle, as presented inaiginal model
for the treatment of two-pollutant waste. Turbidityd TOC were shown to be additive variables irttbatment

of the dye solution and the industrial textile veastlectrocoagulation seems to proceed with nadnt®n
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between the two types of matter to be removed, hathe dyestuff, and the lot of pollutants contairia the
industrial waste.

Focus of the study by Maet al. (2010) in which the authors argued that by usinglectrocoagulator with
sacrificial electrodes, where COD (95%), color (99%nd turbidity (99%) can be reduced when testing
fluorescent penetrated liquid for non-destructiesting of parts, where the water was reused 4 titesd] et
al.(2010) draw attention that decolorization can be achiea®e8@8% under the optimum condition of a pH of 6,
1.875 A/cm2 current density, inter-electrode distaaof 1.5 cm, and NaCl electrolyte when removingeEli Red

8 from synthetic wastewater treatment.Merzetikal (2010) mentioned that 85.5% SS, 76.2% turbidity, 88.9%
BOD, 79.7% COD, and 93% color can removed by thakipnation of electrocoagulation-electroflotationeaf
ensuring optimum conditions for 300 mg/L silicarremt density of 11.55 mA/cm2, pH of 7.6, conduityiof

2.1 mS/cm, treatment time of 10 minutes, and edeetigap of 1 cm. The treatment of textile wastexmadeing
studied the above optimum parameters.

3.3. Heavy Metals

The central focus of a study A Aji et al. (2012) in which the authors found that the remafatopper (Cu),
nickel (Ni), zinc (Zn) and manganese (Mn) from admlowastewater. The influences of current denditng 2

to 25 mA/cmz2), initial metal concentration (from 5@ 250 mg/L) and initial pH (3, 5.68, 8.95) on @ral
efficiency were explored in a batch stirred cell determine the best experimental conditions.Theiltes
indicated that EC was efficient to remove heavy aisetirom the model wastewater having an initial
concentration of 250 mg/L for each metal undertbst experimental conditions. According to inip#l results,
high pH values are more suitable for metal remavithh EC treatment. At the current density of 25 A2
with a total energy consumption of 49 kWh/m3, mtran 96% removal value was achieved for all studied
metals except Mn which was 72.6%. Martetsal. (2012) statedthat the removal of metal ions from synthetic
aqueous effluents using a spouted bed electrochémgactor whose cathode was composed of 1.0mmecopp
particles. Using a Box—Behnken factorial desigre #ffects of current (1), electrode thickness (daught
distance (d) and support electrolyte concentra(ids on current efficiency (CE), space-time yield (Y)dan
energy consumption (EC) were analyzed. The reswdte statistically analysed and the effect of ezantiable
was evaluated using the surface response methodoldwe results showed that Cs is the most important
variable to consider in the optimization processuivent of 8.0A can be applied in order to obtaigh Y and

CE with an acceptable EC. Electrode thicknessest@réhan 1.3 cm are not recommended becauseadigellar
potential distribution leads to a Y drop owing ke tlow CE observed for this condition. The draudjstance
does not have statistical significance; therefohe, particle circulation rate is not important hist kind of
electrochemical reactor.

Zhaoet al. (2010) reported a new and convenient syntheticaatore to obtain the effects of CandMd*. The
mechanisms and behavior of ECdefluoridation in**@antaining systems were different from those in
Mg?*containing systems. An increase in“@ancentration improved the defluoridation efficignes), but it
could not change the optimal molar ratio of OH- &td AlI** (rou.f). The highest: can usually be obtained at
(rousp) = 3 for defluoridation. Only a small portion o8 entered into the flocs, and £aould not influence
the mechanism of EC defluoridation. For the Mgontaining system, the optimato(.) increased with
increasing M§'concentration. The optimalrdy.r ) was maintained at 3 after thefigpncentration was
corrected using the obtained correction coefficiein®.3435. About 50% to 70% of the total Mentered into
the flocs. From the XRD analysis, it was found teatme Mg-Al-F layered double hydroxides (LDHs) were
formed by Mg*, F, and AF* during electrolysis. It is proposed for the fitishe that the formation of Mg-Al-F
LDH is one of the mechanisms for EC defluoridatiorsystems containing bothi Bnd Md*. A small-scale
study by Petsriprasiét al. (2010) reaches different conclusions, finding tGat, Cr, Pb, and Zn from billet
industry wastewater was capable of being remove8@®%, where it was found that density current isA982,

pH of 5, and 30 minutes electrolysis time. It wasiced that within 120 minutes, pH of 3, and floate of 55
mL/min could obtain similar values.

In another major studBhafaeiet al(2010) found that electrocoagulation was capablesofoving M+ ions
with aluminum electrodes under an optimum pH of. Flctors. The authors concluded that the density a
electrolysis time, along with initial concentratiosere capable of determining successful removakrat
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3.4. Organic and I norganic Pollutants

A recent study by Kitazonet al. (2012) have attempted to dispose of a large volume of evastk with
antibiotic residues, which is a great cause of nmaaricern in soil and water environments in theydaidustry.
In this study, the electrochemical oxidation ofdeycline antibiotics (TCs) in cow's milk was intigated. Milk
contains a high concentration of organic matted, #ne concentrations of TCs residues are extretogly The
effects of electrolytes and anode materials ondibgradation of oxytetracycline (OTC) were investga A
higher degradation rate for the OTC was attainédguthe inactive anode or a NaCl electrolyte. Isviaund
that a physically adsorbed oxidant on the surfacth® anode and indirect oxidation using electregated
hypochlorite could enhance the degradation of OmCaw milk. The organic components in milk samples
affected the removal rate of the OTC. The remoste constants for the OTC in raw milk were 2.8{fmTes
higher than the chemical oxygen demand valuesa# found that electrochemical oxidation could deoose
low concentrations of TCs in high concentrationem@fanic matter solutions selectively. The resinitiicate that
electrochemical oxidation is an effective methodtfe treatment of TCs in waste milk.

Studies of the animal husbandry, antibiotics haeen done to treat and prevent diseases or to peognowth
(Miyata et al. 2011). The use of antibiotics for domestic aningalables to promote safety of livestock products
and enhance productivity. Tetracycline antibio(i€Es) are one of the primarily used groups of aatits for
cattle and swine. However, the unintentional sprepdf antibiotics from animal waste to the enviment may
leave out drug residues, promoting resistant strainbacteria, and will adversely affect the ectmysand
human health. This study, investigated the elebeodcal oxidation of TCs to treat livestock wastewaThe
concentrations of TCs in aqueous solutions wereiged from 100 mg/L to less than 0.6 mg/L by 6 h of
electrochemical treatment using a Ti/lrO2 anodéd\Wia2S0O4 electrolyte. The concentration of Oxytstctine
(OTC) in livestock wastewater was also reduced fd@ mg/L to less than 0.7 mg/L by the same treatme
Thus, the electrochemical oxidation using a Ti/l@®de with Na2S0O4 electrolyte was found to becéffe for
degradation of TCs. The results suggest that taetreichemical oxidation method is a promising tresit for
TCs in livestock wastewater.

Bear et al. (2011) has studied the effect of current denaitg stirring speed in the treatment of poultry
slaughterhouse wastewater (PSW) using electrocatgul with aluminium electrodes. In the experiments
initial pH and current density were chosen betweand 7, and 0.5 and 2.0 mA/cm2 respectively. Tés b
removal efficiency has been obtained, when infildland current density were adjusted to 3.0 andhAtm2,
respectively. Increasing current density valuesrelsed COD removal efficiency. The highest removal
efficiencies of 85, 85, 81 and 71% were obtainethwhe current density of 0.5, 1.0, 1.5 and 2.0 on#g,
respectively. Initial pH values of these removdicéfncies were 4.0, 3.0, 3.0 and 5.0. When expenis were
performed to investigate the turbidity removal @#icy, it was found that current density of 1.0 /amA2
provided 98% removal efficiency. Results obtainexhf the experiments where a stirring speed of 160,and
250 RPM were used, showed the removal efficienc§f90 and 75% respectively with the current dgrsi

1.0 mA/cm2. Results showed that electrocoagulatioa suitable method for treatment of PSW. Eleatric
conductivity of investigating wastewater was nea2B60 uS/cm, which caused energy consumption to be
relatively lower.

Yuan et al. (2010) argued that photocatalytic oxidation mestlaby TiO2 is a promisingoxidation process for
degradation of organic pollutants, but suffers frtmee decreased photocatalytic efficiency attributecthe
recombination of photogenerated electrons and hdless, a cost-effective supply of external elat$rés an
effective way to elevate the photocatalytic efficg. The study reported a novel bioelectrochensgatem to
effectively reducep-nitrophenol as a model organism pollutant witHization of the energy derived from a
microbial fuel cell. Kinetic analysis shows tha¢ thlystem exhibits a more ragiehitrophenol degraded at a rate
two times the sum of the rates by the individuabtphatalytic and electrochemical methods. The syste
performance is influenced by both external ressstand electrolyte concentration. Either a loweregxl
resistor or a lower electrolyte concentration resul highem-nitrophenol degradation rate. This system has a
potential for the effective degradation of refragtorganic pollutants and provides a new way fdizattion of
the energy generated from conversion of organidesasy microbial fuel cells.

33



Civil and Environmental Research www.iiste.org
ISSN 2224-5790 (Paper) ISSN 2225-0514 (Online) by
Vol.3, No.11, 2013 IISE

3.5 Dye Removal

Un and Aytac (2013) focused on removal of coloronf real textile wastewater using a packed bed
electrochemical reactor in a unique design. Théndyical iron reactor has been used as a cathodie Wie
packed bed formed from wrapping iron wire nettirgsvused as an anode. Various operating parametersas
current density, initial pH, wastewater recircudatiflow rate and continuous flow regime, were exaadi for
intensifying the performance of the process. Th&alnCOD concentration of 1953 mg/L was reducedsfo
mg/L with a removal efficiency of 96.88%, while thelor of the wastewater was almost completely nezdo
The results of the experimental work , throughdw& present study, have indicated that electrocatigal of
textile wastewater using a uniquely designed reasi@s very effective and direct discharge ableuefit,
complying with legal requirements, was obtainedjo®an et al. (2012) published a paper in whidhey
described that the binary system dye removal bgtreleoagulation (EC) process using aluminium etelb#rin a
batch electrochemical reactor. Acid Black 52 anddA¢ellow 220 were used as model dyes. However, th
wool dyeing process has been performed and the rdg®val from real colored wastewater from the
electrocoagulation process has been studied. Itfawasd that the increasing of the current densjyta 40
A/m2 had increased the dye removal efficiency dmddptimum pH for EC process was 5. The increasing
electrolyte concentration from 0 to 8 g/L had aligéigle effect on the color removal but it has de=ased the
electrical energy consumption. Zhemrg al. (2012) examined the treatment of dye syntheticteveaster
containing Rhodamine 6G by electrochemical techmplausing RuO2-coated the mesh as anode was
investigated. It has been demonstrated that thextsfiof solution pH, temperature, and dye auxdmon the
performance were investigated. Carbon and nitrogess balance analyses, UV- vis spectroscopy, Fourie
transform infrared spectroscopy (FTIR), X-ray plaatron spectroscopy (XPS), and cyclic Voltammégy)
were used to elucidate the working mechanism. K ¥eaund that lower solution pH and lower tempemtur
facilitated the declaration of the wastewater. Hulition of dye auxiliaries did not significantlffect the
decoloration. Under optimal conditions, completeldeation of the synthetic wastewater was obtainihin 5
min, and 42.3% of the dye was mineralized. Theluide substances were floated by the hydrogen leghiblat
were generated from the cathode to produce foanfugts.

The study done by Valeret al. (2010) conclusively shown that the feasibility aodlity of using an
electrooxidation system directly powered by a pholimic array for the treatment of a wastewatere Th
experimental system used was an industrial eldotnocal filter press reactor and a 40-module P\yarThe
influence on the degradation of a dye-containingutgmn (Remazol RB 133) of different experimental
parameters such as the PVarrayandelectrochemie&tore configurations has been studied. It has been
demonstrated that the electrical configurationhaf PV array has a strong influence on the optirsel af the
electric energy generated. The optimum PV arrayfigoration changes with the intensity of the solar
irradiation, the conductivity of the solution, attte concentration of pollutant in the wastewatfBne results
obtained from the preliminary analysis by Phalakéeglet al. (2010) for treating Reactive Blue 140 reactive dye
and disperse dye Il. Results indicated that colas veduced by 95% with an energy consumption aiVh/kn3
and a dye concentration of 100 mg/L during synthegatment. Mollalet al. 010) removed 94.5% of orange
Il dye from 10 ppm at density of 160 A/m2, pH ob6conductance of 7.1 mS/cm, flow rate of 350 mhk/naind
NaCl concentration of 4.0 g/L. Hanadit al. (2010)compiled a study on olive mill wastewateratneent
considering modifying COD, polyphenols, dark colemoval, and pH. Through an optimum time of 15
minutes, 2 mg/L of CI2 concentration, pH of 4.2d andensity of 250 A/m2 , polyphenols were reduzgd0%,
electrode composition is 0.085kg Al/kg CODremovat] energy consumption 2.63 kWh/kg COD removed.

4. Optimization

Several studies have investigated the optimizatibnhe electrochemical wastewater Velazquez-Pemnal.
(2012) examined the optimization of the electrocitaimreduction of hexavalent chromium in electraipig
wastewater. pH, electrolyte composition and conma¢ion, and cathode metal were varied and the tefiac
reduction rate measured. Because the reaction & pids faster than that at pH 4, acidity is favordjher
electrolyte concentrations produced faster ra€spper cathodes were faster than iron ones. Udieg t
optimized conditions of pH 2 and a copper cathamleng with the high electrolyte concentration adtea
present, actual electroplating wastewater wasededthe rate of Cr (VI) reduction was measured asetion

of treatment time and was found to be even highen that of the synthetic solutions. The 180 md/Co(VI)

in the wastewater was completely reduced in abbuhih under optimal conditions.
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Parseet al. (2011 ) investigated the differential impact afmoval of Acid Brown 14 (AB14) by a bench scale
(BS) and pilot scale (PS). In order to find thethmmdition of the process, the influence of vasigarameters
such as anode materials, pH, supporting electrotyterent density and stirring speed were investigiaEnergy
consumption and optimum conditions were found. &fiect of anode surface covering and its positisinthe
optimum conditions of the BS reactor after 18 it and 87% of the dye and the COD content of ¢hetien
have been removed, respectively. Ultimately thepEatess using a pilot scale (PS) reactor was pagdr By
this apparatus after about 200 min, 80% and 64#eflye and COD content were removed, respectively.
Tchamango edl. (2010) studied the effects of use electrocoaguidtio artificial wastewater with milk powder
to simulate dairy effluents, COD was reduced by gp#@sphours by 89%, nitrogen 81%, and 100% tusbidi
In addition with low conductivity and neutral pHeated water would be possible reused, as reagguotred
was lowered for the aluminum anode for treatmemti £t al. (2010) derived a statistic analysis using a Box-
Behkey design for surface response analysis udegrechemical sedimentation. Having considerederir
density, pH, and electrolysis design, the authoesewcapable of studying the effects of COD, tutlidi'S
removal, and sludge settling with aluminum elect®d

5. Modelling

Li et al. (2012) proposed a new model that provides insigtitswhy higher pH and lower charge dosage rate
(Coulombs/L/min) facilitate As(lll) removal by ECnd sheds light on the debate in the recent puldishe
literature regarding the mechanism of As(lll) oxida during EC. This model also provides practicaiseful
estimates of the minimum amount of iron requiredrémnove 500ug/L As(lll) to <50 pg/L. Parameters
measured in this work include the ratio of ratestants for Fe(ll) and As(lll) reactions with Fe(IW) synthetic
groundwater (k1/k2 = 1.07) and the apparent ratestemt of Fe(ll) oxidation with dissolved oxygenpad 7
(kapp = 100.22 Ms™). Pharmaceutical wastewater has bestdied by Abhijitet al. (2012) the adsorption
capacity of electroflocs using the freundlich isath (R= 0.8) and the kinetics of adsorption by (Lagergren
model) first order(R= 0.88) and second-order ¥R0.83) kinetic models. For the EO process, thecefbf
current density (CD) in a range from 40 to 12fhAand initial pH from 3 to 11 on the treatment @éficy was
studied. Under identical operating conditions (CD8& AMn?; pH= 7.2), EC resulted in 24% after 25 min,
whereas the EO yielded 35.6% chemical oxygen denj@@D) removal after 90 min of treatment. Response
surface methodology (RSM) was found to be an affecoptimization tool, which shows the optimum
pH/CD/electrolysis time to be 6.586.06 Am % 86.89 min for achieving 30.89% COD removal by #®
process. Antony and Natesan(2012) proposed the llimpdenethodology for integrating processes involyi
electrochemical and biological methods . Optimambmations of operating variables giving a definite
completion of pollutant removal are derived frone tmpirical models of each process. However, blo¢h t
electrochemical steps as electrocoagulation anttretexidation were observed to perform technicéltter,
and the former was noticeably more attractive basethe overall operating cost. electrocoagulatimotogical
(EC-Bio) treatment giving 80% COD removal. A 41%luetion in the treatment cost was achieved when the
conventional chemical coagulationbiological (CC-Bieethodology replaced by an EC-Bio system.

Gaddet al. 010) concluded that treatment efficiency was eelab the electrode area, along with coagulant
and bubbles, functions of electrode area, currensity, and efficiency. This operation was commlatsing a
vertical plate electrocoagulation treating molagsegess wastewater. Rodrigbal. (2010) developed a model
for wastewater pollution considering hydrodynamunditions using a chemical reaction of reagents and
pollutants, where a multivariable modeling of amodevas described. The model combined a
macroscopic/maximum gradient approach for all psees with pseudo equilibrium. Zaret al. 010)
considered the treatment of the four dyes withim@neous solution.l. Basic Blue 3, Malachite gré&ah, Basic

red 46, and C.l. Basic Yellow 2 at pH 3 using aoarnanotube polytetrafluoroethleyene (CNT-PTFE)has
cathode. From the experiment, 90% decolorizatioa determined within 10 minutes through modelinqgsi
the artificial neural network model. From the mqded r2 value of 0.989 was produced for decoladpatAlso,
TOC for C.I. Basic Yellow was removed at 92% andedidyes at 93% within 6 hours. Compared with da r
wastewater, 95% removal of Basic Yellow 2 and miggds had a 90% removed within 40 minutes.

6. Combined with Other Treatment

Petrellaet al. (2013) carried out a number of investigations gslaboratory scale unit to perform UV
photoinduced catalytic degradation of methyl rambe. unit was first characterized from both the
hydrodynamics and the hydraulic points of view. Bdegradation kinetics were followed by UV-vis afpgimn
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measurements of the residual methyl orange solwimtentration along time, and the synergic eftécthe
catalyst and the intensity of the UV radiation momoting degradation of the substrate was demdesitrd he
abatement efficiency of the UV/Tsystem toward methyl orange was evaluated in tmeentration range
0.3-8.5 mg/L. Kinetic patterns were described bgtf(or pseudofirst) order theoretical models upthe
concentration of 0.7 mg/L, whereas at higher cotraéions kinetic trends were better described bp-peder
models independently of the substrate concentratiothe liquid-phase. The performance of Ti/Pt-RH(
Ti/SnO(2)-Sb and Si/BDD anodes were evaluatedtferalectrochemical oxidation of ROC in the presesice
chloride, nitrate or sulfate ions (0.05 M sodiuntgawas conducted in serial trials by Bagastyal. (2013. In
order to investigate the electro oxidation of RO@hwnitrate and sulfate ions as dominant ion medst
chloride ion concentration was decreased 10 time®lbctrodialytic pre-treatment. The highest Coudan
efficiency for chemical oxygen demand (COD) remowals observed in the presence of high chloride ions
concentration for all anodes tested (8.3-15.9%kctEboxidation of the electro dialysed concentrate
Ti/SnO(2)-Sb and Ti/Pt-IrO(2) electrodes exhibitiedv dissolved organic carbon (DOC) (i.e. 23 and 12%
respectively) and COD removal (i.e. 37-43 and 6-22&spectively), indicating that for these eleca®d
chlorine-mediated oxidation was the main oxidatieechanism, particularly in the latter case.

Daghriret al. (2012) evaluated the EC-EO process in terms odjitability to simultaneously produce an oxidant
and coagulant agents by using either iron or alumirlectrodes arranged in a bipolar configuratiographite
electrodes arranged in a monopolar configuratiothénsame electrolytic cell. Relatively high contations of
active chlorine (9.6 mg/ min) and aluminum (20—4@ At/ L) or iron (40-60 mg FéL) were produced in situ.
The best performance for RWWtreatment was obtalyedsing aluminum and graphite plates alternateithén
electrode pack and operated at current of 0.4 Andu®0 min of treatment with pH adjusted to appnasiely
7.0. Under these conditions, more than 98% of mil greases (O&G) were removed, whereas chemicaerxy
demand (COD) and biological oxygen demand (BOD)awhreached 90% and 86%, respectively. Likewise,
more than 88% of soluble phosphate was removedtteng@rocess was effective in removing turbidit@%9
and suspended solids (98%). Barrera-Ddaal. (2012) Combine the electrochemical and ozonatimtgsses
resulted in a synergythat enhanced the removall diiree contaminants (COD, colour, and turbidit%) COD
removal of 79% (170 mg/L) was attained after ony51min and at relatively low current density. Thtise
combination of the electrochemical and ozonatioocesses is able to noticeably improve wastewatalitgu
Bagastyoet al. (2012 )evaluated the electrochemical oxidationredferse osmosis concentrate (ROC) was
evaluated at controlled pH 6-7 and at pH 1-2 (nogdfustment). A high concentration of chloride iamghe
ROC enhanced the oxidation, and 7-11% of Coulorafficiency for chemical oxygen demand (COD) removal
was achieved with 5.2 Ah L(-1) of specific elecaficharge. Complete COD removal was observed affeand
6.6 Ah L(-1), yet the corresponding dissolved oigararbon (DOC) removal was only 48% (at acidic @iy
59% (at circumneutral pH).

Bagastyoet al. (2011) In this study, electrochemical oxidationswiavestigated for the treatment of ROC
generated during the reclamation of municipal waater effluent. Using laboratory-scale two-compantin
electrochemical systems, five electrode materiads {itanium coated with IrO2-Ta205, RuO2-IrO2;1Rd2,
PbO2, and SnO2-Sb) were tested as anodes in batdh experiments, using ROC from an advanced water
treatment plant. The best oxidation performance eteerved for Ti/Pt-IrO2 anodes, followed by théSRiO2-
Sb and Ti/PbO2 anodes. The effectiveness of tfanteent appears to correlate with the formationaflants
such as active chlorine (i.e. CI2/HCIO/CIO-).

Desphandest al. £010) concluded that using a combined electrocadigul and anaerobic fixed film reactor,
COD, BOD, and color could be removed at 24%, 3586, a0%, respectively, with conditions of pH at 7.2,
current density of 80 A/m2, and electrolysis tinfe26 minutes for mere electrocoagulation. Howewvenen
combined with the anaerobic fixed film reactionnevals increased to 80-90% COD, 86—94% BOD, atd®.6
4.0 kg COD/m3s organic loading rate. Phalakornulatlal. (2010concluded that treatment of Reactive Blue
140 and Direct Red 23 required electrical energy.4? and 0.69 kWh/m3, respectively, with colorg®9COD
(93%), and TS (89%) removal, when using a contisuglactrocoagulation. In addition, the authors vedrie to
harvest hydrogen. Moises al. (2010) conducted study to remove color (94%), tithi(92%), COD (80%) for
industrial wastewater at a flow rate of 50 mL/m@houet al. (2010) used electrocoagulation for removal of
COD in oxide CMP wastewater, where it was deternhitiat COD could be reduced by 90%. Also, the astho
determined that this process followed pseudo-secoddr under the Freundlich adsorption isotherm ehadl
various densities and temperatures. Lakshmabah (2010) concluded that arsenic was removed by 98%&nwh
using NaCl, and was removed by 75% when using sodiuifate and nitrate during a 5 minute appearance
an initial concentration of wastewater of 10 mg/ithin the electrocoagulator. Adsorption was affdctey
several factors, including magnetic, particle semag surface properties of the precipitate; solédter from the
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treatment was non-hazardous. Chagigal(2010)combined electrocoagulation-activated carlbdsorption-
microwave generation.

Through electrocoagulation, 39% COD removal ocalrith a pH of 8, electrolysis time of 8 minutesdaa
density of 277 A/m2, and a NaCl contact of 1 g/heTstudy produced favorable results with 100 g/LCXAat
removed 82% of Reactive Black 5 (RB5) and with A0@AC that removed the remaining 61% of COD.

7. Comparison

Verma et al. (2013) obtained 100% chromium removal efficienay fboth trivalent and hexavalent
chromium,for an electrolysis time of 45 min at 4.ptHvas found that Cr(VI) is initially reduced @r(lll) in the
acidic medium. An increase in the pH of the effliuemas also noticed in the acidic medium due togtveeration

of hydroxyl ions. Experiments were performed foe tremoval of chromium using ferric chloride as the
coagulant, and it was found that electrocoagulasomore efficient and relatively faster comparedhemical
coagulation.

Chafi's et al. (2011) comparative study found that the chemicagulation (CC) using the same amount of
metal cations as in EC. Experimental results shotved EC maximized decolorization (up to 98%) in
comparison to CC (limited to 53%). For EC, ironotdedes exhibited the highest decolorization yiatd
minimized simultaneously energy requirements, theunt of floc and operation costs in comparison to
aluminium. As voltage vs. current curves did ndfedisignificantly between Al and Fe, higher cuttrevas
required with Al electrodes to achieve a similacalerization yield. This was partly explained byfeliences in
the decolorization mechanism, as Al electrodes séeta promote the electroreduction of the azo bohd
Orange I, contrary to Fe electrodes.Merzeatlal. (2011) compared the effectiveness of chemical wiadign
(CC) with electrocoagulation (EC) with aluminiumeefrodes forthe decolourization purposee of a gfitth
textile wastewater containing a disperse red dya. €C, ferric chloride Fegland aluminium sulphate
Al (SO4) as the coagulant were compared: the respectieetsefbf initial pH, coagulant dosage, initial dye
concentration, ionic strength and mixing conditiomere investigated in order to maximize decoloditza
yield. The comparison between CC and EC is basetcoently published data on EC by the same authors.
Experimental results showed first that(804) was far more effective than Fg@br color removal using CC,
regardless of operating conditions. A removal yigiigher than 90% could be achieved with a 40 mg/tedof
Al(S04)318H,0 in a large range of pH from 4 to 8 and for a dgacentration up to 235 mg/L. The removal
yield could however be enhanced up to 95% usingdE@H values between 6 and 9 at the expense tiehig
operating costs. Nevertheless, EC presented thidadd advantages to be more robust against phgdand

to reduce simultaneously equipment costs in corapario CC.

8. Equipment and Energy Requirements

Wang et al. (2010) concluded that by using DC electrocoagutatim a treatment time of 25 minutes,
decolorization and COD removal was 75.45% and 84,62spectively. The authors discovered a relahigns
between an increase of pH and alkalinity with iase in temperature, and electrolysis time, white wbltage
was related to the current. Sasson and Adin (26a0¢luded that using electroflotation with a cutreh0.4 A,
followed by slow-mixing, and filtration to treat muwater with silica-chemical mechanical polishimgs able to
reduce energy requirements for filtration by 90%soi pH must remain above 7 since the permeategehan
colors due to iron residuals (Feto F€"). Sasson and Adin (2010)considered silica-CMP esusipns were
pretreated by electrocoagulation at an electricecuirof 0.4 A, slow mixing, and filtration. Filtiah energy was
reduced by 90% whenever the pH was between 6 d&déving noticed foul mitigation was on intensatyd
mechanisms, suspension pH and electroflocculation.tTerrazest al. (2010) determined turbidity removal
was 92% with an energy consumption of 0.68 kWh/mg3ubing micro-electrolysis and macro-electrolysis
electrocoagulation for tissue paper wastewatetrtreat.

9.Economical Considerations

Operating cost calculations have been made in afteles. Calculations typicallyinclude the coftbhemicals,
electrodes and energy. It should be noted thatidepf materials and energy changes over the ecnfrsime
and therefore,operating costs are only rough estgnaCost calculations do not typically includeistveent
costs, which may be significant including, for exdenpower supplies,electrochemical cell vessels sindge
separation systems. Dalvamd al. (2011) investigated the operational cost at optimeondition. Electrode
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consumption, energy consumption and operating wese 0.052 kgm®, 1.303 kwh/m’and 0.256 US$m®,
respectively.Sridhaet al. (2011) carried out an economic analysis of theaipreg cost of EC treatment of pulp
and paperindustry bleaching effluents. Operatirgjearied from USD 1.52 per m3 to 1.72per m3.

Kobya et al.2010found that the treatment of cadmium and nickel frelectroplating rinse water could be
achieved at 99.4% for cadmium, 99.1% for nicket] 88.7% for cyanide. The cost for treatment wa®%m3
for cadmium and $2.45/m3 for nickel and cyanide vited that the treatment maintained optimum
conditions.Ororiet al. (2010)took sample a five locations from a Kraftpaind paper mill effluent primary
settling tank, two aerated lagoons, a stabilizatenmd at the discharge comparing treatment effigiemsing
graphite electrodes and aluminium electrode witlodvash. Overall treatment with aluminium electrodes
better (60% BOD and 58.8% COD), but was more expenthan graphite ($0.0006 to 0.0008 USD/m3 of
wastewateryersus($8.34 to $31.74 USD/m3 of wastewater). Koleyaal. (2010)also studied Remazol Red 3B
decolorization using iron electrodes and found 882 decolorization was possible under optimum atnc.
The authors found that energy consumption couldeaeh3.3 kWh/kg dye at a cost of 0.6 euro/m3. Mets
al.(2010)concluded that aluminium electrodes are capabltreating fluorescent penetrant liquid for non-
destructing testing part of aircraft industry. Hayiused electrocoagulation, the treatment presemdf 95% of
chemical oxygen demand (COD), 99% colour, and 9@#hidity. With this high level of treatment, thesto
were able to have a return of 17 weeks.

10. Conclusion

This paper has given a review of the successfuligtecoagulation application, for the removal pgsific
problematic factors (such as color, recalcitrancel aoxicity) that cannot be removed effectively via
conventional treatment methods. However, this papsrargued that the full potential of the EC téq as a
wastewater treatment alternative is yet to be fitdglized. However , a number of possible futtvelies using
the same experimental setup are apparent. For agpienformance and future progress in the appboatif this
innovative technology considerably more work witled to be done in better reactor design, underisiguzohd
process control has to be provided. This technol@djycontinue to make inroads into the wastewdteatment
arena because of the numerous advantages and ttive & the changing strategic wastewater need$en
world.
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