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ABSTRACT KEYWORDS
This paper presents a general theoretical consideration of the electroco- Electrocoagulation/flotation
agul ation/-flotation (ECF) processwith an electrochemical mechanism oc- (ECF) process,

curring in the reactor. To understand how the ECF process works it is
important to discuss the mechanism of water electrolysis and other related
chemical reactions. Thefirst section presents a synthesis of the ECF tech-
nology and mechanism associated with water electrolysis. Several sec-
tions discuss information regarding the chemistry and kinetics of remov-
ing pollutantswhen three different mechanismsincluding, el ectrode oxida-
tion, gas bubble generation, and flotation and sedimentation of flocs
formed, interact in the ECF processes. It was found that the kinetics of de-
pollution follows the exponential law with time. Towards the end of this
research, information regarding the basic equationsis included to present
atheoretical, aswell asempirical model for prediction pollutant removal by
the EC process. The chemical theory of batch reactor is used as the basis
for development of the empirical model inthe following paper.
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Theoretical consideration;
Empirica modeling
approach.

INTRODUCTION

The ECF processisan ectrochemica technique
inwhich avariety of unwanted dissolved particlesand
suspended matter can be effectively removed froman
agueous solution by electrolysisof thee ectrodes®. In
agenera sense, electrocoagul ation or eectroflotation
aretechnol ogiesbased on the conceptsof dectrochemi-
ca cdls, specificaly knownas“dectrolyticcdls’. Inan
electrolytic processasourceof direct current iscon-
nectedto apair of electrodesimmersedinaliquid that
serves as the electrolyte. To understand the el ectro-
chemica behaviour of thesystem, itisimportant to de-

scribethegeneral electrolytic reactions. Thebasis of
electrocoagulationisthein stuformation of acoagulant
speciesthat can remove various pollutants from the
water and wastewater being treated. Therearethree
main mechanismsin thewholeof electrocoagulation-
flotation process:
o FElectrodeoxidation
e Gashubblegeneration
o Fotation and sedimentation of flocsformed
Thetotal processesin ECF can besummarisedin
Figurel.
Themechanism for removing pollutantsisbased on
hydrolys sreaction and the coagul ation-fl otetion mecha:
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nisminthe ECF reactor. Application of direct electric
current through € ectrodesinducesd ectrolysisreections,
aspresented inthefollowing pages.

THEORETICAL CONSIDERATION

Hydrolysisreaction

Electrolytic dissolution of the metal anode (M) in
water produces aqueous M™ species.

Anodes M j ——>M™ +ne” @)

Reduction takes place at the cathodes which re-
sultsin hydrogen bubbles being produced by thefol-
lowing reaction:

Cathodes. 6H,0 + 66" ——3H,,, + 60H~

E°.=-0.83V @)
where E° isstandard cathode potential . A significant
factor for operating EC technology and itsfield of ap-
plication dependsin many caseson theright choice of
eectrodematerid, especialy theanodes. Ananode must
beeasly treated, and also chegp and long lasting. Elec-
trodesmust have adequate mechanical strengthand an
extended operating life. Thechoice of materia islim-
ited to dissolved and undissolved materias. Iron and
aluminium el ectrodeswill dissolveand are suitablefor
many applicationsbut materia s such asplatinum, car-
bon, and graphite are used as sources of undissolved
anodes. Aluminiumisthemost commonly used materid
andisusadinthisresearch. Theeffluent withauminium
electrodeswasvery clear and stable but appear green-
ishwithironeectrodesand thenturnyellow and turbid
because of formation of Fe (1) and Fe (111) ionsinto
solution?,

Chargeloading

In order to use Faraday’slaw, therelationship be-
tween current value, € ectrolysistime, and theamount
of eectric chargethat flowsthrough acircuit must be
recogni sed. By definition one coulomb of chargetrans-
ferred when a1-amp current flowsfor 1 second (1C =
1A.s), thefollowing relations demonstratethe direct
proportiondity between current (1) and e ectrolysisrate:

| =dQ, /dt €)

Q./zF=N, (4)
where Q_ and N_ are quantity of electricity and mol
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Figurel: Summary of ECF processes

electrolysedinthedectrodereaction, respectively. From
Eqg. 3and 4, Eg. 5 can be expressed as:
Rate(mol /s)=dN_/dt =1/zF 5)
An electrode processis a heterogenousreaction
which occursintheinterfacial areabetween electrode
and solution. A heterogeneous charge-transfer reac-
tion meansacharge-transfer reaction, withthe charge
transferred across aphase boundary, typically between
asolidand liquid phase. Sinceelectrodereactionsare
heterogenous, their reaction rates are usualy described
inunitsof mol/sper unitarea. From EQ. 5, Eq. 6 canbe
expressed ag?
Rate(mol /sm?)=1/zFA =i/zF (6)
wherei isthe current density (A/m?). In most el ectro-
chemical processesthe current density isthemost im-
portant parameter for controlling thereactionrate, as
the processat constant current density asteady disso-
lution of a uminium and hydrogen generationrateare
certified. Faraday’slaw hasbeen experimentaly shown
to explain the dissolution of aluminium in an
el ectrocoagulator®. Thus, Faraday’slaw describesthe
coagulant and hydrogen generation rateasfollows:

3+ o1 I AW
rA|3+(gAI S )= (Z ) (7)
4y [(MW)
H” =——"
o (gH s =100 ®
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where AW and MW are the atomic weight and mo-
lecular weight respectively. Thus, operation at constant
current dengity aconstant dissol ution of duminium and
hydrogen generationratesisensured.

Operational cell potential of EC reactor

Based onthe primary half-cell equations (Eq. 2)
for the EC system, the standard equilibrium potential
(Eq. 9) was+0.83 V (at 298.15°K, 1 atm, and 1 mo-
lar solution). Notethat thesevaueswererdativeto the
standard hydrogen el ectrode (SHE)™.

Egeu = Eg - EZ ©)
whereE°_ isstandard cell potential. Thisprovidesa
minimum cell potential for the EC reactor and varia-
tionsin solution conditionsincluding pH and total con-
centration of duminium. Inan electrolytic cell theen-
ergy sourceisprovided by adirect current power sup-
ply. Asfor the EC process, theactua cell potential was
measured at constant currents. Figure 2 showsthere-
sultant potential differencefor the batch monopolar
el ectrocoagul ation reactor in therange of loading dif-
ferent pollutantsinthisresearch.

Asseen, thecell potential increased asthe current
increased. A potentia cell rangewasobservedfor each
current. A higher potential wasdetectedin all cases.
Thishigh potential overcomesarange of resistances
including el ectrode spacing, conductivity, and surface
resstance. Thecdl potentid stabilised withinoneminute
after operation under awiderange of operationa con-
ditionsincluding pH, conductivity, and theinitid pollut-
ant concentrations.

Coagulation-flotation process
Threebasic sciencesinthe ECF processincluding

30 ‘
_ = — - -=0.5A
S5 = ™ = = = = =
E D™ = m e —————— - =1 A
w
o i — — - =
H 15 ™t — — — — — =15A
2 10
© - - =2A
] % T LR S S
= —- =25 A

0 ‘ : :
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Figure2: M easured Ecell for thebatch monopolar EC reac-
tor, (Ec=12mS/cm, Co=10mg/L)
Research & Reotews On

€l ectrochemi stry, coagulation, and flotation may inter-
act to makeit work!®14, Thefundamental el ectroco-
agulation reactions at the anodes and cathodes were
giveninequations1and 2. Thedissolution of themeta
anodedlowsflocformation, whilethe H, bubblesfloat
and drivetheflotation process. Thebubblesfloat to the
top of thetank, collidewith suspended particlesonthe
way up, adhereto them, and float them to the surface
of thewater. TheM™ ionsfurther react asshownin Eq.
10toformsolid M (OH), precipitate.

M™ +nH,0<—M(OH), (10)

Themetal hydroxides[M (OH) ] react as coagu-
lants, destabilise and aggregate suspended particlesor
precipitate, and adsorb dissol ved contaminants.

Theelectrode material determinesthe coagul ant
type. By passing a steady el ectric current through a
solution and auminium e ectrodes, thedissolution of the
auminiumanodesalow floc formation, whilethepro-
duction of hydrogen bubbles at the cathodetrapsflocs
and other suspended matter, bringing themto the sur-
faceasafloat!**4. From Eq 10, theformation of afloc
by e ectrocoagul ation (using sacrificid duminium elec-
trodes) isgivenin thefollowing equati onf*>!:
2A1* +6H ,0 > 2AI(OH),, + 6H"* (1)

Some of the possibl e reactions and mechanisms
occurring inthe boundary layer between the el ectrode
and bulk of theliquid have been summarisedin Figure
3. Tooxidiseasolubledectrode (e.g. duminium) inthe
electrochemicd cdll, current valueand potentia differ-
encesacrosstheedectrodes arerequired.

Itisbelieved that precipitation or adsorption reac-
tion may occur when aluminium el ectrodeisused for
fluorideremova by ECF process. Theonly mathemati-
ca model of eectroflotation wasreported by Matisand
Zouboulig*™, who used a macroscopic approach to
evaluatethe overal kinetic for removing paintinan
electro-flotation cell. They removed pollutant to the
surfaceusingafirst order kinetic expressonto describe
flotation. Variouskinetic approachesareavail able that
could describethe e ectrocoagul ation-fl otation mecha
nism. Also, Mameri et all*®. derived afirst-order ki-
netic mode for removing fluoridefromwater by el ec-
trocoagulation. Therefore, the chemical batch reactor
theory, material balances, and reaction kinetics con-
ceptsinvolving thecoagul ation-flotation mechanismsare

+nH*

. -
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used asabasi sfor devel oping theempirical modelling
effortsinthefollowing pages.

Al electrode

nAIZE + (3n = mOH Ty + mF () —> Al F,

ntm

(OH) 3

n—m)(s)

. AT +3e

AT 4 30H T ——— AI(OH )35
( (

+
2 “H,?((')H);H(_y] + IJ]F(:”” e "”NEH {()H),(}”_”ﬂ(” + H?()H(:,.q)

Figure3: Simplified schematic depicting the electrode oxi-
dation and the possiblereactionsoccur ring between theelec-
trodeand thebulk of theliquid

Representativeequationsfor reactors

Themode presented in thismanuscript was based
on the concept of kineticsfor conservative substances
reacting inthereactors. Thefundamental approachto
show the change occurringinavessdl or sometype of
container, such asatank, isthemasshbaanceanayss.
The mass balance in both reactors may be modelled
following thisexpresson:

[Accumulation] =[Input]-[Decreaseduetoreaction] -
[Output] (12)

Reactors may be operated in either batch or con-

tinuousflow manner.

Composition
changes with time

0
0 t

Figure4: Completely mixed batch reactor (CM BR) schemat-
ics
Batch reactor

If the component isincreasing because of thereac-
tion, thereactiontermin Eq. 12 will havethesign op-
positeto that shown. In completely mixed batch reac-
tor (CMBR), whichisschematicdly showninFigure4,
thereactor isfirst charged with reactants, and the prod-
uctsaredischarged after compl etion of thereaction.

During thereaction, the volume of reactor iscon-
stant when thereaction rateisvaried by time. Thusthe
total net massesgoingin and out are zero for abatch
reactor. From Eq. 12, the generalized mass equation

= Pyl Paper

for aCMBR during the reaction may be presented by
thefollowing expression:

[Accumulation] = - [Decreaseduetoreaction] (13)

Thefundamental equitation for thedesign of the
reactorsistherate equation and the equation for the
law of conservation of mass. Starting at aninitia pollut-
ant concentration of C , therate equation for thevari-
ousreaction ordersisgiven:

(%)V =-rV=—(KC})V (19

where “n” isthe reaction order, “r” istherate of re-
moval of thepollutant by reaction (ML=3T?),andK is
thereaction rate constant (M*" T+). C, isthe concen-
tration of thepollutant at any time, t, during thereaction
andV isthereactor volumethat remains constant in
CMBR reactor. Chemical kineticsisconcerned with
therateat which reactions occur. Consider abatch re-
actor with afirst order reaction (n=1), the accumula
tiontermisdC/dt and thereactiontermisKC; thus
the mass balance equation, Eq. 14, becomes:

dc, _

e KC, (15)
Integrating thelast equation (Eq. 15) betweenthe

initid andfina concentrations, and trestment time, leads

tothefollowing expression:

Ct dC‘ t
e =l a9
whichgives
C, C,
In(CO)=—Kt or In(C')=Kt (17)
Eq. 17 can berewritten to Eq. 18, asfollows:
C, =C, e™ (18)

For examplefor defluoridation by ECF process,
Asnoted in previousresearches?*?", thehighest cur-
rent (2.5A) removed fluoride quickest dueto theready
avallability of AI** ionsinthesolution. However a higher
currentsmorecoagulant (duminium) isavailableper unit
time, which may be unnecessary, becausenot only is
excessresdud duminiumunsafefor drinkingwater, high
current isa so uneconomic intermsof energy consump-
tion. Inthisbatch ECF the minimum electrolysistime
required to reduce the fluorine concentration to the
NHMRC and ARMCANZ; and WHO® drinking
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water guidelines(0.5<F <1.5mg/L) isdefined asthe
detentiontime(t,). The detentiontimewas experimen-
tally determined to achievethe desirablefluoride con-
centration rangein thee ectrocoagul ator. From Eq. 18,
the detention time can be expressed as.
1. C,

a = Eln(c_t)

When thefluoride concentration (C) reachesto 1
mg/L, theoptimal detentiontime(t, ) can beexpressed
asEq. 20:

t (19

t,, =%|n(co) (20)

Theoverdl fluorideremovd efficiency (R,) inbatch
reactor may be obtained using thefollowing expres-
gon:

R, =(C,-C,)/C,=1-C,IC, (21)

From EQ.18, Eq. 21 can berearranged to EqQ. 22,
asfollows

R, =1-¢*" (22)

Continuousflow reactor

Continuousreactors can be classified according to
themixing regime. Mixinginacontinuoussysemisde-
termined by theresidencetime (t ) and flow rate (Q).
Res dencetimeisafunction of reactor volumeand flow
rate (t =V/Q).A plug flow reactor (PFR) isonetype
of continuousreactor which behavesmathemdaticdly like
abatch reactor. In perfect plug flow thereisno mixing
and they have the same residencetime. A plug flow
reactor operated at steady stateisshownin Figure5,
thefeed and itscomposition, thedischargeand itscom-
position, and the composition a any point in the reac-
tor are constant with respect to time.

Intheplug flow reactor, the concentration within
thereactor isafunction of the distancea ong thereac-
tor, thusthe composition of thefluid variesfrom point
to ponit along theflow path. Therefore, the massbal -
ancefor areaction component must be madefor adif-
ferential volume, dV , aswasshownin Figure5. From

dv;

Figure 5 : Plug flow reactor schematic
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Eq. 12, the mass balance equation for PFR in steady
state, thereisno accumulation, isgiven:
[Input] =[Decreaseduetoreaction] + [Output] (23)

Themassbdanceinthedifferentid reactor volume,
dV,, becomes:

QC, =Q(C,—dC,)+rdV, (24)
whichgives
QdC, =rdv, (25)

Sinceaplugflow reactor with afirst order reaction
is considered, substituting of the reaction rate (r = -
KC)IinEq. 25gives.

QdC, =—(KC,)dV, (26)

Integrating the Eq. 26, leadsto the following ex-
presson:

CedC‘ B ﬁVr
gl @)
whichgives
C. K
In(co )==gV (28)

whereC_istheeffluent or final concentration. SinceV,
=Q:t,subgtituting of V _in Eq. 28 provides Eq. 29:

Ce
C

o

In(=2)=—K t,

(29)

or
C.=C,e"" (30)
wheret ismean residencetimeof thefluid. Eq. 30 can
berewrittento Eq. 31, asfollows:

1 C,
t, =E|n(C_) (31)

e

Whenthefinad fluoride concentration (C ) reaches
to1 mg/L, Eq. 31 can berearranged to EQ. 32:

t, =E1In(CO) (32

wheret isoptimum residencetime. Theoverall
fluorideremova efficiency (R,) in continuousflow re-
actor may be obtained using thefollowing expression:

R, =1-¢e"" (33)
Since Eq. 32 for aplugflow reactor isthesameas
Eq. 20for abatch reactor, aplug flow reactor will have

the same performance as abatch reactor if the deten-
tionand residencetimesarethe same.

. -
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RESULTSAND DISCUSSION

Solution scheme

A solution and application of Eq. 18 will be pre-
sented herefor modelling purposes. Theinitid analysis
of thesolution procedureisbased on showing how Eq.
18 fitswith the experimental datacollected. Thus, the
first tepisto plot theexperimenta databy calculating
the—In (C/C,) versuselectrolysistime. Based onthe
plotted data, it appearsthat the points may befitted by
alinear regression. A first order behaviour for the pro-
cessisappeared. In the procedure, the slope of each
linerepresents an experimenta ly determined rate con-
stant (K, p) for the process. Concerning the approach
and dataanalysis, the experimentally determined con-
gtant resultsare attached to independent i mportant vari-
ables®21 including current concentration (1/V), initial
pollutant concentration (C ), pH of the solution, dis-
tance between el ectrodes (d), and ion competition ef-
fects. TheK,  can beexpressed asafunction of 1/V,
C,, d, pH, andion concentration, asfollows:

K., =f(/V,C,,d,pH,ion) (39
where current concentration (1/V) istheratio between
the current flowing through acompartment of an elec-
trochemical cell and thevolumeof that compartment.
The appropriate correl ations between an experimen-
tally determined constant with different corresponding
independent values need to befound separately.

Empirical mode

A schematic diagram of theempirical modelling
approachispresentedin Figure6.

The chemical batch reactor theory can be used as
thebasi sfor devel oping theempirica modd, including
statistical scheduling of the experimental datagath-
ered®!, Based on the theoretical background and ex-
perimenta removal rate (Kap), anempirica ratecon-
stant isdevel oped for the process. A primary analytical
tool for correlating the experimental dataisused by the
SPSS package. A multipleregression anaysisisused
by SPSS package to estimate the coefficients of the
linear equetion, involving oneor moreindependent vari-
ables. Infact themodel isdeveloped to predict there-
movd of pollutant. Devel opment of theempirica modd
will beneeded.
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Figure6: Aflowchart of theempirical modeing approach
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CONCLUSIONS

Thetotal process of removing pollutantsisbased
on threemechanismsin thewhole ECF processinclud-
ing €l ectrode oxidation, gasbubblegeneration, and the
coagul ation-fl otation mechanism. Application of direct
electric current through el ectrodesinduceselectrolysis
reactions. The metal hydroxides[M (OH) ] react as
coagulants, destabilise and aggregate suspended par-
ticlesor precipitate, and adsorb dissolved contaminants.
The chemical batch reactor theory, material balances,
and reaction kinetic conceptswere used asabasisfor
devel oping theempirica modelling efforts. Themode
presented in this manuscript was based on the concept
of kineticsfor conservative substancesreactingin the
reactors. In the process, not only mass balance and
flow modelsareimportant, but also therateat which
the processoccurs determinesthe size of thetreatment
facilitiesthat must be provided. Theoverall rate con-
stant for the entire ECF processis determined experi-
mentally (Kap) andincludedinamodd.A multiplere-
gression analysis can be used by SPSS packageto es-
timatethe coefficientsof thelinear equation, involving
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oneor moreindependent variables. Anempirica modd
using critical parameters can be devel oped for the pro-
cess, when the experimental rate constant dependson
some operating important parametersincluding current
concentration (I/V), initia pollutant concentration (C ),
distance between electrodes (d), pH of the solution,
and ion competition effects(ion).
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