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Abstract

The development of effective and sustainable weastEwireatments is becoming
increasingly important. Electrocoagulation is oiéh® more promising approaches as
it is simple and efficient and, compared with ttemhial processes, has the advantages of
short treatment times and low sludge production.

The objective of this research was to determindehsibility of the electrocoagulation
technigue as a method to remove pollutants frontemager. Electrocoagulation tests
were first carried out in phosphate-containing 8ohs with an aluminium-magnesium
and a stainless steel electrode. Several operatorglitions, such as the initial
concentration of phosphates, current density, ainippH and sodium chloride
concentration, were varied and the correspondifecesf were investigated. Removal
efficiencies of 95.9% and 79.7% were observed &@rmin with the aluminium-
magnesium and the stainless steel electrodes,ateagyg, using an initial phosphate
concentration of 150 mg}, an initial pH of 5.0, a current density of 11.@\rom? and

a ratio of the surface area of the electrode tovtileme of the solution of 11.7 frand
10.5 mi* for the aluminium-magnesium and the stainlesd steetrodes, respectively.

The electrochemical behaviour of several electno@¢erials was then correlated with
the removal and energy performance of these elbetron the treatment of phosphates,
an azo dye and zinc ions dissolved in synthetidevesters. The synthetic wastewaters
were designed to contain a mixture of ions witledént conductivity values. Pure iron
and an aluminium-indium-zinc electrode were idesdif as the most promising
materials, giving low corrosion potentials and \eetdissolution. Excellent removal
efficiencies for the three pollutants were obserusihg the pure iron electrode (96%,
99% and 100% for phosphates, azo dye and zinc respectively) with an energy
consumption of 0.52 Wh. The aluminium-indium-zinioy required the lowest energy
supply of 0.26 Wh, gave excellent removal for bibih phosphates and zinc ions (95%
and 100%, respectively). However, only a moderéteiency, 78%, was observed for
the removal of the azo dye.

A screening design of experiment, DoE, was carwed to determine the most
significant factors affecting the electrocoagulatremoval process. These factors were
identified as the current density and the ratiahef surface area of the electrode to the
volume of the solution, SA/V.
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1 Introduction and Literature Review

1.1 Research topic

One of the more pressing challenges in th& @&ntury is the provision of an adequate
clean water supply that is free from pollutants.t#¢ beginning of 2000, one-sixth of
the global population was without access to a cleater supply, leaving over 1 billion
people in Asia and Africa alone with a polluted &ratystem [1]. In addition, legislative
regulations concerning the discharge of wastewater drastically increasing and
becoming more stringent. Therefore, it is not s8ipg that there is a growing interest
in developing new technologies that are simple,aphand highly efficient in the

removal of pollutants from water.

Existing treatments involve biological and chemicgbproaches. The biological
treatments are effective, but require long treatniemes, large treatment facilities and
are expensive. The chemical approaches, whichvevatlding chemicals to extract or
precipitate the pollutant, are very effective inmving the target pollutant, but the
anion of the salt added can cause secondary moll@nd large amounts of sludge.
Electrochemical techniques are, in this case, @immibecause of their versatility,
safety, selectivity, amenability to automation aedvironmental compatibility [2].

Electrocoagulation appears to be one of the mésttefe approaches.



CHAPTER1

Electrocoagulation has been suggested as an diterna chemical coagulation in the
treatment of waters and wastewaters. In this tdolgyp metal cations are released into
the water by dissolving metal electrodes. Electeoaistry, coagulation, and flotation
are identified as the key elements in the elecaguatation process [3]. Indeed, the
performance and energy efficiency of the electrgotation processes are directly
related to the choice of the electrode materig@dfebchemistry), the reactions occurring
in the bulk solution involving the coagulant specend the pollutants (coagulation),

and the separation of the pollutants either byafloh or settling.

The electrocoagulation treatment of wastewater been extensively reported in the
literature, however the mechanisms are not yetrlglaanderstood mainly because
electrocoagulation is a very complex chemical amgsgal system [4]. Although

recently more attention has been paid to identiy key underlying mechanisms of
pollutant removal, few researchers have addresbked ptoblem of the electrode
materials employed in electrocoagulation [5]. Irtlethe electrocoagulation process
takes place in an electrochemical cell. Consequents efficiency performance is

directly related to the operational state of thecebdes. In addition, the choice of the

material has an important impact on the energisatilin the process.

1.2 Water treatment technologies

Water and wastewater treatments can be definetheaprocesses used to achieve a
water quality that meets specific goals or stanslf@fl In Ireland wastewater discharge
quality is governed by the S.I. no. 254/2001 arid r&. 684/2007 regulations. Water
treatment technologies can be broadly divided intoee general methods:
mechanical/physical, chemical and biological [7Joré rigorous treatments can include
the removal of specific contaminants using advarteetinologies. In order to achieve
different levels of contaminant removal, these rodthare usually combined into a
variety of systems, classified as primary, secondad tertiary wastewater treatments.
Figure 1.1 shows a schematic diagram used foraypieatment of surface water.
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Figure 1.1: Typical water treatment process flow diagram.

The removal of sand and large solid particles @mught about during the preliminary
treatment, which consists of screens, scrubbefdters. A large fraction of the total
suspended solids and of the organic matter is reohdwy gravity in a primary
sedimentation tank. The screened water is heldthentank for several hours to allow
solid particles to settle to the bottom of the tankile oil, grease and lighter solid
particles float to the surface. Both the settledl dhe floating materials are then
removed from the water. Moreover, settling can b#aaced using chemical
precipitation or coagulation. The secondary treatnpeocess can remove up to 90% of
the organic matter in wastewater by using bioldgitaatment processes [8]. For
example in an activated sludge process, whichasntbst commonly used biological
method, bacteria and other microorganisms use tip@na matter for their growth in
the aeration tanks. A tertiary treatment is somesimequired for removal of residual
suspended solids and disinfection for pathogen atémiu [9]. Eventually, advanced
treatment can be employed to further increase tladity of the effluent, for example
for potential water reuse applications or for realoaf toxic compounds [9]. A list of

the processes used in water treatment is presenieble 1.1.
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Table 1.1:Levels and methods of water and wastewater treasmen

Treatment Level Treatment Method

1. Preliminary Mechanical/physical Screening

Sedimentation

2. Primary Mechanical/physical Sedimentation
Flotation
Chemical Coagulation

Chemical precipitation

3. Secondary Biological Activated sludge
Aerated lagoon
Trickling filters
Rotating biological contactors
Pond stabilisation
Anaerobic digestion

Biological nutrient removal

4. Tertiary or advanced Physical Activated carbdsoaption
lon exchange
Reverse osmosis
Membrane filtration
Gas stripping

Chemical Advanced oxidation

Chlorination
Ozonation

UV irradiation

Recently, with the increasing standards and thigent environmental regulation
regarding wastewater discharge, electrochemicéintdogies have received particular
attention in water treatment [10]. Indeed, it hasrbsuggested that they can potentially
replace some of the treatments discussed abovk,asuthe preliminary, primary and
secondary treatments in a typical wastewater tre@ttrplant presented in Figure 1.1
[11]. Electrochemical techniques include electraedation [2], electroflotation [2],
electrodecantation [4] and others [12]. They offdistinctive major benefits in
comparison to the conventional technique. For exenfpajeshwar [13] listed several
advantages such as environmental compatibility,satédity, energy efficiency,
amenability to automation and cost effectivenessnoAg the electrochemical
techniques, electrocoagulation has received péatitnterest as a very promising water

treatment technology [4].
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1.2.1 The removal of phosphates

Phosphorus is a commonly occurring element whiagtsgential to the growth of algae

and most other biological organisms [8]. However,excess of phosphorus can have
adverse effects on a water system, such as thepiegon of eutrophication, which is

responsible for the proliferation of algal growtt¥]. Nitrogen and phosphorus are the
main contributing nutrients to this process andrdte of enrichment of natural waters
has tended to be accelerated by particular antigepo activities. Eutrophication can

cause many problems including the extinction of s@pecies of fish due to reduction
in the dissolved oxygen levels, unpleasant odomdsdiscolouration of the water.

The phosphorus that enters a wastewater treatnaeilityf comes from three main
sources: industrial, municipal and agriculturalnates. The municipal contribution is
divided between cleaning products and species wianuorigin;, industrial contribution
is mainly from chemicals, and the agricultural cam@nt is from fertiliser drainage and
from animals [15]. Municipal wastewaters may comtdiom 4 to 16 mg L of

elemental phosphorus as P [8].

Phosphorus typically exists in domestic wastewstdéhree forms: organic, condensed
inorganic (polyphosphates) and simple inorgani¢ch@ghosphates) species [16]. The
first form typically accounts for 10% or less ofetltotal phosphorus present. The
remaining is approximately divided equally betweaba other two forms. However,

most authors agree that the orthophosphates ammdire compounds in natural water

and domestic wastewater [17, 18]. In solution, ¢dndophosphate speciation is pH

dependent, as displayed in Figure 1.2. ThB® and HPQ" are the main species at

pH values between 6.0 and 8.0.
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Log Conc.

Figure 1.2: Distribution of major species of orthophosphatewater. The diagram was realised with the
MEDUSA software developed by Puigdomenech [19] tee KTH Royal Institute of Technology,
Sweden, and based on the SOLGASWATER algorithm [20]

Two processes are mainly employed for removing phosis from wastewater,
chemical precipitation and enhanced biological remh@21]. Chemical precipitation,
the most commonly applied process, can remove 0% of all phosphate species
[22]. Maurer and Boller [23] suggested that thengple of chemical phosphorus
removal from wastewater is to transfer dissolvethaphosphates into a particulate
form by producing chemical precipitates of low dmlily from the addition of metal
salts. Standard treatment processes such as sediienflotation and filtration can
then remove the solids. Phosphate precipitatioaclieved by the addition of metal
salts that form sparingly soluble phosphates swchadcium, ferric iron, ferrous iron,
and aluminium [24]. However, the addition of medalts gives rise to an increase in the
volume of sludge. Sludges that are produced ane tteated by a sludge treatment
processes. The increasing costs involved in theoda of the large volumes of sludge
and in the chemicals required for the precipitatod for the control of the solution pH

represent the main disadvantages for this pro@igs [

Phosphorus can also be removed biologically fronstewsater by incorporation into
cells, which are then removed as sludge. Convesttibiological treatments typically

remove only 20% of the phosphates species preaghtHowever, the establishment of
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bacteria that can take up and store more phosptiesthey need for their normal
metabolic requirements can increase this to 90%s Pphocess is termed enhanced
biological phosphorus removal, EBPR, and reliesestablishing a community of
phosphorus-accumulating organisms, PAO, that tgk&Quto 30% of their dry weight
as phosphorous compared to 2% for conventionalnisges [26]. Critical factors for a
successful treatment are the presence of sufficjgantities of readily biodegradable
matter, specifically volatile fatty acids, VFAs, dathe integrity of an anaerobic zone
free from nitrate to avoid the competition of PA®ith other bacterial populations [25].

1.2.2 The removal of dyes

Dyes are substances that possess a high degredoafation and are used in several
industries, such as textile, pharmaceutical, masiphotography, paper and food [27].
The classification of dyes is based on the Colodex, where each dye or pigment is
given two numbers referring to the basis of theowoktic and the chemical
classification. One number refers to the dye d&ssion and its hue or shade, and it is
called C.l. Generic Name. The other number is dallel. Constitution Number and
consists of five figures. Dyes are classified it types based on their mode of
application on the fibres and on their chemicaldtire [27]. The azo compounds are
among the largest group of dyes and account foertttan 50% of the dyes produced
annually [28]. Their chromophoric system considtamazo group (-N=N-) associated
with aromatic systems and auxochromes (-OH;;8€@.,) [27].

It has been estimated that over 700,000 tons afappately 10,000 types of dyes and

pigments are produced annually worldwide and al20d6 of these are discharged as
industrial effluent [29]. Several dyes, especidiig ones containing the azo group, can
cause harmful effects to an organism [30]. Consatlyyethese wastewaters need to be
treated before they are discharged into the enwison. However, wastewater

containing dyes is very difficult to treat, sintetdyes are organic molecules, which are
resistant to aerobic digestion and are stablegtd,lheat and oxidising agents. The most
common method used for the treatment of dye-comginvastewaters is the

combination of biological oxidation and physicakahical treatment. However, these
techniques are not completely effective since nigst are toxic to the organism used

in the biological process, while the physical-cheathitreatments provide only a phase
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transfer of the dyes, generating high volumes alldous sludge [29]. Recently, other
emerging techniques, known as advanced oxidationegses, have been applied with
success for pollutant degradation [31]. Althouglksth methods are efficient for the
treatment of waters contaminated with pollutartsytare very costly and commercially

unattractive.

1.2.3 The removal of zinc ions

Heavy metals is a general term applied to the gafumetals and metalloids with an
atomic density greater than 5 g €ror with a molecular weight above 40 g M¢B82].
Although the term heavy metal has been considereghingless by IUPAC [33], it is
still widely used and is commonly associated wibliygion and toxic properties. Unlike
organic contaminants, heavy metals are not biodefpta and tend to accumulate in
living organisms. Many heavy metal ions are knoarbé toxic or carcinogenic [34].
The toxic heavy metals of particular concern in tifleatment of industrial wastewaters

include zinc, copper, nickel, mercury, cadmiumgdlead chromium.

Zinc is a trace element that is essential for huhreadth. Indeed, it is important for the

physiological functions of living tissue and regel many biochemical processes.
However, too much zinc can cause health probler2 |8 uses are quite variable

ranging from galvanisation of steel, to the manufee of the plates in electrical

batteries, and the preparation of some alloys, sischrass. As a pigment, zinc is used
in plastics, cosmetics, photocopier paper, wallpapenting inks etc., whereas in

rubber production its role is to act as a catatysting manufacture and as a heat
disperser in the final product [35]. Since zincwglely used in many industries, it

should be removed from the wastewater to protempleeand the environment.

Many methods are used to remove heavy metal iariadimg chemical precipitation,
ion-exchange, adsorption, membrane filtration anbkcteochemical treatment
technologies. Chemical precipitation is effectivedaby far the most widely used
process in industry [34] because it is relativalpe and inexpensive to operate. In
precipitation processes, chemicals react with hemetal ions to form insoluble
precipitates. The precipitates can then be semhfeden the water by sedimentation or

filtration. Although widely used, chemical precgtibpn has some limitations [34]. It
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generates large volumes of relatively low denditgige, which can present dewatering
and disposal problems. In addition, some metal dxides are amphoteric and thus the
pH plays an important role. Furthermore, if compigxagents are present in the
wastewater, they inhibit the precipitation of theetal ions. Physico-chemical
treatments, such as membrane filtration, adsorptmn exchange, reverse osmosis or
solvent extraction commonly achieve incomplete inetgenoval and require high
reagent costs and energy requirements. Betteriegflies and more advantages are
offered from using biological methods, such as #dleéons of microorganisms and
microalgae. Indeed, they require reduced use omatsds, low operating costs, are
more environmentally acceptable (as no toxic sluggelts) and exhibit high efficiency
at low levels of contamination. They also offer gibgities for metal recovery and the
regeneration of the biosorbent [36]. However, theseies are still in the experimental

phase [34] and have not yet been employed in adyapplications.

1.3 Electrocoagulation

Electrocoagulation consists of delivering metaligdroxide flocs to the water by
electrodissolution of the electrodes. Using elettrito treat water was first proposed in
the UK in 1889 [37] and later electrocoagulatiorirnaluminium and iron electrodes
was patented in the US in 1909 [10]. During thisqek several water treatment plants
were operating in the UK [38, 39] using electrociemhtechniques, for example in
Salford, England, a plant was commissioned to useelectrodes with seawater as the
source for chlorine disinfection [39]. However, hase of the relatively large capital
investment and the expensive electricity supplypted with the ready availability of
mass-produced alternatives for chemical coagulasingd, electrochemical treatment of
water did not find widespread applications worldev[d0]. Later, during the 1970s and
1980s significant and growing interest was gendrhteRussian scientists on the use of

electrocoagulation for a variety of water treatmanuicesses [41-50].

Today electrochemical technologies have reacheld gwwtate of consideration that they
are considered a reliable and effective technoldgyspecific situations, they may be
the indispensable step in treating wastewatersagang recalcitrant pollutants [12].

Electrocoagulation has been shown to remove a veidge of pollutants. For example,
it has been efficiently applied for the treatmehtarious wastewaters containing heavy
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metals [51-53], foodstuffs [54, 55], oil wastes [F], textile dyes [58-63], fluoride
[64], polymeric waste [65], organic matter from ddii leachate [66], suspended
particles [67-70], chemical and mechanical polighivastes [71], aqueous suspensions
of ultrafine particles [38], nutrients [72], pheimolwaste [73], arsenic [74] and
refractory organic pollutants including lignin aB@®TA [75]. Some authors have used
electrocoagulation for drinking water treatment,[B9, 76]. This ability to remove a
wide range of contaminants accounts for the inangasiterest from the industrial

sector in investigating the feasibility of the @tecoagulation process.

1.3.1 Advantages and disadvantages of the electoagulation technique

Mollah et al. [4] reported various advantages of the electrocladign process

compared to the traditional coagulation process.dxample, the equipment required
for the electrocoagulation process is simple argy ¢a operate. As a consequence, it
can be carried out in small and compact treatmaailities, resulting in a relatively low

cost and gives the possibility of complete autooratin addition, the process has no
moving parts and most of the process is contratledtrically and, therefore, requires
less maintenance. It has also been claimed thatl#wérocoagulation technique can be
used in rural areas where electricity is not avééaThe energy required for the process
can be provided by solar panels [77]. Furthermdne, electrocoagulation process
represents a suitable choice where small, locatigadment technologies are preferable

over centralised treatments [3].

In the electrocoagulation process there is no needise chemical coagulants.
Consequently, the occurrence of secondary pollui®nminimised. Moreover, it
produces lower amounts of sludge, which tends tadaglily settable and easy to
dewater. In addition, the flocs tend to be muclhydarcontain less bound water, are acid
resistant and more stable and, therefore, can biy eseparated by filtration. The
electrocoagulation process has the advantage obuwiem small colloidal particles
because the applied electric field sets them itefasotion, thereby facilitating their
agglomeration. As a consequence, the producedeeatfloontains less total dissolved
solids compared to other chemical treatments, tieguin lower water recovery costs.

The generation of gas bubbles, produced duringtrelgsis, is considered another

10
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advantage. Indeed, the bubbles can carry the ftotise top of the reactor where they

can be more easily collected and removed.

However, disadvantages are well known for the mbeotlgulation process. For
example, the use of electricity is considered dnén@ main limitations, because of the
increase in the energy costs. The occurrence oixale or passive film on the surface
of the electrodes can lead to a loss in the effmyeof the process. Moreover, high
conductivity of the solutions is required and imm&ocases the gelatinous hydroxide

may tend to solubilise.

1.3.2 Principles of electrocoagulation

The electrocoagulation technique uses an electroicla¢ cell to treat the water. In the
simplest form, an electrochemical cell consiststved electrodes, the anode and the
cathode, immersed in a conducting solution or tleetmlyte and connected together
via an electrical circuit which includes a currenteuand control device, as shown in
Figure 1.3. The chemical processes occurring incttleare oxidation and reduction
reactions, which take place at the electrode/albté interface. The electrode at which
reduction occurs is referred as the cathode, wkdteaanode is the electrode at which
oxidation processes occur. The anode, also cdiledacrificial electrode, corrodes to
release active coagulant cations, usually aluminauarimon, to the solution [38, 39, 64,
78]. Consequently, electrocoagulation introducesameationsin situ, rather than by
external dosing. Simultaneously, electrolytic gaaesgenerated, typically hydrogen at
the cathode.

The current flow in the electrocoagulation cellmsintained by the flow of electrons
resulting from the driving force of the electricaurce. The solution electrolyte allows
the current to flow by the motion of its ionic chad species. High conductivity is an
advantage for the process, since it reduces tlotried resistance of the solution and

the electrical consumption.

11
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Figure 1.3: Simplified scheme of an electrocoagulation cell.

The metallic cations generated from the anode hyskoto form hydroxides,
polyhydroxides and polyhydroxymetallic compoundsthwia strong affinity for
dispersed particles and counter ions, thus causbagulation [79]. Indeed, they can
reduce the net surface charge of colloidal padithat are in suspension due to the
reduction of the repulsive potential of the elestidouble layer. As a result, the
repulsive forces between the colloidal particlesrelase and this brings the particles
sufficiently close so that the van der Waals foqmesilominate and agglomeration of the
particles occurs. In summary, the electrocoaguiatimcess involves three successive
stages [4, 11]. The first stage consists in then&dion of coagulants by electrolytic
oxidation of the sacrificial anode electrodes (®ectl.3.2.1). Then the destabilisation
of the contaminants and particulate suspensiorstplkeee and finally the aggregation of
the destabilised phases to form flocs occurs. Téstathilisation of the suspension
involves the occurrence of the coagulation proeesscan be brought about by several
mechanisms, as discussed in Section 1.3.2.2. Oatliee hand, the formation of flocs
is determined by flocculation models, as shown éct®n 1.3.2.3. It is worth noting
that in electrocoagulation the processes of co#éignlaand flocculation occur
simultaneously and it is not possible to distingulsetween the two stages as in
chemical coagulation. Indeed, when metal saltsised in water treatment facilities, the
two stages, coagulation and flocculation, are @iy separated or differentiated on

the basis of the time required for each of the gsees.

12
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1.3.2.1 Reactions at the electrodes

The electrodes that are commonly used for the relemdgulation process are

aluminium and iron, in the form of plates [39, 64]he electrode materials used
determine the type of coagulant. The nature ofabegulant, in turn, influences the

coagulation and the efficiency processes. Whentengial or a current is applied across
the electrodes in the electrochemical cell displayeFigure 1.3, the anode undergoes
oxidation while the cathode is subject to reductién the cathode the evolution of

hydrogen usually occurs and this gives rise tanarease in the pH of the solution at the
cathode (Eq. 1.1 and Eq. 1.2).

2H"+22 - H, acid Eq. 1.1
2H,0+ 22 - H,+20H" neutral/alkaline Eq. 1.2

When iron or iron alloys are used as the anodsy, pineduce iron hydroxide, Fe(OK)
with n = 2 or 3. Two mechanisms have been proposed @ptbduction of Fe(OH)

and these are summarised as follows [4]:

Mechanism 1

Fe - Fe™ + %~ Eq. 1.3
Fe + 20H™ - FgOH), Eq. 1.4
Mechanism 2
Fe - Fe™ +8& Eqg. 1.5
4&Fe* +10H,0+0, - Fe(OH), +8H" Eq. 1.6

In both cases, Eéis generated from the oxidation of iron. The FeJ©isl produced by
the reaction between Feand OH, while in the presence of dissolved oxygen Fe(OH)

is formed, containing the Fespecies.

13
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For aluminium and aluminium alloy anodes, the cloainreactions taking place at the

electrode and in the bulk for the production of@); are given as follows:

Al - AI® + 3 Eq. 1.7
Al* +30H™ - AI(OH), Eq. 1.8

Oxygen evolution, Eq. 1.9, is also possible atahede [64], although it is not always
detected or observed [80, 81].

2H,0 - O, +4H" + 4¢” Eq. 1.9

On the other hand, at the anode hydrogen evolw#@onalso occur by the mechanism
concerned with the negative-difference effect, NBE. The negative-difference effect
is a phenomenon well-known for magnesium and itsyal However, it may occur at
other metals such as aluminium [83-85], aluminiufoya [86] and ferrous materials
[87]. It results in strong hydrogen evolution ahé tate of this reaction has been found
to increase with the increase in the anodic paéion [82]. In the case of materials like
aluminium or ferrous alloys, it has been reporteat hhydrogen evolution is related to
occurrence of pitting corrosion, with conditionsiote the pits that differ from those
outside with respect to potential and electrolyimposition [85].

Faraday's laws of electrolysis provide a theorétistimate of the amount of Feand
Al** ions dissolved from the anodes. They relates tinent passed, to the massp,

of the electrolytically generated material in tHec&rochemical cell, as shown in Eq.
1.10. Herem is the mass in d, is the current in At is the time in second¥Y is the
gram atomic weight in g md) n is the valence of dissolution arlis Faraday’s
constant (96,485 C md). However, dissolution efficiencies higher thar0%®for both
Fe and Al electrodes have been reported [11]. Daetiral. [68] and Caiiizarest al.
[88] identified the chemical dissolution as theelik source of the observed efficiency

beyond that computed by Faraday’s laws.

Itw
m=

E— Eqg. 1.10
nF .

14



CHAPTER1

The electrogenerated eand AF* ions (Eq. 1.3, Eq. 1.5 and Eq. 1.7) immediately
undergo further spontaneous reactions to produeectiresponding hydroxides, as
shown in Eq. 1.4, Eq. 1.6 and Eq. 1.8. In additmithese hydroxide species,’Fand
Al** ions also form monomeric, hydroxo complexes wighrbxide ions and polymeric

species, depending on the pH range [11, 40, 89].

1.3.2.2 Coagulation

The coagulation step consists of destabilisingpiduicle surface charge that keeps the
particles in suspension. As a result, the suspempdeticles can stick to each other
forming microflocs that are not visible to the ndkeye [90]. Electrocoagulation adds
the coagulant directly into the solution as a maetation, therefore it could be
considered similar to a salt induced aggregatiarcgss in terms of the mechanisms
occurring in the solution. Consequently, the theammg the mechanisms reported for the
electrocoagulation process concern the studiegedaout on the chemical coagulation.
However, it is worth noting that the time-dependevblution of the chemical

environment may differ in the two systems [91].

The interaction between the hydrolysed species thadcontaminants present in the
solution is described by coagulation theory. A®adly outlined in Section 1.3.2, the
coagulant destabilises the colloidal suspensiorrdalucing the energy barrier, thus
allowing particles to aggregate. The stability afadloidal particle is determined by the
double layer repulsion forces and van der Waalksefoof attraction [92]. Most particles
in water are characterised by a surface chargegshadan arise by different means, i.e.,
isomorphous substitution, ion dissolution, chemicehctions at the surface or
adsorption of ions onto the particle surface [9Bgcause of the overall electrical
neutrality, the surface charge of a particle isntetbalances by ions of opposite charge
(counter ions) in water. The charged surface ofpidmicle and the oppositely charged
layer of counter ions constitute the electrical lWedayer, which was first described by
Helmholtz in 1879 [94]. This theory was then extemdby Gouy and Chapman and later
by Stern in 1924. The currently accepted modelethas the Bockris, Devanathan and
Muller, BDM, model is shown in the schematic prdsdnin Figure 1.4(a) and Figure
1.4(b) illustrates the corresponding variation lé potential versus distance from the

surface.
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Figure 1.4: (a) Schematic of the different regions of the ®ileal double layer based on the BDM

model and (b) variation of the potential versusatise from the surface.

The first part is a layer of ions specifically adsed to the interface and it is called
Stern layer. According to a model proposed by Grahan 1947, the Stern layer can be
subdivided into the inner and outer Helmholtz regi¢95]. The inner region, IHP, is
immediately adjacent to the interface and contapecifically adsorbed ions, which no
longer contain their hydration shells. In the out&imholtz region, OHP, hydrated
counter ions can be found. Across this layer, thkemtial falls from the surface value,

Yo, to a value¥s. Beyond the Stern layer, is the so-called diffosesouy-Chapman
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layer where the potential decreases exponentiaiti mcreasing distance from the
interface. The boundary of this layer is calledssh@ane. In this region the ions subject
to normal thermal motion [93]. In 1963 Bockris, eathan and Muller proposed a
model that included the influence of the solventrrtba interface [96]. The model
suggests that a layer of water is present withénitimer Helmholtz plane. The dipoles
of these molecules have a fixed alignment becaudeeatharge in the electrode. On the
other hand, some of the water molecules are disglay specifically adsorbed ions as
shown in Figure 1.4(a). Other layers of water fwllthe first, however the dipoles in

these layers are not as fixed as those in thedist.|

The stability of the colloidal suspension is infheed by the potential of the Stern layer,
Y;s. This potential cannot be measured directly, h@awavis approximated by the zeta
potential,(, representing the electrical potential betweenstear plane and the bulk
solution [97]. The patrticles coalesce if the kinetnergy of the particle is sufficiently
large to overcome the potential created by the &bion of the double layer, otherwise
they remain as a stable suspension [97, 98]. Taery was developed by Derjaguin
and Landau, and Verwey and Overbeek independentlyi@popularly known as the
DLVO theory [99]. The combined effect of electrdstaepulsion and van der Waals
attraction between two particles is described by B1LVO theory (Deryaguin and
Landau, 1941; Verwey and Overbeek, 1948). It assuim the effect of the attraction
forces (London-van der Waals) and the repulsiorce®r(overlapping of electrical
double layer) is additive and the results can spldyed in the form of a potential
energy diagram shown in Figure 1.5. This figure gasgs that, although it is
energetically favourable for particles to come inlose contact, a large energy barrier
must first be overcome. The role of the coagulanttd destabilise the colloidal
suspension by reducing the repulsive forces andemprently lowering the energy

barrier and enabling particles to aggregate [100].
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Figure 1.5: Representation of the DLVO theory.

It has been postulated that a number of coagulatiechanisms, which depend on the
physical and chemical properties of the solutiasilutants and coagulant, are involved
in the destabilisation of a solution [101]. Theglude double layer compression, charge
neutralisation and bridging and sweep processe®].[The compression of the diffuse
double layer is due to the reduction of the netasgr charge [98]. lons with opposite
charge to the net charge on the surface of theclgarican reduce the repulsive potential
of the electric double layer. On the other handtatglisation can also be brought about
by charge neutralisation, which involves reducing met surface charge of the patrticles.
Coagulants, such as hydrolysis products formed ftbm dissolution of iron and
aluminium electrodes, carrying a charge oppositggn to the net surface charge of the
particle are adsorbed onto the particle surfacé. [8Be formation of flocs, instead,
forms a sludge blanket that entraps and removesusgended particles when settling

down, as a result of an enmeshment process.

For a given electrocoagulation cell, the dominapagulation mechanism will vary
according to the operating conditions of the readtee type and concentration of the
pollutant, and the type and concentration of thegatant. Consequently, the speciation
of the cation generated by electrodissolution @& déhectrode in electrocoagulation is
extremely important. Indeed, depending on the predant hydrolysis species in

solution, the coagulation mechanism can vary. Ty@rdlysed metal species can be
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adsorbed on the colloid surface to create bridgésden the particles or, alternatively,
the amorphous solid hydroxide flocs that form maitls down causing the so-called

sweep flocculation.

As outlined in Section 1.3.2.1, electrogeneratetf Brd AP* ions undergo hydrolysis.
Indeed, all metal cations are hydrated in watethéncase of F& and AF*, it is known
that the primary hydration shell consists of six lecales of water arranged in
octahedral co-ordination [103]. Depending on thkitstn pH, water molecules in the
primary hydration shell are polarised owing to sslef one or more protons, according
to Eg. 1.11. The metal hydroxides considered in ¢bagulation process are the
amorphous precipitates, since the crystalline foamesusually formed very slowly. In
this context polynuclear hydrolysis species arecoosidered.

M* +OH - MOH* O] - MOH); Ot - MOH, O -~ MOH, Eg.1.11

The amorphous hydroxides have a minimum solubgitya certain pH value. For
example, it has been estimated that for aluminiisiis approximately pH 6.0 at which
the solubility is of the order of 1M [104], while for iron the solubility is much lowe
approximately 0.01.M and the region is broader than for aluminiumgrag from pH
values of 7.0 up to 10.0 [105]. However, the premhamt species at these pH values
might not be an amorphous solid but a soluble Hydi® species. If these soluble
species have a charge of the same sign as thenuaat#, then the efficiency of the

coagulation process is reduced considerably.

The speciation of metal cations, such a& Ahd F&*, present in solution at a given pH
can be calculated using thermodynamic data andagisg as speciation or distribution
diagrams. These diagrams provide a deeper unddnstpof the agueous solution
chemistry of the A" and F&" ions and of their hydrolysis products, which depen

the total metal concentration and solution pldure 1.6 shows the speciation diagrams
for AI** and F&". It is apparent from such diagrams that theresggaificant difference

in the hydrolysis behaviour of Al and F&" cations. Indeed, all the ferric hydrolysis

species attain significant concentrations at dsffémpH values, while in the aluminium

diagram two species are predominant?*Ahnd AI(OH), at low and high pH,
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respectively. The other species, i.e., AI(@*I,—I)AI(OH); and Al(OH}, are stable over a
narrow pH region from approximately 5.0 to 6.0 [JLORccording toFigure 1.6, @ small
amount of AI(OH) forms between pH 5.5 and 8.0, which covers thergifje where
the hydroxide has the minimum solubility. Howevar, this range AI(OI—IQ+ and
Al(OH), are the main hydrolysis products, representingosatr80% of the total AT in
the system. On increasing the total concentratibid’, the hydroxide precipitate

becomes more predominant in the system.

Al3+ Al(OH) 4~
10 AT (OH) 4

(a) ™ e
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Figure 1.6: Speciation diagrams of the mononuclear hydrolysisiucts for (a) A" and (b) F&" ions at a
concentration of 1.0uM. The diagrams were realised with the MEDUSA saftev developed by
Puigdomenech [19] at the KTH Royal Institute of Meclogy, Sweden and based on the
SOLGASWATER algorithm [20].
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1.3.2.3 Flocculation

Flocculation refers to the physical process ofdirig particles together, once they have
been destabilised by the coagulation process.drfltitculation process, the collisions
of the microflocs formed during the coagulationpstause them to bond to produce
larger, visible flocs. The size of the flocs cons to increase because of the collisions
and interactions with the coagulant. The collisitbetween particles in a destabilised
suspension are influenced by several processes T¥8ge mechanisms are usually
adopted to explain the motion and collision of plaeticles and these include Brownian
diffusion, fluid shear and differential sedimentatimodels. Brownian diffusion, or
perikinetic flocculation, is due to the continudobsmbardment by surrounding water
molecules, while fluid shear or orthokinetic flotation is caused by differences in the
velocity gradients in either the laminar or turtmiléelds. Differential sedimentation is
related to the gravity of the particles, where iple$ that settle faster overtake and

collide with slower settling particles [106].

Flocculation rate equations have been derived facheof these aforementioned
mechanisms by assuming that the aggregation i®@gs where the rate of collision
(f;) between-andj-size particles is proportional to the productlaé toncentrations of

the two colliding units@; andC;) [98]. The general form of this relationship is:

f, =E k;CC, Eqg. 1.12

wherek; is a second-order rate constant that dependseotnethsport mechanism and a
number of other factors, including particle sized &; is a flocculation rate correction

factor, or a collision efficiency factor.

1.3.3 Factors affecting electrocoagulation

1.3.3.1 Electrode materials

The electrode material determines the electrocheméactions that take place in the
electrocoagulation process. Aluminium and iron tetstes are mostly used as the
electrode material in electrocoagulation systenis Muminium dissolves as Al.

However there is no general agreement on the naftre iron species, with both £e
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and F&" proposed as the dissolved species [80, 107]. thitesome studies [5, 107,
108], the presence of Feis explained by the initial dissolution of iron give F&*
species which are subsequently oxidised in theepeesof dissolved oxygen at alkaline
pH. It has been pointed out that’Fés a poor coagulant compared to*Fdue to the

higher solubility of the hydroxides and the lowesjtive charge of the ion [22].

The selection of the electrode materials dependb@pollutants to be removed and the
chemical properties of the electrolyte. In geneeliminium seems to be superior
compared to iron in most cases when only the efiicy of the treatment is considered.
However, aluminium is more expensive than ironrtireectrodes, such as stainless
steel, are recommended as the cathode when satifiamounts of calcium or
magnesium ions are present in the solution [10jateés-Hernandeet al. [5] obtained
high removal of colour with aluminium electrodedyile iron was more effective than
aluminium in reducing COD from industrial wastewatd combination of iron and
aluminium gave good efficiencies for the removatteé colour, 71%, and COD, 69%.
Similar results were obtained for the treatmenpayber mill wastewaters using various
aluminium and iron electrode combinations [109].mBined electrode systems have
been used for arsenic removal from groundwater J[11®n electrodes and a
combination of iron and aluminium electrodes gahe thighest arsenic removal
efficiencies [110]. Similar results were obtainear ftopper, chromium and nickel

removal from metal plating wastewater [111] andtfa removal of indium [112].

In some studies aluminium alloys have been empl@agethe anode material and they
resulted in better removal performances than thmsserved with the pure metal.
Vasudevaret al. used an aluminium-zinc alloy to treat successfulbter containing
phosphates [113], iron [114], arsenate [115], chwom[116] and copper [117]. In all
cases, high removal efficiencies were obtained. &mmple, for the removal of
phosphates the aluminium alloy gave an efficierfc9386 after 30 min compared to the
efficiencies of 87% and 85% obtained with mild &t@ed pure aluminium electrodes
under the same conditions. An aluminium-copperyallas used by Khemgt al.[118]

for the treatment of concentrated oil suspensiomt again good removal efficiencies
for both COD and TOC were achieved.
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Studies were also carried out on electrocoagulatging iron-based alloys as the anode
materials. For example, stainless steel has beemdfas an effective colour removal
electrode. Arslan-Alatort al. [119] reported complete decolorisation of reactiye
bath effluents using stainless steel within thst fir min of electrocoagulation at all the
studied pH values and applied current densitiesil&i results were observed for the
treatment of dyes [120, 121]. Stainless steel wss ased for the treatment of total
suspended solids and turbidity [67, 122], phthalked esters [123], nitrite [124] and
strontium [125] with excellent removal efficiencieblowever, the stainless steel
electrodes were less efficient for the removal ddBC and BOD. For example,
Arslan-Alatonet al.[119] observed that the performance of the stagiteel electrodes
was dependent on the initial pH of the dye batltgmh. With pH values higher than
3.0, the COD removal was 80% and 90% after 25 d&hdhih, respectively, with the
removal efficiency decreasing with an increasehefinitial pH. However, Kabdasét
al. [126] did not observe an improvement in the renhe¥fciency of TOC from metal
plating wastewaters containing complexed metal$ wotv initial pH values. They
reported the highest TOC abatement as 66%, withramt density of 9 mA cihand an
initial pH of 6.0 after 3 h.

1.3.3.2 Electrode arrangements

A typical electrocoagulation cell consists of plakectrodes and the water flows
through the space between the plates [10]. Tharetkzs can be arranged in several
ways. For example they can be connected in monpbpolaipolar modes, as shown in
Figure 1.7, and in series or parallel. In monopsistems, displayed in Figure 1.7(a),
all the anodes are electrically connected and artyibll cathodes are also connected. In
bipolar systems, shown in Figure 1.7(b), only tlweo electrodes are connected to a
power source and the current passes through tlee eléctrodes. In the bipolar systems,
the side of the electrode facing the anode is negjgtpolarised and vice versa on the
other side facing the cathode. The different etelgtr connections, which affect the
pollutant removal efficiencies and operating costaye been compared in several
studies [127-132]. For example, on studying the oneah of CF* using mild steel
electrodes, Goldest al.[127] found better removal efficiency when thectledes were

in the bipolar arrangement. However, the treatnoests were lower with a monopolar

arrangement. Similar results were observed forrémeoval of fluoride from drinking
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water [57]. In general, the monopolar configuratisihows lower operating costs,
however higher removal of the pollutants is usuadghieved with the bipolar

configuration.

(a) ﬁpower supply [
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Figure 1.7: Schematic diagrams of (a) monopolar and (b) bipeliectrode connections.

1.3.3.3 Current density

In electrocoagulation, the applied current denaffgcts the rate of the electrochemical
reactions that generate the coagulant and theasidehe number of hydrogen bubbles.
In addition, it has an influence on the electroddeptial, which determines the
reactions taking place on the electrode surfacgedd, it has been reported that the
dissolution rate of the anode can be lower thanthie®retical value computed by
Faraday'’s law, indicating the occurrence of otleactions at the anode [107] and/or the

occurrence of the negative-difference effect, presskin Section 1.3.2.1.

The concentration of Al and F&" ions produced from the anodes is usually calcdlate
according to Faraday’s law (Eqg. 1.10), provided tha current and electrocoagulation

times are known. However, current efficiencies kigthan 100% have been observed
in both the Al and Fe systems. Cafiizaeeal [88] explained this difference in terms of

the chemical dissolution of the electrode surfacallkaline pH for the Al system and at

acidic pH for the Fe system. This certainly hag#ect when the same material is used
as the anode and the cathode. Indeed, the evohiftioydrogen at the cathode increases
the local pH, as shown in Eg. 1.2, causing the aotendissolution of an aluminium
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cathode. This was confirmed by a study carriedbyuMouedheret al. [133] on the
dissolution of aluminium from the cathodes usinglatinised titanium anode. The
concentration of Al(Ill) generated from the chenhicissolution of the aluminium
cathodes increased with the electrocoagulationogerindeed higher concentrations

were observed with lower current densities anddomiectrocoagulation times.

1.3.3.4 Supporting electrolyte

In the electrocoagulation process, the electropieys an important role and the
concentration and nature of the ions have a swifi effect on the efficiency of the
process. For example, Chen [55] reported that thegmce of NaCl in the supporting

electrolyte significantly reduced the adverse effed anions, such as HGGnd SG°.
Indeed, in the presence of carbonate or sulfate iba precipitation of Gaor Mg**
containing species forms an insulating layer on sheface of the electrodes, thus

increasing the potential between the electrodes.

The presence of anions can also influence theretbztehaviour. Indeed, sulfate ions
are well-known passivating agents, while chloridasi induce the breakdown of the
passive layer [134]. Trompette and Vergnes [136{lisd the effect of the supporting
electrolyte on the electrocoagulation efficiencyuaoskimmed milk samples. They used
aluminium electrodes and NaCl, M€, NH,Cl and (NH).SO, as supporting

electrolytes. An increase in electrical power congtion and lower efficiencies were

observed with sulfate anions. In addition, a ratiCl]/[SO,*] higher than 0.1 was

necessary to ensure the breakdown of the passive fi

It has been reported that the supporting elecatgin compete with the contaminants
[136]. For example, on studying the removal of filde in the presence of chloride,
nitrate and sulfate anions, Ha al. [137] obtained the best results in the absence of
these anions. In particular, they found that théateiions have a significant effect on
the removal efficiency of the fluoride, probablychese they compete with fluoride ions
to form precipitates with Al species. Similar results were obtained by Vasudeval.
[113] on studying the removal of phosphate ionsretfioride and arsenate acted as

competitors.
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1.3.3.5 Solution pH

The efficiency of electrocoagulation depends onpHeof the solution, which increases
during the electrocoagulation process [10]. Indeedffects the current efficiency, the
dissolution of the electrodes and the speciatiothef hydrolysis products. Chemical
dissolution occurs at acidic and alkaline pH foonirand aluminium electrodes,
respectively, as discussed in Section 1.3.3.3. A8ined in Section 1.3.2.2, the

predominant hydrolysed species that forms upontreldissolution of the anode

depends on the solution pH. It has been shownithalkaline pH, Al(OH) forms and
this species has poor coagulation performance h®mther hand, Béis effective in a
wider pH range as apparent from Figure 1.6.

It has been shown by Chen [10] that the solutionimtfeases for acidic solutions and
decreases for alkaline solutions during the electgulation process. The increase of
pH under acidic conditions was attributed to thelrbgen evolution reaction which
occurs at the cathode and to the release of {@n hydrogen bubbling [39]. On the
other hand, the pH decrease from alkaline conditwas attributed to the amphoteric

character of aluminium hydroxide [138], accordind=g. 1.13.

AI(OH), +OH™ - AI(OH); Eq. 1.13

As with aluminium and iron, other metal cations edso form hydroxides in water that
have low solubility and, consequently, can be reedovby precipitation and
co-precipitation with the electrocoagulation pracdsor example, Adhoumt al. [139]
studied the removal of Cu(ll), Zn(ll) and Cr(VI) luminium electrodes and found an
increase in the removal efficiency when the solupél of the electroplating wastewater
was increased. Similar results have been obtainedhie removal of Co(ll) [140],
As(V) [74, 141], Cu(ll), Cr(VI) and Ni(ll) [111], G(II), Pb(ll) and Cd(Il) [142], Cu(ll),
Ni(11), Zn(I1) and Mn(lIl) [143], In(lll) [112] andCr(Ill) [144, 145].

1.3.4 Removal of pollutants by electrocoagulation

A wide range of pollutants can be removed by ebectagulation. Indeed an extensive
literature exists on the use of the electrocoamnaechnique for the treatment of water

and wastewater. Most of the applications have lbscussed in a review article by
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Emamjomeh and Sivakumar [146]. Numerous researcherse investigated the
decolourisation of dye solutions, since dyeing espnts an important process applied
in almost all the textile-manufacturing industriaed produces large volumes of
wastewater. These wastewaters are usually treatbdnaditional biological methods.
However, due to the toxicity of most commercial slyewards the organism used, the
growth of the organisms is inhibited [147]. Elecwagulation offers a potential and
effective method for the treatment of textile wastters. A study carried out by Cah

al. [148] showed that electrocoagulation is an effitigrocess for removing dyes from
the solution. Indeed, an efficiency of 85% was obsg for a reactive textile dye,
Remazol Red RB 133, after 10 min at an initial pH6d® and current density of
10 mA cn¥ using aluminium electrodes. The removal was atteitd to the precipitation
of aluminium hydroxopolymeric species formed durthg earlier stage of the process
and of AI(OH} flocs in a subsequent stage. The authors alsoeshtivat the efficiency
of the process depends on several factors, suteasitial pH, conductivity and dye
concentration. A similar investigation was carr@g by Daneshvaet al. [149] on the
operational parameters affecting the removal of thyes used in the wool and blanket
industries. Using iron electrodes, the optimal reateefficiency was achieved with a
current density between 7 and 8 mAgma pH from 5.5 to 8.5 and a conductivity value
of 8 mS cmi. Kobya et al. [40] compared the performance of iron and alunmmiu
electrodes for the treatment of textile wastewafEiney observed that iron was superior

to aluminium in terms of decolourisation, COD amergy consumption.

Several studies have been reported in the litexainrthe treatment of oily wastewaters.
These studies indicate that electrocoagulation feasible technique to destabilise
oil-in-water emulsions. Although several anode make were proven effective,
aluminium electrodes showed the best removal padace. For example, Ogutveren
and Koparal [150] used iron or aluminium electrotiedreat solutions containing oil
concentrations of 50, 200 and 500 nmi§ The removal efficiency was as high as 100%
for all experiments when aluminium electrodes wased, probably because of high
adsorption capacity of hydrous aluminium oxides.eflet al. [138] presented an
extensive study on the treatment of wastewater frestaurants in Hong Kong,
containing high levels of oil and grease. Aluminietactrodes were used and the effect
of several parameters was investigated. The loaclagge and the electrocoagulation

time were identified as the most important factfams an efficient treatment. On the
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other hand, the conductivity of the solution hadsmgnificant effect on the removal
efficiency when the solution pH was between 6.0 afd Removal efficiencies higher
than 94% were achieved, indicating that the eleotgulation process can be

successfully used to remove oil and grease.

Electrocoagulation has also been used for the rahmivheavy metals. Kumaet al.
[151] treated arsenite and arsenate containingrviteslectrocoagulation. Laboratory
scale experiments were conducted with three eldetroaterials, iron, aluminium and
titanium to assess their efficiency for arsenic agal. The highest removal, 99%, was
obtained using iron electrodes within a pH range6d to 8.0. The suggested
mechanism involved the oxidation of As(lll) to Ag(Vand its subsequent
adsorption/complexation on ferric hydroxides. Otkerdies concerned the removal of
combinations of metals. For example, Merzatlal. [152] investigated the removal of
some heavy metal ions, such as iron, nickel, coppec, lead and cadmium, with
different initial concentrations in the range of 80600 mg [* and an initial pH of 7.8
from a synthetic wastewater. Using aluminium elmb#is, the results showed a fast
removal with efficiencies ranging between 70% aBéc9These values were observed
for all the metal ions except for iron and coppehjch required 15 min to attain the
same removal efficiency. High removal efficienciggh aluminium electrodes were
also reported by Heidmann and Calmano [153] forrémeoval of zinc, copper, nickel,
silver and chromium ions. The removal rate of chtomappeared to depend on the
initial concentration, with high concentrationsifaiating the removal. According to the
authors, zinc, copper, nickel and silver ions weeenoved following the same
mechanism, which involved hydrolysis and then cecjpitation as hydroxides. On the
other hand, Cr(VI) was reduced to Cr(lll) at thethcale before precipitating as
hydroxides.

Electrocoagulation has been shown to be an efficrerthod to reduce fluoride
concentrations from potable water. Mametial [64] studied the defluoridation of
Sahara water using bipolar aluminium electrode dfifiects of several parameters and
the kinetics of the process were investigated. fE@selts showed that the removal of
fluoride was more efficient for pH values betweefl &nd 7.6, where the formation of

fluoro-aluminium complexes, such as AIRIOHF; and Al(OH)YF,, were favoured.
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Koparal and Ogutveren [154] compared electrocodigulaand electroreduction for
removing nitrate from water. A good efficiency walstained in the electrocoagulation
process within a pH range of 9.0 to 11.0 using irorgs as electrodes. Similar
efficiencies with iron and aluminium electrodes &eeported by Lacasat al. [155].
The electrocoagulation process was identified asféective technology for nitrate
removal because nitrate anions preferentially ddswrto the surfaces of growing
metal-hydroxide precipitates. The removal of phagehions by iron and aluminium
electrodes was investigated by Irdenedzal. [156-158] and parameters such as the
initial pH, current density and initial phosphatencentration were studied. The pH was
identified as a key parameter, with a pH of 3.0nbethe optimal value for obtaining
high removal efficiencies. Complete removal waseakd using aluminium electrodes,
while the iron electrodes were less effective mtiteatment and removal of phosphates.

1.4 Electrochemistry and corrosion properties of meerials

As outlined in Section 1.1, the performance of ¢lextrocoagulation process is strictly
dependent on the electrode materials which are aragl For example, the electrode
material determines the type and the concentraifothe coagulant delivered to the
solution. In addition, each material exhibits defiént rate of dissolution, thus affecting
the energy consumption of the system. In this sectithe electrochemistry and
corrosion properties of iron and aluminium and soafetheir alloys are briefly

presented and discussed.

1.4.1 Corrosion and passivity

Corrosion is the change of metallic materials agsalt of exposure to environment.
Corrosion is normally referred as having a negagiffect on materials of construction
in various systems [134], however it can be beradfmr desirable in some cases, such
as etching of metal surfaces, electropolishindhagit protection (galvanising), passive

film formation and battery operation).

Corrosion can take different forms in aqueous @mvirents, ranging from uniform
corrosion to localised corrosion, such as pittimgstress corrosion cracking. However,

all metals and alloys, except for gold, developaaide-containing film due to the
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reactions with the environment [159]. Some of thilses are passive and protective
and these provide more corrosion resistant metallloy surfaces. These protective
surface films are responsible for the phenomenopasskivity, which reduces or limits
the corrosion of a metal or alloy [134]. The phereown of passivity was first noted by
Keir in 1790 and subsequently discussed by Schonaed Faraday in 1836. In his
famous iron-in-nitric acid experiments Faraday sbdwhat the sample changed from

the passive to the active state [160].

The nature and the composition of the passive fildepend on the surface
characteristics of the metal surface. Sato and @kaproposed three main mechanisms
to account for the formation of passive films [L6Lhese models were based on direct
film formation, a dissolution precipitation procemsd anodic oxidation. The direct film
formation model involves the reaction of a metaffare with an aqueous solution to
form either a chemisorbed oxygen film or a comphate-dimensional film, usually an

oxide or oxyhydroxide film. It can be representgcHy. 1.14 and Eq. 1.15:

M+H,O - MO, +2H" + 2~ Eq. 1.14
M +H,O - MO(oxide) +2H" + 22~ Eqg. 1.15

The dissolution precipitation process produces ssiga layer by the formation of an
oxide, oxyhydroxide, or hydroxide film by the prgitation of dissolved metal ions as

described by the two-step process:

M- M™+ne Eq. 1.16
M™ +nH,0 - M(OH), +nH" Eq. 1.17

Lastly, the anodic oxidation of the metal in sauatiforms an oxide film containing the
metal ion in a higher oxidation state as shown by:

M - M™ +ne Eq. 1.18
2M™ +(n+2)H,0 - M,0,,., +2(n+2)H" +2ze Eg. 1.19

(n+2)

The phenomenon of passivity has a central positroncorrosion processes and

corrosion control. Indeed, it is the breakdowntd passive film that results in several
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forms of localised corrosion. This, in turn, maypdeto failure in some engineering
applications. In the electrocoagulation process,kistence of a passive layer on the
metal surface causes an increase in the poteptiaired to dissolve the metal cations
from the electrodes. This leads to a corresponiagase in the energy demand of the
system. Consequently, materials exhibiting poorsppéyg and active dissolution are
preferred. Alloying elements play an important rimleletermining the properties of the
passive film. As a result, if the alloying elemenén be used to limit the formation of
passive films, then the use of iron or aluminiumioyd may be beneficial in

electrocoagulation applications.

1.4.1.1 Basic concepts of corrosion

Corrosion is a process created by the reactiondmtva material, often a metal or alloy,
and its environment that results in destructiordeterioration of that material [134].
Corrosion can be classified as wet or dry corrasidre wet corrosion process involves
liquid solutions, such as the corrosion of steelwmter containing dissolved salts,
whereas dry corrosion is associated with high teatpees and occurs in the absence of
a liquid phase, by mechanisms such as carburisationetal dusting and sulphidation
[160]. Corrosion in aqueous environments occura asnsequence of electrochemical
reactions. This involves two partial reactions, gin@and cathodic. At the anodic sites
an oxidation reaction occurs and simultaneouslgdaiction process takes place at the
cathodic sites [162]. The anodic reaction of theéaiis of the form:

M- M"™ +ne Eqg. 1.20

The corresponding reduction reaction of the medak,| generated from the oxidation
reaction, can be represented as:

M™ +ne” - M Eqg. 1.21

However, the reduction of dissolved oxygen andher release of hydrogen gas by the
reduction of hydrogen ions are the most common atalu reactions during aqueous
corrosion of metals or alloys [163]. The two reani, anodic and cathodic, are

complementary events and must proceed at the setmeAnodic and cathodic sites can
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form on the surface of the metal for many reasa@nmposition or grain size
differences, discontinuities on the surface, presesf impurities or inclusions in the
metal, local differences in the environment (e.gemperature, oxygen, or salt
concentration) and localised stresses. For eldwtraccal corrosion to take place, there
are four fundamental requirements [162]: an anodecathode, a conducting
environment for ionic movement (electrolyte) andedectrical connection between the
anode and cathode for the flow of electrons. If ahyhese elements are missing or

disabled, electrochemical corrosion cannot occur.

Thermodynamics and electrochemical kinetics aredbadations of corrosion studies.
Thermodynamics gives an understanding of the enalggnges involved in an
electrochemical reaction and determines the speotemn direction for the reaction.
On the other hand, kinetics provides the basis reflipting the corrosion rate. In
particular, thermodynamics predicts whether a metdl corrode in a specific
environment and provides an understanding of therggnchanges involved in the
electrochemical reactions. These energy changesdprthe driving force and control
the direction for a chemical reaction. Each mexdlilgts a potential with respect to its
environment. This potential depends on severabfacisuch as the ionic strength and
the composition of the electrolyte, the temperattine metal or the alloy and other
factors. The potential of the electrochemical ¢glthe sum of the potentials of the
anodic and cathodic half cells,, eand @, respectively. The potential of an
electrochemical reaction can be related to the gdam Gibbs energy\G, as shown in
Eq. 1.22, whera is the number of electrons patrticipating in thacten,F is Faraday’s
constant (96,485 C mid) andE is the electrode potential [160]:

AG = -nFE Eq. 1.22

The potential of the electrochemical cdll, depends on the concentrations of the
reactants and products of the respective partadtiens and on the pH of the aqueous

solutions in contact with the metal. It is expresbg the Nernst equation:

RT|. {04
nF {Red}*

E=E°+ Eq. 1.23
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Here,E° is the standard electrode potential inRAs the gas constant in J idk™, Ox
is the activity of an oxidised species, Red isabevity of a reduced species axdndr
are the stoichiometric coefficients involved in thmespective half-cell reactions.
Corrosion will occur ifAG < 0, indicating that the spontaneous directiothefreaction

is the dissolution of the metal.

The application of thermodynamics to corrosion mmeena has been represented by
potential-pH plots, or Pourbaix diagrams. Thesegmims are constructed from
calculations based on the Nernst equation and gibjuthata for various compounds.
From these diagrams, it is possible to differeati@gions of potential as a function of
pH in which the metal is either immune (no corro$jgpassivated by a thin film or
actively dissolved [164]. The Pourbaix diagramrohiin an aqueous solution is shown
in Figure 1.8. In the region labelled as A, thenire inert and stable, while in region B,
the iron dissolves and an oxide or hydroxide layéormed in the region labelled as C.
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Figure 1.8: Pourbaix diagram for iron in water (dissolved imoncentration is 1.0 x T0mol L™* and the
temperature is 25 °C). Only Fe,z:ER, F&Ozas solid products are considered. The diagram ealsed
with the MEDUSA software developed by Puigdomend&j at the KTH Royal Institute of Technology,
Sweden and based on the SOLGASWATER algorithm [20].

33



CHAPTER1

The rate of the oxidation and reduction reactiontsdase as the potential is displaced
from its equilibrium value [165]. A system is renaol from equilibrium when the
potential is displaced from the equilibrium potahtoy the application of an external
voltage. This deviation in potential is definedoagarisationy [160]:

n=|E-E,

Eq. 1.24

where, Eeq is the equilibrium potential. The magnitude pfdepends mainly on the
activation polarisation, concentration polarisatéond resistance polarisation [134, 166].
When the rate of the electrochemical process isralbed by the charge transfer across
the metal solution interface, then the system ideuractivation control. For such
systems the relationship between the current depsénd the potentiaE, is given by

the Butler—Volmer equation (Eq. 1.25) [166]:

j= jo[ex{@} —exp — (1_G)LFT(E _ Eeq)D Eq. 1.25
Here,j is the current density in A ¢fnjo is the exchange current density in Agm
defined as the rate of oxidation or reduction af #lectrode at equilibriuny, is the
charge transfer coefficienty is the number of electrons involveH, is the Faraday
constant (96,485 C md), R is the gas constant (8.314 J thd™) and T is the

temperature in K.

For a sufficiently large value of anodic polaripatifrom the equilibrium potential
(na>50 mV), the first term on the right side of Eq23 dominates the second term.

Therefore, at large overpotentials, the Butler—\@mquation simplifies to:

| = jo exp T e Eqg. 1.26
I=1Jo RT g. 1.
and rearranging the Tafel equation is obtairg 1.27):
,7a,a = ﬁa IOQ(%J Eq 1.27
0
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Here, a4 is the anodic activation overpotential ghfid= (2.30RT)/(anF) is the Tafel
slope for the anodic reaction. A similar equati@m de written for the cathodic half

reaction.

When the transport of ions or molecules to or afvasn the metal surface determines
the rate of the electrochemical process, thenybem is said to be under concentration
polarisation or transport controk.. For example, when the cathodic process in a
corroding system depends on the reduction of dissobxygen, the diffusion of oxygen
to the metal surface will often limit the rate @frmsion. The concentration polarisation

can be expressed as:

RT '
n, :_In(l—;j Eq. 1.28

where, jim is the limiting current density which depends on the dWitsiof the

reacting species.

Resistance polarisatiom,r, arises as a consequence of the ohmic resistance in the
system. It is the sum of all resistance elements present system. High-resistivity
solutions and insulating films deposited at either the catlowdanode restrict the
contact between the metal and the solution and will promotegla polarisation
resistance. Consequently, the total polarisatjigp,across an electrochemical cell is the

sum of these individual polarisations elements:
Mot =Ma 11 g Eqg. 1.29

1.4.1.2 Mixed potential theory

Information on the kinetics of a corrosion reaction is usuallygmtesl as an Evans or
polarisation diagram where the relationship between the electrodeiplosert current
density is given for the reactions [134]. These diagrams are basth@ @ninciples of
mixed-potential theory that was first developed by Wagner and Tnal@38 [167]. In
this analysis, any electrochemical reaction can be algebraically dintedseparate

oxidation and reduction half reactions with no net accumulati@bectrical charge. As
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a consequence, the rate of the oxidation reactitinegqual the rate of the reduction
reaction. Figure 1.9 shows the two half-cell reawdi which occur when pure zinc is
placed in an acid solution. In the corrosion ofczirthe oxidation half reaction
corresponds to the dissolution of zinc, while teduction of H to liberate gaseous
hydrogen gives the reduction half reaction. Theptl of these two half-cell reactions
are plotted as a function of the logarithm of therent density. When the corrosion
reactions are controlled by activation polarisatidinear plots are observed.he
corrosion potentialEqyr, and the corrosion current density valugs;, correspond to
the intersection of the anodic and cathodic lingats, as shown on the diagram. The
value of the current at this intersection givesrdie of corrosionjcor. It is clear from
this diagram that the slopes of the linear plotd #re values of the exchange current
densitiesjo, for the cathodic and anodic half reactions hawsggaificant effect on the

rate of corrosion.

B2 eH+/H2 S

Potential

Current density

Figure 1.9: Evans diagram for zinc in HCI acid solution.
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1.4.1.3 Types of corrosion

Metals and alloys are susceptible to different $yp€& corrosion. The process may be
guite complex, incorporating many factors, depegdn the metal and the operating
conditions. In this section, some forms of corrasiwith a specific focus on pitting

corrosion, are introduced and discussed.

Uniform corrosion

Uniform corrosion, or general corrosion, proceegengy over the entire surface area, or
a large fraction of the total area. General thigrniakes place until failure. This is the
most important and common form of corrosion in terof amount of damage [134].

Measurements and predictions of uniform corrosioa eelatively easy, making

disastrous failures rare.

Galvanic corrosion

Galvanic corrosion takes place when two differentdssimilar metals are joined
together in the presence of an electrolyte andr@wdive path. Galvanic corrosion is
easily identified by the presence of a build-upcofrosion at the joint between the
dissimilar metals. When a galvanic couple forms ohthe metals in the couple, the
less noble metal, acts as the anode and corrogies than it would by itself, while the
other, the more noble metal, acts as the cathodle@modes slower.

Intergranular corrosion

Intergranular corrosion is a form of localised ektavhich depends on the alloy
composition. Indeed, it occurs along the grain loauies, which are regions separating
grains of different crystallographic orientationy onmediately adjacent to grain

boundaries, while the bulk of the grains remaimgédy unaffected. This form of

corrosion is usually associated with impurity segagteon effects or specific phases
precipitated on the grain boundaries.

Crevice corrosion

Crevice corrosion is a localised form of corrosassociated with a stagnant solution in
small sheltered volumes. It occurs in localisecharsuch as crevices, joints, or bolted
and threaded parts. Crevice corrosion is associgithdvariations in the concentration

of salts, acids and moisture, which results indaeelopment of an occluded corrosion
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cell. The potential drop, the change in compositibthe crevice electrolyte, caused by
deoxygenation of the crevice, and a separation le€treactive areas drives the
corrosion reaction. Small anodes are created withencrevice with the remainder of
the body acting as a large cathode so corrositimeierevice is highly accelerated.

Pitting corrosion

Pitting corrosion is a localised form of corrosimroducing cavities or small pits in the
material. Pitting corrosion may be difficult to det. In addition, corrosion products
often cover the pits. Pitting is initiated by lasald chemical or mechanical damage to
the protective oxide film. Factors that can causakdown of a passive film are acidity,
low dissolved oxygen concentrations and the presewic halide anions, such as
chlorides. Other favourable factors include thespnee of inclusions. The processes
involved in the formation of pits are complex andnm still are not fully understood.
However, three fundamental stages can be identiffredthe process, initiation,
propagation and termination. The theories for pasBim breakdown and pit initiation
can be summarised and divided into three main nmsims, adsorption, film breaking
and film penetration [168]. These mechanisms areemelevant to pure metals, since
pits are usually associated with inclusions or sdaoy-phase (intermetallic) particles in

alloy systems.

The adsorption theory (Figure 1.10(a)) is basedtlm competitive adsorption of
chloride ions and oxygen for sites on the metalaser. In this theory, the passive film
is considered an adsorbed monolayer film of oxygerthe surface of the metal. Pits
develop at sites where passivating oxygen is digpleby the presence of aggressive
anions in order to overcome the repulsive forcas/éen anions. The adsorbed halides
induce pitting by weakening the bonding of the rhaias to the metal lattice or by
thinning the passivating oxide film. According t@&t and Jacob4.69] the adsorption
of the aggressive anions leads to the formatioa sfirface complex, which separates
from the surface and dissolves. As a consequeheethinning of the oxide layer at a
localised spot occurs and a high electrical fidigtrggth is produced, facilitating the
migration of metal ions to the film/electrolyte éntace. However, the breakdown can be
inhibited or delayed when the adsorption of inliigitions, such as sulfate, takes place.

On the other hand, Leckie and Uhlig [170] propoaechodel where the passive film
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consists of adsorbed oxygen rather than metal oxMeen G is adsorbed, the metal
passivates, while the adsorption of chlorides dussproduce a passive surface. When
anions other than chlorides are present, they tded to adsorb on the passive
metal/alloy surface displacing the chloride ions.
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Figure 1.10: Schematic diagrams representing pit initiation l®y adsorption and thinning, (b)
penetration and (c) film breaking [168].

%% Metal i

¢ Oxide passive laye==-  Electrolyte

In the penetration mechanism (Figure 1.10(b)), abgressive anions migrate and are
incorporated throughout the film under the highcele field strength. The breakdown
of passivity occurs when the anion reaches the Ifiletainterface [168, 171]. This

migration requires an induction time, probably degent on a critical concentration of
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the anions in the inner oxide film [168, 172]. Taeions can penetrate through the
lattice via defects or through interactions witre tbxide lattice. The presence of
imperfections, such as grain boundaries, in theipadilm can facilitate the entrance of
aggressive anions into the film. The efficiency tble aggressive anions in the
penetration of the film depends on their respediiveensions. The smaller anions, such
as chlorides, penetrate more readily and theredoeeconsidered more aggressive than
bromide or iodide ions [73]. On the other hand, iheorporation of the aggressive
anions at the outer surface of the oxide layerltesuthe formation of vacancies [172].
These vacancies diffuse to the metal/oxide surfelcere they are annihilated by the
oxidative migration of cations from the metal. et flux of these vacancies is larger
than can be accommodated by oxidation, the vaceamglecondense at the metal/oxide
interface to form a void, which is believed to be first step in the pitting process. The
growth of these voids up to a critical size regmir@n incubation period. As a
consequence, a semi-logarithmic dependence ofrdakthown potential on chloride ion

concentration is observed experimentally.

Pit initiation by film breakdown (Figure 1.10(c)prsiders that the thin passive film is
in a continuous state of breakdown and repair [18®8chanical stresses at the weak
sites or flaws on the oxide film can lead to thealdoreakdown of the passive film [55].
However, in a non-aggressive environment the pasiim can reform very rapidly,
while the film reform will decrease rapidly in tipeesence of aggressive anions. As a
result, the metal surface at these defective fissdmes activated. In this model, the
role of chloride ions is restricted to prevent peation rather than promoting
breakdown. It is worth noting that not all the k@awn events result in pitting
corrosion. According to this model, breakdown willly lead to pitting corrosion where
pit growth is possible. It is assumed that breakadovill always occur, but the passive
film properties will influence the rate of its ocoence. Consequently, several
researchers suggested a critical factor for philya mainly consisting of the product
of pit depth and pit current density [173]. If tiisoduct exceeds a critical value, the pits

are stable and do not passivate.

Subsequent to pit initiation, propagation occurke Fate of pit growth depends on
several factors, such as the composition of thealnébe electrolyte concentration

around the pit and the mass-transport characteyidRit propagation occurs through the
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establishment of local electrochemical cells, asashin Figure 1.11. The anode is the
area in which the metal dissolves, while the caghimidms the area in which the surface
remains passive. The anodic metal dissolution i@acnd the reduction reaction of

dissolved oxygen are represented by Eq. 1.30 and.Biy:

Anodic M- M™ +ne” Eqg. 1.30
Cathodic O, +H,0+ 4 - 40H" Eqg. 1.31

Initially, the whole surface is in contact with thedectrolyte containing dissolved
oxygen, consequently oxygen reduction takes plawesa the surface. Due to the
continuing metal dissolution, an excess of positiwes, M, is accumulated in the
anodic area. In order to maintain charge neutradityons, such as chlorides, migrate
from the electrolyte to the anodic area. The hydislreaction of the cation, due to the

metal dissolution, causes a decrease of the |atcpHp

M™ +nH,0 - M(OH)™ +nH* Eq. 1.32

The acidity developed in the pit is not neutralidgdthe cathodic reaction because of
the spatial separation of the anodic and cathaagictions. The presence of kns and
chloride content prevents repassivation. As a tesuitting is considered to be
autocatalytic in nature; once a pit starts to grtve, local conditions are altered such
that further pit growth is promoted. The third stagf pitting is repassivation, which is

usually associated with dilution of the local piveonment or a potential drop.

41



CHAPTER1

Figure 1.11: Schematic of an active corrosion pit on a meta @hloride solution [174].

1.4.2 Corrosion properties of materials

In this section the electrochemistry of iron andnaihium and their alloys, which are
used in the present thesis, is discussed. The sasaly the pure metals is performed
using the Pourbaix diagrams, showing the stableailzsrof the metals as a function of
pH and potential. In addition, a brief descriptiohthe classification of the iron and

aluminium alloys and the effect of the alloyingrekmts is given.

1.4.2.1 Iron

According to Evans [175], the corrosion of iron o when the metal surface is
covered by an aqueous film in air. In such condgjawo reactions occur, the anodic
dissolution or oxidation of iron and the reductmindissolved oxygen. These reactions
result in the dissolution of iron and the subsegdermation of iron hydroxides and
oxides. In Figure 1.8 a simplified Pourbaix diagrizmiron at 25 °C, giving the regions
of stability of iron and its oxides in water is s Intermediate products such as
Fe(OH) are not shown as these oxidise further tgOg@nd FeOs3;. From the diagram it
is seen that iron corrodes freely over a wide raosfgeH values and only a small region

of passivity exists, where the surface is protedigda passive film. In this passive
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region iron readily forms oxides, while under acidonditions the dissolution of iron to
Fe* and F&" occurs. Indeed, the electrochemical behaviouras is very dependent
on the solution pH. This pH effect was first repdrtby Kabanowt al. [176], who

observed a significant increase in the dissolutibmon in alkaline environments. This
was attributed to different dissolution mechanismsacidic and alkaline media.
However, Hurlen [177] suggested that the mechanis® the same but it involved a

first-order catalytic interaction of the hydroxwgins, according to the following:

FetOH S Fe +OH ™ + 4e” Eg. 1.33

or
Fe+OH S FgOH)' +Fe + 4 Eq. 1.34

In Figure 1.8 region C delineates the conditionemhthe passive layer is formed on
the metal surface. For the chemical compositionthed passive film, several models
have been reported involving either single or deulalyers that contain different
combinations and arrangements of the oxides, hydiesx or oxyhydroxides, including
Fe;04 (magnetite)y-Fe0O3; (maghemite)y-FeOOH (lepicrocite), Fe(OkRand a cation-
deficient FeO; (Fe.2Gx03) [159, 178]. It appears that the passive film csissof a
composite of iron oxides and hydroxides and is ddpat on the potential applied in
the growth of the film. The most common corrosionduct formed on iron is due to
the oxidation of the metal in the presence of aid avater, forming an oxide layer,
which is commonly known as rust. The process ingslthe oxidation of iron to give
Fe* and subsequently the ¥especies. Then, these ions combine with oxygemto f
ferric oxide, which is then hydrated accordinghe following equations:

Fe+0,+4H" - Fe& +2H,0 Eq. 1.35
Fe+1/20, + (2+n)H,0 - Fe,0,hH,0+H"* Eq. 1.36

1.4.2.2 Stainless steel
Stainless steel is a general term used to indi@dtgge group of enhanced corrosion
resistant alloy steels. These stainless steelg@rébased alloys containing at least 11

wt% chromium [179]. This amount of chromium givée tstainless steel the ability to
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form a protective or passive film that resists osion. This film is self-forming and

self-healing and is responsible for the resistaimceorrosion of stainless steel. The
corrosion resistance can be increased with inargdsivels of chromium, nickel and
molybdenum However, stainless steels cannot beidenesl to be 100% corrosion
resistant. Indeed, the passive state can be brd&em under certain conditions and

then corrosion occurs locally.

According to Pardcet al. [180], the high corrosion resistance of stainlst=els is
primarily due to the oxide layer formed on its swud. Many studies have revealed that
the passive film consists of a mixture of iron @hdomium oxides with hydroxides and
water-containing compounds in the outermost regiothme film and chromium oxide at
the metal—film interface [181-183]. Schweitzer [L®doposed that the passive film was
duplex in nature, consisting of an inner barrierdexfilm and an outer deposit of
hydroxide or salt film. Indeed, a Cr-O-OH phase nheyformed, which has better

protective properties than the chromium oxideQg{181].

Stainless steels are divided into four main growsstenitic, ferritic, martensitic and
duplex. These groups are classified by their coitipas[179]. More specifically, a
series identification (200, 300 and 400) was intcEtl by the American Institute of
Steel and Iron, AISI, for a universal understandioig the components and the
percentage of the components within stainless dte®8l]. The austenitic steels,
including the 200 and 300 series, are the most aometainless steels. This series
contains a minimum of 18% chromium and low carbamtents. The austenitic
stainless steels are known for high corrosion t&sce and strength. The 300 series
contains nickel as an austenite stabiliser, wiite 200 series contains manganese and
nitrogen stabilisers. The ferritic steels inclutde #00 series metals, with the chromium
content ranging from 12% to 30% and low nickel eois, offering moderate corrosion
resistance. The stability of the ferrite structunereases with an increase in the
chromium content. The martensitic stainless steetgain the AISI 400 stainless steel,
more specifically SS416 and SS420, commonly usedh® manufacturing of cutlery
and medical instruments [134]. The duplex familygists of an equal proportion of
ferrite and austenite structures offering a highergjth with approximately 23%
chromium and 4% nickel. Duplex stainless steelpldisenhanced resistance to stress

corrosion cracking and pitting corrosion in chl@risblutions.
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Although resistant to corrosion, stainless steels suffer localised corrosion in the
form of pitting and crevice corrosion when locaé@kdown of the protective passive
film occurs [179]. The most significant environmantondition which influences the
pitting corrosion behaviour of stainless steeltheschloride ion concentration. Once the
breakdown of the passive film occurs, the corrosibstainless steel is governed by the
electrochemistry of iron, according to Figure 1r@8leed, it has been reported that the
anodic polarisation of stainless steel leads tos#lective dissolution of iron, leaving
chromium enriched in the passive film [185, 186pbwever, the composition of the
passive films changes as the potential increasks {fansformation involves the
conversion of Cr(lll) containing oxide species t€VI) containing soluble species, as
shown in Figure 1.12. Depending on the pH of tHat&m, the conversion of @D; to

CrO,* is possible at potentials employed during the figdéion of the stainless steel.

Cr2+

pH

Figure 1.12: Simplified Pourbaix diagram for chromium in watdor(a chromium concentration of
1.0 x 10° mol L* and a temperature of 25°C). The diagram was eshligith the MEDUSA software

developed by Puigdomenech [19] at the KTH Royatitinte of Technology, Sweden and based on the
SOLGASWATER algorithm [20].
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1.4.2.3 Aluminium

Freshly-formed aluminium easily reacts with airdéed, when it is exposed to the
atmosphere, a layer of aluminium oxide is immedyatermed on the surface. The
thickness of the layer varies depending on the &atpre and the presence of alloying
elements. For example, oxide films formed at roemgerature are 2 to 3 nm thick on
pure aluminium [187]. At 425 °C the film thicknessy reach 20 nm [187]. The natural
oxide film corresponds to ADs, which is formed spontaneously according to E§7 1.
The Gibbs energy of this oxidation reaction is B&2 mol* and this explains the very

high affinity of aluminium towards oxygen.

2Al +3/20, - Al,O, Eq. 1.37

The Pourbaix diagram for the aluminium-water syst&n®?5 °C is shown in Figure
1.13. In near neutral solution, between pH 4.0 8] the metal surface readily
develops an insoluble oxide, which grows to sugiitithickness to limit the reactivity
of the aluminium. Moreover, the diagram shows thaplaoteric nature of the
aluminium oxide. Indeed, under strongly acid ométe conditions, the protective layer
is unstable and undergoes dissolution to formi* Ar AlO, species, respectively.
Aluminium is susceptible to localised corrosionpesally pitting and crevice attack
[188]. These forms of corrosion occur when speaash as chloride ions, compromise

the integrity of the oxide film at local sites.
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Figure 1.13: Simplified Pourbaix diagram for aluminium in watéfor aluminium concentration of
1.0 x 10° mol L* and a temperature of 25°C). The diagram was ezhlisith the MEDUSA software
developed by Puigdomenech [19] at the KTH Royatitute of Technology, Sweden and based on the
SOLGASWATER algorithm [20].

1.4.2.4 Aluminium alloys

The properties of aluminium are altered by the @aldiof alloying elements [134]. The
common alloying constituents are copper, magnessihton, zinc, manganese and
nickel. The cast alloys are cast directly into thdgsired forms, while the wrought
alloys are cast in ingots or billets and are themwked mechanically into extrusions,
forgings, sheets, foils, tubes and wires. The cattiom of the aluminium alloys is
regulated by an internationally agreed classiftcagystem or nomenclature. According
to the Aluminium Association, AA, system classifioa, which was adopted in the
European Standard EN 573, each wrought alloy igmead by a four digit number, with
a further letter and number indicating the tempeigondition of the alloy, preceded by
EN-AW (European Norm Wrought Product). For exam@#-AW 6082-T6 is a
medium strength grade based on the aluminium-magneslicon family, in the fully

heat treated condition. Only the first digit haggtical importance. It designates the
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series to which the alloy belongs. Table 1.2 shithesseries and corresponding alloying

elements for the wrought aluminium alloys.

Table 1.2: Classification of aluminium wrought alloys.

Series Alloy family

IxxX None

2XXX Copper

3XXX Manganese

4XXX Silicon

5xxx Magnesium

BXXX Magnesium and silicon
TXXX Zinc (and copper)

As already mentioned, aluminium is highly corrosresistant; however, it is soft and
possesses a very low yield strength [187]. Consdtyet is often alloyed with various
elements to improve its mechanical properties. dddition of these elements can also
have an effect on the corrosion resistance. Fanplg the corrosion potential recorded
on the addition of some major alloying elementpuoe aluminium is shown in Figure
1.14. It can be seen that the addition of magnesanih zinc reduces the corrosion
potential of aluminium, while additions of mangamesopper and silicon result in an
increase in the corrosion potential. The alloyingnmeents can also influence the
corrosion properties. The equilibrium solubility mfany metals in aluminium is very
low and therefore the alloying additions as wellirapurities often form intermetallic

particles. These intermetallic particles may aahdgtion sites for localised corrosion.
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Figure 1.14:Influence of alloying elements on the dissolutiatgmtial of aluminium alloys [187].

1.5 Research presented in this thesis

The primary aim of this research is to investigatee feasibility of the

electrocoagulation technique for the treatment afewusing novel electrode materials,
such as iron and aluminium alloys rather than tliee pmetals. Specifically, the
objectives of the research are as follow: (i) tdedaine the removal efficiency of
phosphates in terms of several parameters, suchheasinitial concentration of

phosphates, current density, initial pH and thetiéé concentration; (ii) to develop a
kinetic and an adsorption model for the removalpbbsphates; (iii) to relate the
electrochemical and corrosion behaviour of sometmlde materials in synthetic
wastewaters containing several pollutants to theiformance in terms of both removal

and energy efficiencies.

In this chapter, an introduction to conventionaktesvater treatments and the removal
of the three pollutants subsequently used in teegnt study are given. This is followed
by an overview of the basic principles of the el@obagulation process that involve
coagulation and flocculation. Finally, the electremistry of the electrode materials

used in the present study is presented. The sechagter concerns the relevant
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experimental techniques and apparatus employedigalaith an overview of the

theories and related equations and models uséikithesis.

The results and main findings are presented amdissed in Chapters 3-6. In Chapter 3,
the efficiency of the electrocoagulation processtiie removal of phosphate ions using
an aluminium-magnesium alloy and a stainless steglvestigated. The efficiency is

tested by varying parameters, such as the inibacentration of phosphates, current
density, initial pH and sodium chloride concentrati The kinetics of the removal and
the removal adsorption model are also presenteel eléctrocoagulation performance is

then studied for the removal of phosphates frohweatewater samples.

In Chapter 4, results are presented on the eldaroral and corrosion behaviour of
several electrode materials in synthetic wastewatentaining phosphates, an organic
dye and zinc ions. The corrosion behaviour of plteninium and iron and some of
their alloys has been extensively studied by séwesssearchers [170, 173, 189-207].
However, few reports are available in the literatan the corrosion behaviour of these
electrodes in solutions which contain a mixtur@ions, as occurs in real wastewaters.
In the present study, the effects of some commps am the electrochemical behaviour

of the electrode materials and on their corrosi@nghology are discussed.

In Chapter 5, a study of the performance of thetedde materials is carried out. The
test solutions are the synthetic wastewaters us€&hapter 4. The removal efficiencies
of the three pollutants are compared and correlateéde electrochemical behaviour of
the electrodes presented in Chapter 4. In additibe, energy consumption of the
process is computed and shown for each electroderiada This study is the first
attempt at relating the corrosion processes oélbetrodes, in the presence of a mixture
of ions, with the efficiency and energy performarige the simultaneous removal of

various pollutants. Finally, conclusions are préseémn Chapter 6.
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2 Experimental

2.1 Introduction

The present research is concerned with the comdsétaviour and electrocoagulation
performance of iron and aluminium and their alloj/ee corrosion behaviour of these
metals was investigated using potentiodynamic aeticcpotentiodynamic polarisation
tests and open-circuit potential measurements.momwphology of the surfaces affected
by localised corrosion was monitored using lightmscopy. The efficiency of the
electrocoagulation process was determined by miegstire removal of the pollutants
using either UV-Visible or atomic absorption spestiopy. In particular, the removal of
phosphates by stainless steel and aluminium all@gsstudied in detail. In addition, the
kinetics of the removal was modelled using simpledeis and the adsorption process
was fitted to standard isotherm equations. Furtbeemthe speciation of the iron
electrodissolution from the steel alloy was studiesing rotating disk voltammetry,
RDV. A screening chemometric study was carriedasuthe electrocoagulation process
with the steel electrodes to determine the mosivesit factors affecting the process

efficiency.
In this chapter, the materials, methods and magkss throughout the present work are

described in detail. A brief description of thedhatical background of the experimental

techniques is also presented.
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2.2 Chemicals and electrode materials

2.2.1 Chemicals and test electrolytes

The chemicals used in the present work were patassiihydrogen phosphate (ACS
reagent,> 99.0%), ammonium molybdate tetrahydrate (ACS rmeage 99.0%),
ammonium metavanadate (99%), sodium chloride (ARdgr> 99%), Orange I
sodium salt (dye content, > 85%), calcium chlori#dydrate (ACS reagert, 99%),
magnesium sulfate heptahydrate (ACS reagef@8%), nitric acid (ACS reagent, 70%),
sulfuric acid (reagent grade, 95-98%), sodium hydi® (reagent grader; 98%),
sodium sulfate (ACS reagent99.0%), zinc sulfate heptahydrate (99.999%), [sutas
chloride (super purum, 99.999+ %), ethanol (ACSgesd > 99.5%), ammonium
iron(Il) sulfate hexahydrate (ACS reagent, 99%) amh(lll) chloride hexahydrate
(ACS reagent, 97%). All chemicals were supplied Sigma-Aldrich® and used as
received. All the electrolyte solutions were preghusing distilled water, except for the

RDV experiments, which were carried out in Milligdrified water (14 M2, pH = 5.0).

The composition of the electrolyte solutions usedhe corrosion tests is shown in
Table 2.1. The ion concentrations were determirmabraling to the OECD synthetic

sewage [1].

Table 2.1:Composition of the electrolyte solutions used irr@sion (Chapter 4) and electrocoagulation
tests (Chapter 5).

KH,PO, NaCl CaCl2H,0 MgSO,7H,0 Na&SO, Orangell ZnSO,7H,0

I M I M I'M I M I'M I M I M
1.7 x 10
1.7 x 10
1.7 x 10 - - 8.1 x 1¢' -
1.6 x 10
swwl 1.6x10° 1.2x10 2.7x1C 8.1 x 1¢* - 1.4x100 15x1C
sww2 1.6x10° 1.7x100 2.7x1C 8.1 x 10¢' - 1.4x100 1.5x10
6.5 x 10°

6.5x10° 5.0 x 1¢*
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The electrolyte solutions employed for electrocdaon tests are divided into three
main categories. In Chapter 3, the electrolytesl ugere phosphate-containing solutions
in sodium chloride prepared in distiled water amehere necessary, the pH was
adjusted using HCI or NaOH to give the requirecugalin addition, two real samples
from treatment facilities were employed. The coriohity levels of these samples are
displayed in Table 2.2. In Chapter 5, the electagcation tests were performed on two
electrolyte solutions, sww 1 and sww 2, and the pasition of these solutions is shown
in Table 2.1.

Table 2.2:Conductivity levels for the real samples used lf@r ¢lectrocoagulation tests in Chapter 3.

Sample no. K

/ mS cm'
1 0.32
2 1.00

2.2.2 Electrode materials and sample preparation

The chemical composition and the exposed surfa @frthe various metals and alloys
employed in the present study are shown in TaldeAll the electrode materials were
supplied by GoodfelloWin rod, wire or sheet forms, which were then cuprtovide the
exposed surface area displayed in Table 2.3. Ttating disk electrode was platinum
and this was purchased from Princeton Applied Rekg@metek).

Table 2.3:Chemical composition and surface area of electrodes

Electrode Composition Geometric surface area
/ wt. % / cm?
corrosion electrocoagulation
tests tests
Al 99.999 0.031 -
Al-2Mg Mg 1.7-2.4, Fe 0.5, Mn 0.5-0.1, Si 0.4, 0.50 40.8 — 38.7
(EN AW-5251) balance Al
Al-3Zn-0.02In Zn 3, In 0.02, Fe 0.12, Si 0.08, COU®B, 0.38 38.7
balance Al
Pure Fe 99.99 0.071 38.7
AISI 310 Cr 24-26, Ni 19-22, Mn 2, Si 1.5, C 0.25, 0.58 38.7
balance Fe
AlSI 420 Cr 13-14, Mn 1, Si 1, C 0.3, balance Fe 630. 36.9 -38.7
corrosion tests RDV
Pt 100 >1 0.1257
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The samples used as working electrodes in the siorrctests were set in a Teffon
holder with epoxy resin. An electrical contact waade attaching a copper wire to the
sample with highly conductive silver-loaded resihe quality of the electrical contact
was checked with a multimeter to ensure that teestance between the surface of the
electrode and the connection was lower than .0Prior to each experiment the
exposed electrode surface was abraded on a Bfie¥ilstaserve grinder polisher with
water lubricated Buehl@rSiC grinding papers to a 2500 grit finish. Thectiedes were
then polished to a mirror finish with successivéilyer grades of Buehl& MetaDi
monocrystalline diamond suspensions ranging frono30pum on Buehle? polishing
microcloths. Finally, they were rinsed with digtdl water and ethanol, sonicated in a
Branson 1510 ultrasonic bath and dried in a strebair.

The samples used in the electrocoagulation teste wet to form plates and the
electrical connections were made using crocodilpsclThe exposed area of each
sample was defined by a mask of beeswax. Prioa¢h experiment they were abraded
with water lubricated Buehl@rsilicon carbide paper (Grit P 320). They were then
washed with distilled water and dried in a stredmin If the electrodes were covered
by a layer of oxides, they were dipped in HCI solit(5% v/v) for 10 min and rinsed
thoroughly with water, before abrasion with SiC @ap

A platinum wire, with a high surface area, was usedthe counter electrode in
corrosion tests and in the RDV experiments. It pasodically abraded with Buehfér
silicon carbide paper (Grit P 2500) and sonicatedistilled water to maintain a clean
surface. The reference electrode was a saturatednebelectrode, SCE (0.242 V
vs. NHE). The potential of the SCE reference etetgtrwas regularly checked against a
virgin SCE. Moreover, the aqueous KCI solutionha teference electrode was replaced
periodically with a saturated solution of superymrkKCl.
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2.3 Experimental techniques

The experimental procedures and the equations gexgblin the present work are
described in this section, along with a brief explfon of the parameters involved in
the experiments. Additional information and repréagve calibration curves are given

where necessary.

2.3.1 Electrochemical experiments

All the electrochemical experiments were carried with a Solartron SI 1285A
potentiostat, which was controlled by a computet. trhe software package used was
Corrwaré for Windows version 3.2c by Scribner Associates;. |IFor the RDV
experiments, the Pt electrode, described in Se@ipr2, was rotated using a Princeton
Applied Research Model 636 Ring-Disk Electrode 8ysapparatus.

A basic diagram of a potentiostat controlling ae#ielectrode cell is presented inFigure
2.1. In this figure, the working, WE, reference, ,Riad counter, CE electrodes are
identified and connected to the potentiostat, whiohturn, is interfaced to a function
generator. The potentiostat controls either theeq@l difference Vg between the
WE and the RE (potentiostatic mode) or the curfiemt, Irg, between the WE and the
CE (galvanostatic mode). The potential of the WEkgMs varied by controlling the
potential difference between WE and Riyr (Vwr = Vwe — Vre), SINCEVRE IS constant.
The current flow in the cell ike = Ire + lwe. However, ke is taken as zero since the RE
is connected to a high input impedance elements€qrently, the current flow in the

cell is between WE and CEye = Ick.

Function

Generator i Potentiostat

Vwr= Ve - VRe  kerommrmemreeonc!

-

IWE
Figure 2.1: Basic diagram of a potentiostat (WE = working &lete, RE = reference electrode, CE =

counter electrode).

61



CHAPTERZ2

2.3.1.1 The electrochemical cell for corrosion anBDV experiments

A typical three-electrode cell employed in the osion and RDV measurements is
shown in Figure 2.2. This set-up consists of a warkelectrode, WE, a reference
electrode, RE, and a counter electrode, CE. Thetretle materials and their
preparation are discussed in Section 2.2.2. Trerethemical cell was a glass cylinder
of 10 mL in volume capped with a Teff®tid holding the electrodes. A 100 mL glass
cell was used for the RDE experiments. The threeteldes were immersed in the
electrolyte solution and connected to the potetatosAll the experiments were
performed at room temperature. In some experimentsjcropipette was used to add

known aliquots of chemicals to the electrolyte solu

o e ) . > -
«s Potentiostat .

Figure 2.2: A schematic representation of the electrochemasl used for corrosion and RDV

experiments (WE = working electrode, RE = referegleetrode, CE = counter electrode, Ipt = laptop).

2.3.1.2 The electrochemical cell for electrocoagulan experiments

The electrocoagulation experiments were carriedusutg a standard three-electrode
cell, presented in Figure 2.2 and a two-electragteup, which is shown in Figure 2.3,

with an anode as the working electrode, WE, andthotle as the counter electrode,
CE. This two-electrode configuration is usually éoypd when precise control of the

interfacial potential across the WE is not critiaald the behaviour of the whole cell is
under investigation. For example, in the presamd\stt was used to estimate the energy
consumption of the process, since its calculatemuired the cell voltage. The electrode
materials and their preparation are presented atidde2.2.2. In both electrochemical

set-ups, a glass cell with a volume of 400 mL wasigped with a magnetic stirrer to
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ensure good mixing during each experiment. Theadc# between the anode and the

cathode was maintained at 1 cm for all the expearime

k—tom

A C

ms
e

OB 0O

Figure 2.3: A schematic representation of the electrochemiwall used for electrocoagulation

experiments (A = anode, C = cathode, ms = magasétier, Ipt = laptop).

2.3.1.3 Corrosion techniques

Corrosion measurements are designed to predidighaviour of a material before it is
used in an environment. They can be broadly clasis#s destructive or non-destructive
techniques [2]. A measurement is said to be dastruif it alters the corrosion process
during the measuring process (e.g., potentiodyngol@risation tests) or if the material
is physically removed from the environment (e.g.eigit loss measurements).
Non-destructive techniques, which include opentgirpotential, linear polarisation
resistance, electrochemical impedance spectrosmaghglectrochemical noise, could be
used to make repeated measurements at differeatititarvals. In the present study,
two techniques were used for corrosion tests; aenit potential, OCP,

measurements and potentiodynamic and cyclic patgyriamic polarisation tests.

Open-circuit potential measurements

The open-circuit potential, OCP, or rest potential,the potential exhibited by an
electrode when no net current flows through there circuit of the electrochemical
cell. It is a relatively simple technique where tlodtage between the WE and the RE is
monitored as function of time [3]. By measuring DEP it is possible, for example, to
determine whether the corrosion is in the activéherpassive state, gain information on

the stability of the sample surface and obtain é@taorrosion monitoring. The number
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of data points collected determines the resolutind in these experiments data points
were collected per second.

Potentiodynamic polarisation

The potentiodynamic polarisation technique for esion studies was introduced in the
1960s and became popular especially during thesl83@ simple technique for routine
use [2, 4]. It is useful for the prediction of tberrosion property of passivating metals
or alloys prone to localised corrosion. This tecei is based on the fact that when the
potential of a freely corroding metal surface isamped by connecting it with an
external power source, the metal will be polarisé&TM [5] defines the term
polarisation as “the change for the open-circuiieptal as a result of the passage of
current”. The most common approach in polarisatisethods involves changing the
potential of the WE and monitoring the current whis produced. The potential is
scanned at a fixed rate between two set valuedhandurrent is measured at periodic
intervals [6]. In potentiodynamic polarisation tgsthe measurement starts far away
from the corrosion potential (> 100 mV) and givesuave of the type shown in Figure
2.4. Potentiodynamic polarisation over a wide raofeootentials, such as seen in
Figure 2.4, provides important information abouke tkystem, for example the
determination of the electrode behaviour over thage of potential. An active, passive
and transpassive region can be identified andcatippotentials, such as the corrosion
potential, Ecorr, breakdown potentiaky,, passivation potentiaEpass or the slope of the
polarisation curve at the corrosion potenti&s.,, can be estimated. However,
according to Silverman [2, 4], the polarisationrscould not be used to estimate
general or uniform corrosion rates. Making suchestimate from the potentiodynamic
polarisation scan requires the assumption thatdh®sion mechanism does not change
over the wide potential range used for the scaheQnethods, such as electrochemical
impedance spectroscopy or polarisation resistarazebe used for this purpose.
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Transport
limited
region

Passive region

5 | Cathodic
= [region - H, Transpassive region
evolution Active dissolution
26 1 1 1 1 1
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Figure 2.4: Representative potentiodynamic polarisation c(@ye

In the present study, potentiodynamic polarisatiests were performed on several
electrode materials, listed in Section 2.2.2, amdsaown in Chapter 4. The scans were
started at a potential about 300 mV below the O@GR progressed in the anodic
direction until visible breakdown of the electrodecurred, or a current density of
1 mA cm? was reached. Further details on the potentialssaad rates employed are

given in the relevant sections of Chapter 4.

Under steady state conditions, electrochemicalti@as under kinetic control obey the
Tafel equations, Eg. 2.1 and Eq. 2.2, for largapetentials.

anodic reaction n=a+p,1og(j) Eqg. 2.1
cathodic reaction n=a+plog(j) Eq. 2.2

Here, a and are the anodic and the cathodic constamts(—230RT/anF)log(j,) and

a = (230RT/(L-a)nF)log(j,), respectively, ang, and 4. are the anodic and the

cathodic Tafel slopes, respectively (Section 114.1Accordingly, a plot of the
logarithm of the current, lop( as a function of the overvoltage gives the Tafel.
Many corrosion systems are kinetically controlled @onsequently they follow Eq. 2.1
and Eq. 2.2. In a Tafel plot, a linear portion arthbsides of the corrosion potential,

Ecorr, IS indicative of kinetic control. Classical Tafelnalysis is performed by
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extrapolating the linear portion of a log curremrsus potential plot back to their
intersection, as shown in Figure 2.5, giving théinestion of parameters such as

corrosion current densityor, and Tafel slopega andg..

In the present study, the Tafel analysis was pewdor using the CorrView?2 Version
3.0 analysis package under the following assumstidi) the Tafel region (linear
portion of the semilogarithmic plot) extends forlaast one order of magnitude of
current [7]; (ii) the rate of polarization in thetentiodynamic scans is between 0.1 and
1 mV st in order to determine steady state behaviourHidjvever, the first condition
was not achievable in all the potentiodynamic scaoe to interference from
concentration polarization or other processes, sakhsurface roughening or film
formation, which may alter the electrode surfack The Appendix at the end of this
thesis summarises the parameters evaluated usengrdfel analysis, such as the
corrosion current densitjsor, in A cmi® and the anodic and the cathodic tafel slopes,

andg., respectively, in mV decade
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021 ‘ Be —’\\

Intersect at

Ecorr, Jeorr

Extrapolated /
Ba /I
4

01 ] /

. /
024
' /

/s
’/./ Jeorr -

Potential

|
I
|
I
I
I
|
|
1

-0.3 t - 5 t
0.000001 0.00001 0.0001 0.001 0.01 01

Current density

Figure 2.5: Classical Tafel analysis.

Cyclic potentiodynamic polarisation
In cyclic potentiodynamic polarisation measuremeinésvoltage is first increased in the
anodic direction (forward scan), then it is revdra¢ some chosen current or potential

and then scanned in the cathodic direction (baadkvedrreverse scan). The scan is
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terminated usually at the corrosion potenti&,.,. The cyclic potentiodynamic
polarisation provides information on the propensfty localised corrosion. In
particular, the occurrence of a hysteresis loopvéen the forward and the reverse
portions of the scan is considered a measure aubeeptibility of the sample to suffer
localised corrosion [4]. However, hysteresis in licygpotentiodynamic polarisation
curves is not always associated with pitting ovime corrosion and, consequently, it is
necessary to examine the electrode surface follpwesting to establish the nature of
the attack [8].

In Chapter 4, the cyclic potentiodynamic polarigatitests are presented for several
electrode materials. The electrodes were polafieed a potential about 300 mV lower
than the corrosion potentia..;, and the scan was reversed at 1 mA’cmmless
otherwise stated. Then the potential was cycledhm reverse direction until the
corrosion potentialE.or, was reached. Further details on the potentiadssgan rates
employed are given in the relevant sections of @hah

2.3.1.4 Electrocoagulation techniques

Electrocoagulation consists in either applying astant current (galvanostatic mode) or
a constant potential (potentiostatic mode) to teeteochemical cell described in Figure
2.2 and Figure 2.3. As a consequence, dissolutfothe anode or WE occurs with
simultaneous formation of hydroxyl ions, while hgden gas is usually produced at the

cathode as a result of water reduction.

In the present study, the electrocoagulation testse carried out under the
galvanostatic mode in order to have consistent r@pdoducible anodic dissolution
rates. The test electrolytes, listed in Table 2ntl dable 2.2, were placed in the
electrochemical cell, the solution pH was adjusisthg either NaOH or NaCl when
necessary and a constant stirring rate was empltiyedghout each experiment. All
the electrocoagulation experiments were performedan temperature, except for the
adsorption isotherm studies. A constant currentsithierwas then applied using the
potentiostat. Accordingly, the potential variedgbtly depending on the resistance of
the system. Samples were periodically taken froenrdactor and allowed to settle for
15 min. Then the supernatant was filtered with Wiaat™ filter paper (Grade 1, pore
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size 11um) and analysed for the required quantitative detetions. The efficiency of
removal,n, was computed according to Eq. 2.3, whégas the initial concentration of

the species an@; is the concentration of the species at time t.

n(%) =%X100 Eq. 2.3

0

Different operating settings were used for the tebeoagulation experiments,
consequently further details, such as the currensitly, solution pH or the surface area

to the solution volume ratio, SA/V, in émare given in the relevant chapters.

The adsorption isotherm studies were carried ouh Wi4.0 mg [ of AI** or
361.3 mg [* of F&¢* and phosphate solutions having concentrationsimgrfgpm 2.0 to
150.0 mg [* PQs-P with a pH of 5.0 and the temperature of thetedebemical cell
was controlled and maintained at 25 + 1 °C. Thesntdghe adsorbent (Alor F&")
used was calculated according to Faraday’s laveeatrolysis and taking into account
the composition of the electrode material usedjissussed in the relevant sections of
Chapter 3.

2.3.1.5 Rotating disk voltammetry, RDV

Rotating disk voltammetry, RDV, is an electrochesthiechnique where the potential of
the working electrode is swept between two chosgarpial limits and the change in
current is monitored. Unlike other electrochemitadhniques, the working electrode,
rotating disk electrode, RDE, is rotated at a amled angular speedy (rad $'). The
rotation motion determines a well-defined flow patt of solution towards the surface
of the RDE, as is shown in Figure 2.6. The ele@racts as a pump, pulling the solution
upwards and perpendicular to the electrode suffcélowever, the perpendicular flux
of solution falls to zero at the electrode surfaCensequently, the layer of solution
adjacent to the electrode surface manages to tiritbe electrode and appears to be
motionless from the perspective of the RDE. In tlager, where the solution is
stagnant, the transport of the species is onlyitiysibn. The thickness of the laye¥,

in cm, is governed by the rate of the rotation @dnversely proportional te'?,
according to Eq. 2.4 [10].
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1/ 1/6
s=1612 7" Eq. 2.4

1/2
(79

Here, D is the diffusion coefficient, in cs®, of the electroactive species,is the

kinematic viscosity, in cfs?, of the solvent and is the angular velocity in rad's

>\ (b)

Figure 2.6: Schematic showing the flow patterns to the rotptitisk electrode, RDE [10]. (a) The

solution flow perpendicular to the electrode. (heTelectrode surface viewed from below.

A classical RDV experiment consists of a linear evgoltammogram performed at a
given scan rate, 1 to 50 mV},swhile the current is recorded as a function efapplied
potential. The resulting voltammogram exhibits pi¢gl sigmoidal wave, as is shown
in Figure 2.7. At potentials where the rate of éhectron transfer is high, a plateau is
observed because the current is limited by the oatenass transport. The limiting

current,l, is given by the Levich equation, shown in Eq. 2.5

|, = 062nFAD* v *eC® Eq. 2.5

In this equationn is the number of electrons transferrédis the Faraday’s constant
(96,485.34 C mal) andC” is the bulk concentration of the species in mol’cih is
apparent from this equation that the limiting catrd,, is linearly dependent on the

square root of the rotational speed’. Indeed, this is a useful test to determine if the

current is mass-transport controlled [9].
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Figure 2.7: Typical diffusion controlled voltammetric responsader mass-transfer-limiting condition.

In the present work, the RDV was used for the siamdous detection of ferrous and
ferric species, which were electrogenerated duelegtrocoagulation with a stainless
steel electrode. RDV was first used to obtain @dération curves for Fe(ll) and Fe(lll)
in order to test the feasibility of the method. mhe¢he method was applied to the
solutions after the electrocoagulation processhatend of the electrocoagulation tests,
1.0 M H,SO, was added to the solutions in order to have commessolution of the
iron flocs formed during the process. After 24 amples of 25 mL were taken from
each solution and used in RDV measurements uspmjemntial range of -0.2 to 1.2 V
vs. SCE, a scan rate of 10 mV and a rotation speed of the electrode of 3000 Epue.

to the complexity of the sample matrix, a standaadition method was used [11]. In
the standard addition method, small known conceatra of the analyte to be
determined were added to aliquots of the unknovmpses [12]. In these experiments,
serial increments of the standaM, were added to a constant volumg, of the
solution. With this method, additions of both Fe@hd Fe(lll) were made to the same
samples keeping the IR drop and the ionic streogtime solution relatively constant.

The linear response, Y, which was obtained for eadtition is expressed by Eq. 2.6:

V, +NV,)I, =kV,C, +kV.C, N
‘(—!il ‘—'—y) ! Eq. 2.6

Y b m X

In this equationyy (25 mL) andVs (0.25 mL) are the volumes of the unknown and the
standard, respectivel, andCs (0.5 M) are the concentrations of the unknown thed

standard, respectively, N is the multiple unitsadfdition (0, 1, 2, etc.) and Is the
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limiting current from the RDV measurements. By pig Y, the entire left hand side of

Eq. 2.6, versus N a straight line results withrarrcept, b, and a slope, m:

b=kV,C, m=kV.C, Eq. 2.7

Then, the unknown concentratid@y,, can be obtained from m and b:

— bVSCS
“ mv

X

C Eq. 2.8

Figure 2.8 shows typical calibration curves for the(ll) and Fe(lll) and a

representative standard addition plot obtainedhierdetermination of Fe(ll).
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Figure 2.8: (a) Calibration curves fo® Fe(ll) (R = 0.990) andO Fe(lll) (R = 0.994) and (b)
representative standard addition plot@oFe(ll) (R = 0.997).

2.3.2 Microscopy

The standard optical microscope, which is still thest widely used type of
microscope, consists essentially of a combinatibtwo lenses, an objective and an
eyepiece. The product of these magnifications presiithe magnification of the final
image. The eyepiece can be replaced by a camertharfthal image can be analysed
on a computer unit. The main disadvantage of theapmicroscope is the resolution
limit, which restricts the minimum size of detailat can be seen at about Qr# [13].
This limit cannot be overcome, since it is imposgdthe wavelength of visible light,

which is of the same order. The optical microscdpevery widely used in
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metallography, since it enables examination of melte and provides a magnified
image of the micro- and macrostructures. Indeedjcalp microscopy is used to
characterise structures by revealing grain bouedarphase boundaries, inclusion

distribution and evidence of surface deformatiof].[1

In the present work, optical microscopy was useex@mine the electrode surface after
the corrosion tests were performed and to estathissimature of the localised corrosion.
This technique was also used to ensure an adequisitiding and polishing of the
samples prior to each experiment. The samples washed thoroughly with distilled
water, dried with a stream of air and observedfallyeusing an Olympu3 BX51M at
different magnifications in a dark-field mode. Thacrographs were taken with a
computer interfaced to a CCD camera (Leica DFC 2#i§lal camera) and Olympfis

DP version 3.2 software.

2.3.3 Spectroscopy

2.3.3.1 UV-Visible

UV-Visible (UV-Vis) spectroscopy consists in the measuent of the attenuation of a
light beam after it passes through a sample. Ttemity of the light absorbed is related
to the concentration of the absorbing species, rdoty to the Beer-Lambert law [15],

Eq. 2.9:

A=¢,bC Eqg. 2.9

In this equation, A is the absorbanag, is the molar absorbtivity at a specific

wavelength4, b is the path length arilis the concentration of the absorbing species.

In the present work, UV-Vis spectroscopy was useddtermine the concentration of
phosphate and Orange Il, an organic dye, at theoktite electrocoagulation process in
order to compute the efficiency of removal, as smow Eq. 2.3. A Unicam Thermo
Spectroni€ UV 540 double-beam spectrometer was used. It dsemprtungsten and
deuterium lamps, a holographic grating monochromatod a photomultiplier tube

detector. In all cases, a quartz cuvette with & patgth of 1 cm was used. These data
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were recorded using Vision 32 PC software and aimhyas done using SigmaPlot
Version 12.2.0.45 by Systat Software, Inc.

Colorimetric tests

The phosphate concentration was measured accdadihg vanadomolybdophosphoric
acid colorimetric method [16]. This method consitshe reaction between phosphates
and ammonium molybdate in acidic conditions to foran heteropoly acid,
molybdophosphoric acid. When vanadium is added the t solution,
vanadomolybdophosphoric acid, which has a yellodowo is formed. To avoid
interferences with ferric iron, the absorbance wessured at 470 nm. The calibration
curve, obtained with phosphate concentrations randiom 0.5 to 15.0 mg 1, is
shown in Figure 2.9. It was used to calculate tbacentration of phosphates in
solution. The concentration of phosphates was sspre in units of mgt PQ,-P,
indicating the concentration of phosphorus in tbanf of phosphates. The limit of
detection, DL, of the technique, defined as in BdLO, was estimated using the
regression line of the calibration curve, accordimdMiller and Miller [17]. The value
of the intercept of the calibration curve was uasdn estimate of the blank signal, y
while the random error in the y-direction was useglace of the standard deviation of
the blank, g [18].

DL=y; +3; Eq. 2.10
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Figure 2.9: Calibration curve for PP determinationA(= 470 nm). The limit of detection, LD, was
estimated as 0.25 mg'L(R? = 0.999).
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The structure of Orange Il azo dye and its UV-\figdrum at a pH of approximately
10.0 are shown in Figure 2.10 (a) and (b), respelgti The chemical structure shows
that this azo dye exhibits tautomerism betweeratteand hydrazone forms by a proton
exchange effect. In agueous medium, the hydrazome fs the predominant species
[19]. The azo dye colour is the result of the cgajfion between the azo bond and the
aromatic rings present in the dye molecule [20].e THWV-Vis spectrum has an
absorption band at 485 nm and a shoulder at 405nnime visible region due to the
chromophore-containing azo linkage and two band81& and 230 nm in the UV
region due to the aromatic rings. The 485 and 48%ands are attributed to ther
transition of the hydrazine form and to timer transition of N=N azo group,
respectively [19]. The other two peaks locatechim WV region are assigned to ther

transitions of the aromatic naphthalene and bendegs [19].
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Figure 2.10: Orange |l dye (a) azo-hydrazone tautomerism ahdefiresentative UV-Vis spectrum.

In this work, the concentration of Orange Il ing@n was measured using the
hydrazone band intensity at 485 nm. The calibratianwe, obtained with concentrations
ranging from 0.5 to 10.0 mgLof Orange II, is shown in Figure 2.11. The limit of

detection of the technique was estimated accortdirigy. 2.10.
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Figure 2.11: Calibration curve for Orange Il dye determinat{ér= 485 nm). The limit of detection, LD,
was estimated as 0.18 mg.(R? = 0.999).

The concentrations of phosphates presented in €héptvere measured in samples
which also contained the Orange Il dye. The speuftrinese two species have some
regions where both species absorb. In order todaay interference in the reading of
the absorbance, the spectrophotometric determmafiphosphates and Orange Il was
carried out by solving the simultaneous linear ¢éiqua given in Eq. 2.11. In this

equation, A;o and Aigs are the absorbance values from the spectrum aitkiure at

470 and 485 nmg;, and €7, are the molar absorbtivities of phosphates at &7

485 nm computed from the spectrum of pure phosphéatkewise, 2, and £2,, are

the molar absorbtivities of Orange Il dye at 47@ &85 nm, computed from the
spectrum of the Orange Il dye only, a@gandCp are the concentrations of phosphates
and Orange Il dye, respectively. This method isaligwsed in the analysis of a mixture
of components. Provided that the spectra of the mamponents are available, this
method allows the determination of the concentratiof the individual components by
analysing the spectrum of the mixture [21]. Forgpectrophotometric determination of
the two components in a binary system, such asrban the present work, absorbance
measurements at two different wavelengths are sapgsThe resulting calculation to
solve the set of equations is simple and yieldseterchinant ratio which can be

evaluated readily by using Cramer’s rule [22].
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— P (6]
A470 - ‘947OC P+£470CO

i ] Eq. 2.11
Augs = E455CptE4:C0

2.3.3.2 Atomic absorption spectroscopy

Atomic absorption, AA, spectroscopy relies on taet that metal ions adsorb a specific
wavelength within the light spectrum. Applying thBeer-Lambert law, the
concentration of the metal is determined from tm@ant of absorption [23].

In the present work, AA spectroscopy was used tasme the concentration of Zn
ions in solution. A Perkin Elmer Analyst 200 atonaibsorption spectrometer, with a
premix burner, hollow-cathode lamp, air-acetyleteme atomiser, echelle grating
monochromator and solid state detector, was emgloybe wavelength was set at
213.9 nm. The standard solutions, used to obtarc#tibration curve shown in Figure
2.12, were prepared by dissolving metallic zinddiNO3. The limit of detection of the

technique was estimated according to Eqg. 2.10.
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Figure 2.12: Calibration curve for Zn determination. The linuf detection, LD, was estimated as
0.09 mg L*. (R* = 0.998).
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2.3.4 Kinetic analysis of phosphate removal by elocoagulation

Chemical kinetics deals with the rate at which ciwahreactions take place. The study
of chemical kinetics is based on the law of massmcpublished by Guldberg and
Waage during 1864-1867 [24]. One of the key tetmsehaction kinetics is the rate of
reactionr, defined as the number of molecules of a chensjpaties being converted or
produced per unit volume with respect to time. Qaersng A reacting with B to
produce CaA + bB — cC, the rate of reaction is given by Eq. 2.12, whereg andrc
are the rates of reaction with respect to specieB And C, respectively, b andc are
the stoichiometric coefficients for A, B and C,pestively,Na, Ns andN¢ represent the
number of moles of A, B and C, respectively, ands the volume containing the

species.

r=r, =rg =r,

Eq. 2.12

1 dN, 1 dN, _ 1 dN.

r - e =
A alv ot 5 bIv dt ¢ cIV dt

From experimental observations and based on theeaimentioned law of mass action
and the collision theory, it was found that theeraf reaction can be expressed as the

rate law [25]:

r =KA]*[B] Eq. 2.13

Herek is a proportionality factor called the rate coméint or rate constant, which is
dependent on the temperature through the Arrhequation andc andy are the partial
orders with respect to A and B, respectively. Therall order of the reaction is equal to

the sum of the partial orders.

In the present study, the kinetics of phosphateoxeinby electrocoagulation using steel
and aluminium alloys is presented in Chapter 3. thay purpose, first- and second-
order kinetic reactions were used in order toh@ experimental data. After integration

of the rate laws, the first-order kinetics was egged as a logarithmic relationship [15].
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[A]
In——=—kt Eq. 2.14
[Ao] ’
The second-order kinetics was given by a lineaagqgn between the reciprocal of the

concentration and the time [15]:

1 1 =kt Eq. 2.15
[A] [A,] o<

The experimental data were analysed and fittedh&se proposed equations using
SigmaPlot Version 12.2.0.45 by Systat Software, Inc. Thedinregression analysis
was based on the method of least squares withdheriberg—Marquardt algorithm.

2.3.5 Fitting of phosphate removal by electrocoagation to adsorption

isotherms

The phenomenon of adsorption on a solid is relatethe unsaturated and unbalanced
forces that are present on solid surfaces. Whenlid surface is brought into contact
with a liquid or gas, the solid surface tends ttabee these forces by attracting and
retaining on its surface the molecules, atoms,oms,i of the liquid or gas. As a
consequence, a greater concentration of the géguid occurs in the vicinity of the
solid than in the bulk. In this study, only theuid-solid interface is relevant and is
discussed.

The adsorption falls into two broad categories; g@grption and chemisorption [15].
Physisorption is a non-specific loose binding & #usorbate to the surface due to weak
interactions, such as van der Waals forces. Omwttier hand, chemisorption involves a
more specific binding, such as the exchange orirghaof electrons between the
adsorbate molecules and the solid surface, regultina chemical reaction. As a

consequence, only monolayer adsorption is possible.

The adsorption isotherm indicates how the adsarptiolecules distribute between the
liquid phase and the solid phase, once the adsorptiocess reaches the equilibrium
state. The adsorption process can be modelled asfifegent approaches and the most
used models are Langmuir’s isotherm, Freundlickdghierm and Temkin’s isotherm. In
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1932 Irving Langmuir was awarded the Nobel Prizehis studies concerning surface
chemistry [26]. Langmuir’s isotherm, describing theésorption of adsorbate (A) onto
the surface of the adsorbant (S), is based on thrpertant assumptions: the surface of
the solid has a specific number of sites, with f#aene energy, where the solute
molecules can be adsorbed, the adsorption invéheeattachment of only one layer of
molecules to the surface, i.e., monolayer adsamptamd there are no interactions
among the adsorbates [15]. The monolayer adsorpdod the corresponding

equilibrium constant{,qs can be represented as follows:

__[AS]

A+SSAS ads —
“ [A]S]

Eq. 2.16

Introducing the fraction of the adsorption sitesvtaich a solute molecule has attached,
0, the final form of the Langmuir isotherm is ob&dhin Eq. 2.17.

— KadlA]

= Eq. 2.17
1+ KAl ;

However, in liquid-solid adsorption, it is commoa éxpressd as the ratio of the
amount of adsorbate molecules per mass of adsorgaint mg g*, to the maximum
adsorption capacity,.gin mg g, to give Eq. 2.18. The Langmuir isotherm is lirdite
a monolayer. It applies well to chemical adsorptaomd physical adsorption when

saturation is approached.

- quads[A]

e 1+ KadlA] Eq. 2.18

In 1906, Herbert F. Freundlich presented the esrllemown adsorption isotherm
equation [27]. This empirical model is applied ttsarption on heterogeneous surfaces
and multilayer processes. The model was derivedssyming an exponential decay of

the adsorption site energy distribution and itdgressed by the following equation:

q. = KF[A]% Eqg. 2.19
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whereKg, in mg @' L, and n (dimensionless) represent the Freundiitémperature-
dependent constants.

The Temkin adsorption isotherm removes the regiridh the Langmuir model that the
heat of adsorption is independent of surface caeefalndeed, it allows for a linear
decrease in the heat of adsorption with coveradgd. [Ehe Temkin’'s isotherm is
expressed by Eq. 2.20:

RT
de :b_ln(KT[A]) Eg. 2.20

T

where h is the Temkin constant related to heat of sorpiiod mol*, Kt is the Temkin
isotherm constant in Ly Ris the gas constant (8.314 J &™), andT is the absolute

temperature in K.

In the present study, the Langmuir, Freundlich dednkin equations were used to
model the electrocoagulation removal of phosphatesteel and aluminium alloys.

These data were analysed using SigmaPlégrsion 12.2.0.45 by Systat Software, Inc.
A nonlinear regression method based on the LevgAdarquardt algorithm was used
to fit the experimental data with these equatiomd the goodness of fit was obtained

using the adjusted®¥alues.

2.3.6 Calculation of energy consumption during elémcoagulation

For water treatment it is essential to estimateetbetrical energy consumption, EEC, in
order to determine if the process is a financiglble method. In the present study, the
energy consumption to carry out the electrocoaguigbrocess was calculated as the
electrical power in Wh, using the values of theeptial of the cell Ec.ey, and of the
applied current,l, according to Eq. 2.21. Thd,, was obtained from the
electrocoagulation tests performed using the elebmical set-up illustrated in Figure

2.3. However, it remained almost constant during tbsts and, consequently, its

average valud_, , was used. Since the electrocoagulation tests wanfermed under

cell

galvanostatic mode, the currehtremained constant throughout the duration otéke
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t
EEC(Wh) = | [ Egdtxt = IE t Eq. 2.21
0

2.3.7 Statistical methods for chemometric study ophosphate removal

Statistical techniques are useful tools in procegsmisation. One of the simplest
approaches is the OFAT method (one factor at a)timeingle factor is varied during
the experiment and measurements are taken at édbh tactor levels. Next, another
factor is varied and measurements are taken. Gbnetfee goal is to maximise the
response and, accordingly, a maximum is identifrech the first set of experiments.
Then, the second factor is varied in an attempiki@in an increase in the response,
which corresponds to the maximum for the selecéspanse. However, the calculated
optimum conditions may be far from the true valassthe factors influencing the
response are not independent. In chemometrics,ghdalled ‘interaction’. The major
limitation of this approach is that it does notoall the identification of important
interactions among the experimental variables. Dmsign of Experimental (DoE)
methods is a radical departure from the OFAT apgrodhe main objective of DOE is
to develop methods which simultaneously accountdomodel, the effect of a set of
variables affecting the process under investigatlonparticular, the use of the DoE
method is an efficient procedure for planning ekpents so that the data obtained can
be analysed to yield valid and objective conclusif#9].

Chemometrics can be seen as a concept, or a teptbotaining tools that can be used
to effectively plan and evaluate experiments withimost any area of research. For
example, both computational and wet experimentsllysgenerate a lot of information

but this information is encoded in the experimenth. Information in the data that is
relevant is often hidden with non-relevant inforioat For example, in the case of
spectroscopic data, this may be due to fluctuatiortee measuring equipment (noise).
The DoE approach offers a statistical method whiemmng the experiments to

maximise the amount of relevant information in tta¢a gathered. In addition, DoE is a
useful tool to extract maximum information with nmmum experimentation and to draw
meaningful conclusions from the data using sta@stiechniques. A DoE approach

usually aims at one of the following:
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* determining which variables are most influentialthe response;

« determining the variable settings by which thegess is optimised.

The optimisation may take several forms, such asmmsing the yield of a reaction or

minimising the variability of a process.

In the DoE approach, the mathematical models, #sgd matrices and the screening
models are all important aspects of the analysisually experimental data are
described by mathematical relationships between féloéors or variables, such as
temperature, and a response, such as synthetid, yieaction time or percentage
impurity. Since the outcome of an experiment is eshejfent on the experimental
conditions [30], the result can be described asiretion based on the experimental

variables:

y =1(x) Eq. 2.22

The function in Eq. 2.22 is approximated by a pomml function and represents a
good description of the relationship between thg@eexnental variables and the
responses. Considering two variables,and x,, the simplest empirical model is a
polynomial one, which contains only linear termsl atescribes the linear relationship
between the experimental variables and the resporisea linear model, the two

variablesx; andx; are expressed as:

y =bo + bixg + baxo Eq. 2.23

The next level of polynomial models contains aadial terms that describe the
interaction between different experimental variabl€hus, a second-order interaction

model contains the following terms:

y =bo + bixq + Xz + broxaxe Eq. 2.24

The two models shown in Eq. 2.23 and Eqg. 2.24 aaely used to investigate the

experimental system, i.e., with screening studiesobustness tests. To be able to
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determine an optimum response, quadratic termandreduced into the model. By
introducing these terms in the model, it is posstbl determine nonlinear relationships
between the experimental variables and respongesfdllowing polynomial function

describes a quadratic model with two variables:

y =bg + bixg + bpxo + b11X21+ b22X22 + D1oX1 X% Eqg. 2.25

The polynomial functions described in these equatidqg. 2.23 to Eqg. 2.25, contain a
number of unknown parameters,(by, by, etc.) that are to be determined. The use of a
DoE allows the determination of these parametersnians of an appropriate
experimental design. The design that is chosenmdispen the proposed mathematical
model, the shape of the domain and the objectifethe study (screening, factor
influence, optimisation, etc.). For example, fa@bor Plackett-Burman designs are
used for screening, while central composite desig@€Ds, are employed in
optimisation processes. In the present work, oabtdrial designs are presented and

discussed.

For different mathematical models, different tymésexperimental design are needed
and each experimental design gives a differenes&f experiments to be performed. In
order to determine the parameters of the moded,dbnvenient to work using matrices
and a +/- code. The list of experiments to be peréal is usually displayed in a matrix
called a design matrix, D. In the design matrix ihes refer to the experiments and the
columns refer to factors. On the other hand, tkalte or responses of each experiment
form a vector, calleg. In addition, to determine the coefficientdf the model another
vector, called b, is introduced. Consequently,réiationship between the response, the
coefficients and the experimental conditions carekgressed in a matrix form by Eq.
2.26:

y=D.b Eq. 2.26

This relationship is illustrated in Figure 2.13 fan example of the influence of
temperature and the reaction time on the yield oh@mical reaction. Using multiple

linear regression techniques and knowing D waritis surprisingly easy to calculate the
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coefficients of the mathematical model, representine studied system. Once the
parameters of the model are known, it is possiblese the model to gain the following

information [31]:

- Ascertain the significance of the coefficients andnsequently, the relevant
factors affecting the process or system. This tyfp@formation is usually used
in screening experiments.

- Determine the coefficients to construct a model tbé response, thus
establishing the optimum conditions for obtainihg best response.

- Produce a quantitative model in order to predi& thsponse in the whole

experimental domain.

Response = Design matrix . Coefficients
10(P)
1 > 1
10| b
20 20
y = = (P)
(N) (N)
v v

Figure 2.13: Relationship between response, design matrix aafficients [31].

When an experiment is very large with multiple éast it is often appropriate for a
screening experiment to be conducted [32]. Scrgenaxperiments allow an
identification of the factors that are of most impoce. The factors that represent the
greatest amount of information about the respoas@bie can then be further analysed.
Two-level screening designs, such as fractiondbfad and Plackett—Burman designs,
are usually applied for this purpose [33]. In fai@bdesigns, all possible combinations
of the two levels of the factors are tested. Foaneple, a 2 factorial design is
comprised of all possible”Zombinations of the n factors, where each faces dnly
two levels or settings. Consequently, it consi$t&"auns. A factorial design provides

information on all possible factorial effects, wlex factorial effect is either the main

84



CHAPTERZ2

information or an interaction between two or moaetérs. Eq. 2.27 presents & 2
design, i.e., a two-level factorial design testing factors. The two design factors are
denoted by A and B and the two levels are repregehy a +/- coding. Using this

notation, the 2= 4 runs can be listed as the rows of the desigimixn

A B

+ - Eq 2.27

The main drawback of full factorial designs is taege number of experiments to be
performed. Indeed, as n, the number of factorseases, it is clearly apparent that the
required number of experiments may become profaéitHowever, higher order
interactions are usually negligible, such as thHes¢er interactions and higher [34].
Consequently, information about all the remainirgmeffects and interactions can be
obtained by running only a subset or fraction & #hfactorial design [32]. In general,
a 2" design is defined as a fractional design with ctdfis, each at two levels, and
consists of 2* treatment combinations or runs. As it is eviden?™ design is a 2-th
fraction that is 1/2, 1/4, 1/8 etc., of thé fall factorial design. The drawback with
fractional factorials is that effects cannot be suead without the distortion risk from
aliased effects. Indeed, as the number of expetsnen reduced, the amount of
information is correspondingly reduced. This imglihat factors and interactions can
be confounded with each other. However, not akrenttions are significant and the
purpose of a preliminary experiment is simply totsaut which factors should be

studied in detail later.

In general, the following steps are used to coosttbe experimental design and

interpret the results.

1. The first step is to choose a high and low levelkdach factor. The value of each
factor is usually coded as — (low) and + (high)aleady mentioned.

2. Then, the experiments are performed and the respsmbserved.

3. The next step is to analyse the data by setting dpsign matrix based on the

mathematical model, which has already been chosen.
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4. Using statistical techniques, the coefficients loé imodel are calculated and
interpreted.

In Chapter 5, a screening study on the electrodaign removal of phosphates by
steel electrodes is presented. This study was npeefd using a fractional factorial
design in order to determine the most influentatérs affecting the electrocoagulation
process. The DoE and the corresponding statistiesiis were carried out using
Design-Expeft Version 8.0.7.1 by Stat-Ease, Inc. The details toé chosen
experimental design are given in Chapter 5, Secii@dn In this section, the design
matrix used to carry out the experiments and tagssical testing routines, which were
then used to analyse the data, are presented seukded.

A 2°fractional factorial design with two replicates asidcking was used. The factors
studied were, current density (A), electrocoagatatime or EC time (B), surface area
of the electrode to the volume of the solutionaair SA/V (C), flocculation time or
floc time (D) and settlement time or settl time .(Ehe five factors and the design

matrix of the experiments are given in Table 2.4.

Table 2.4: Design matrix for the 2 fractional factorial design. Each experiment wasglitated for a

total of 32 experiments.

Experimental Current density, A ECtime, B SA/V, C Floc time, D Settl time, E
run / mA cm? / min /m? / min / min
1 2 5 9.1 2 10
2 55 5 9.1 2 10
3 2 60 9.1 2 10
4 55 60 9.1 2 10
5 2 5 12.6 2 10
6 55 5 12.6 2 10
7 2 60 12.6 2 10
8 55 60 12.6 2 10
9 2 5 9.1 30 60
10 55 5 9.1 30 60
11 2 60 9.1 30 60
12 55 60 9.1 30 60
13 2 5 12.6 30 60
14 55 5 12.6 30 60
15 2 60 12.6 30 60
16 55 60 12.6 30 60
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The use of a fractional design involves the oceaweeof confounding, which indicates
that the values of a main effect (e.g., A, B, €,)atome from both the main effect itself
and also contamination or bias from higher ord&ractions (e.g., AB, AC, ABC, etc.)
[29]. In DOE when the estimate of an effect alsdudes the influence of one or more
effects, usually higher order interactions, theeet§ are said to be aliased. In th& 2
fractional factorial design used for the presentlwthe main effects were aliased or
confounded with 3-factor interactions. However, soof the 2-factor interactions were
aliased with other 2-factor interactions. Table 2hbws the effects which were aliased.
The use of blocking also entails confounding théeat$, since the blocks were
considered as an additional factor that was addehlet design. Four blocks were used
in this study, each one corresponding to a day hchv the experiments were
performed. The effects of the blocks were aliasétl @factor effects as is possible to
see from Table 2.5. Higher order interactions, sast8-factor, are usually negligible
and were not considered in this analysis.

Table 2.5: Confounding for the main effects, interactions atatks in the 2* fractional factorial design.

Estimated Terms Aliased Terms

Main effects

[A] A+ BCE
[B] B + ACE
[C] C + ABE
[D] D
[E] E + ABC

Interactions
[AB] AB + CE
[AC] AC + BE
[AD] [AD]
[AE] AE + BC
[BD] BD
[CD] CD
[DE] DE

Blocks

[Block 1] Bock 1 — ABD + CDE
[Block 2] Bock 2 + ABD + CDE
[Block 3] Bock 3 — ABD - CDE
[Block 4] Bock 4 + ABD + CDE
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The general approach to the statistical analysia f#ctorial design was proposed by
Montgomery [32] and is summarised in Table 2.@ohsists of four steps.

Table 2.6:Analysis procedure for a factorial design [32].

1 Estimate factor effects

2 Form initial model

3 Perform statistical testing
4

Analyse residuals

The first step consists of estimating the factdea$ and examining their signs and
magnitudes. In the present study, normal probgbpibts were used to assess the
importance of the factor effects. The principlenmirmal probability plots is that if a
series of numbers is randomly selected, they witmf a normal distribution in the
absence of systematic effects [31]. ConsequenttgpAding to Daniel [35], in DoE the
effects that are negligible are normally distrilsjteith mean zero and varianegand

fall along a straight line on the plot, while impant effects have nonzero means and do
not lie along the straight line. By selecting orthe significant effects involving

important factors and interactions, the initial rabcan be formulated (Step 2).

The formulated model is then tested using stasistechniques in the third step. F-test
and p-value were used in the present work. F-test candegl to test the utility of a
model in predicting the experimental data and whik purpose it was used in Chapter
5. In this case the null hypothesisg, Wvas that all the parameters of the model were
zero, while the alternative hypothesis, Mas that at least one parameter was nonzero.
To test H versus H, the F-test was used, Eg. 2.28. In this equa&&are the sum of
squares, dof the degrees of freedom and MS the swpaare.

— SS'nodel /dOf — MSmodeI
° ss§,,/dof MS

Eq. 2.28

error

The F statistics can be seen as the ratio of thaeed variability (the model) and the
unexplained variability (the error), each divideg the corresponding degrees of
freedom. Once a significance leve),of the test has been specified,i$ compared to

the critical value at the given significance levél, If Fo > F,, Hyo can be rejected in
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favour of H. Setting a specifia-value or level of significance is often inadequate
because it gives no idea about whether the compuatie of the test statistic was just
barely in the rejection region or far into this iy [32]. Therefore, thex-value
approach has been adopted. Tealue provides information about the weight of
evidence againstdand can be defined as the smallest level of sagm€te that would

lead to rejection of the null hypothesis.

The last step, Step 4, consists in checking forehadequacy and assumptions. The
analysis of variance, carried out in Step 3, iseaact test of the hypothesis of no
difference. If the assumptions are valid, the arrare normally and independently
distributed with mean zero and constah{32]. Consequently, violations of the basic
assumptions are investigated by examining resigiaghs. The residuals from a fitted
model are the differences between the observedomesp and the corresponding
predictions of the response computed using theessgin function. If the model fit to
the data is correct, the residuals appear to behavdomly. As a consequence, in a
normal probability plot, the effects would lie orstaight line. A plot of the residuals
versus the predicted values would be structurd@®s with no obvious pattern, since
the residuals should not be related to any otherabig including the predicted

response.

2.4 References

[1] OECD, Test No. 303: Simulation Test - Aerobic Sesvdigeatment - A: Activated Sludge
Units; B: Biofilms, in: OECD Guidelines for the Tiewy of Chemicals, Adopted 22 January
2011.

[2] Uhlig, H.H., Revie, R.W.Uhlig's Corrosion Handbogk2nd ed., John Wiley & Sons, Inc.,
New York, 2000.

[3] Ahmad, Z.,Principles of Corrosion Engineering and Corrosioor@rol, Butterworth-
Heinemann, Oxford, 2006.

[4] Silverman, D.C.Tutorial on Cyclic Potentiodynamic Polarization hedque in: Corrosion
98, March 22 - 27, San Diego CA, 1998, NACE Intéoral.

[5] ASTM, in: Standard Terminology Relating to Corrasand Corrosion Testing, G 15, 2008.
[6] Frankel, G.S., Rohwerder, MEJectrochemical Techniques for Corrosjom: A.J. Bard, M.
Stratmann, G.S. Frankel (Eds.) Corrosion and Okithes, Wiley, 2007.

[7] Bard, A.J., Stratmann, MGorrosion and Oxide Films, Encyclopedia of Elechremistry,
Volume 4 John Wiley, 2003.

[8] Beavers, J.A., Durr, C.L., Thompson, N.Gnique Interpretation of Potentiodynamic
Polarization Techniquan: Corrosion 98, March 22 - 27, San Diego CAO49INACE
International.

89



CHAPTERZ2

[9] Pletcher, D., Greef, R., Peat, R., Peter, L.M.,iRain, J.Jnstrumental Methods in
ElectrochemistryHorwood Publising, 2002.

[10] Bard, A.J., Faulkner, L.RElectrochemical Methods: Fundamentals and Applarai
Wiley, 2000.

[11] Bader, M.,J. Chem. Edug57 (1980) 703-706.

[12] Reichenbacher, M., Einax, J.VChallenges in Analytical Quality Assuran&pringer,
2011.

[13] Mertz, J. Introduction to Optical MicroscopyRoberts and Company Publisher, 2009.
[14] Louthan, M.R. Optical Metallographyin: R.E. Whan (Ed.) ASM Handbook, Volume 10:
Material Characterizations, ASM International, 1986

[15] Atkins, P., Paula, J.DBhysical Chemistrydth ed., Oxford University Press, 2010.

[16] APHA-AWWA-WPCF, Standard Methods for the examination of Water aadtéivatey
18th ed., New York, 1992.

[17] Miller, J.N., Miller, J.C. Statistics and Chemometrics for Analytical Chemijgth ed.,
Pearson Prentice Hall, Harlow, 2005.

[18] Hubaux, A., Vos, GAnal. Chem.42 (1970) 849-855.

[19] Gonzales, G., Touraud, E., Spinelli, S., ThomasQ@ganic Constituentsn: O. Thomas,
C. Burgess (Eds.) UV-Visible Spectrophotometry aitédf and Wastewater, Elsevier, 2007.
[20] Mollah, M.Y.A., Gomes, J.A.G., Das, K.K., Cocke.J. Hazard. Mater.174(2010)
851-858.

[21] de Levie, R.Advanced Excel for Scientific Data Analy<dxford University Press, 2008.
[22] de Levie, R.JJ. Chem. Sci121(2009) 617-627.

[23] Harris, D.C.,Quantitative Chemical Analysi8V. H. Freeman, 2006.

[24] Marin, G.B., Yablonsky, G.SKinetics of Chemical Reactiond/iley, 2011.

[25] Castellan, G.W Physical ChemistryAddison-Wesley Publishing Company, 1983.

[26] Langmuir, 1.,J. Am. Chem. Sq&t0 (1918) 1361-1403.

[27] Freundlich, H.,J. Phys. Chem57A (1906) 385-470.

[28] Temkin, M., Pyzhev, V Acta Physiochim. USSR2 (1940) 217-222.

[29] NIST/SEMATECH, e-Handbook of Statistical Methods,
http://www.itl.nist.gov/div898/handbooi 0/10/2012.

[30] Lundstedt, T., Seifert, E., Abramo, L., Thelin, Rystrom, A., Pettersen, J., Bergman, R.,
Chemom. Intell. Lab. Sys#2 (1998) 3-40.

[31] Brereton, R.G.Chemometrics: Data Analysis for the Laboratory &ttemical Plant
Wiley, 2003.

[32] Montgomery, D.C.Design and Analysis of Experimenitsh ed., John Wiley & Sons, Inc.,
20009.

[33] Box, G.E.P., Hunter, J.S., Hunter, W.Statistics for experimenters: design, discovery,
and innovation2nd ed., Wiley, 2005.

[34] Myers, R.H., Montgomery, D.CResponse surface methodology: process and product
optimization using designed experimeind ed., Wiley, 2002.

[35] Daniel, C.,Technometricsl (1959) 311-342.

90



3 Performance of Al-2Mg and AISI 420
Electrodes for the Removal of Phosphates by
Electrocoagulation

3.1 Introduction

The electrode materials employed in electrocoaguiare usually aluminium and iron
[1]. They are used for several applications, suzlioa treating wastewater containing
heavy metals [2-4], foodstuff [5, 6], oil wastes 81, textile dyes [9-14], fluoride [15],
polymeric waste [16], organic matter from landfélachate [17], suspended particles
[18-21], chemical and mechanical polishing wast2g],[ aqueous suspensions of
ultrafine particles [23], nutrients [24], phenolMaste [25], arsenic [26] and refractory
organic pollutants including lignin and EDTA [27]his list is not exhaustive. Several
authors have also attempted to use aluminium or @ectrodes for drinking water
treatment [1, 28, 29].

Phosphorus occurs in natural water and wastewasgnlynas inorganic phosphates,
such as orthophosphates and polyphosphates [36]pfidsence of excess phosphorus
in the effluent discharged to natural water bodiias long been known to be the cause
of algal bloom and eutrophication. Because of thmeblems, phosphate removal using
chemical precipitation and coagulation has beenezhout for a number of years [31,
32]. Recently, other physicochemical processes h&esn used to remove phosphates
from wastewater as alternatives to the traditionathods. These techniques include
adsorption, ion-exchange, electrodialysis, hybyisteams containing fly-ash adsorption
and membrane filtration and electrocoagulation [33]
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A number of studies have been reported on elecgdation and the removal of
phosphates using pure iron or aluminium anodes3[33-However, alloys may have
beneficial effects in terms of removal efficienaydeenergy consumption. Indeed, a few
studies have been reported on the electrocoagulptimcess using aluminium and iron
alloys [38]. In particular, the removal of phosgsatising an aluminium-zinc alloy was

investigated by Vasudevan al.[39].

Although the removal of phosphates has been extggsinvestigated, the exact
mechanism of its removal is not yet completely ustb®d [32]. It may involve the
precipitation and coagulation processes and isilpigsafluenced by the characteristics
of the wastewater, such as the pH. In wastewateatrtrent, precipitation and
coagulation are two distinct processes, althougtgelation also involves precipitation
[40]. Coagulation is based on the destabilisatidsegption mechanism of stable
particles in water, whereas precipitation involtles formation of insoluble compounds.
The removal of phosphate can neither be explainéerms of the equilibrium model of
a single chemical compound, such as AJP@br as a co-precipitation of AIR@nd
Al(OH)3 [32]. The degree of phosphate removal dependbe®uégree of hydrolysis of
the coagulant and its concentration, the presendelee concentration of other ions and
the pH. According to the model suggested by Hsi, [@iosphate removal is the result
of the competitive action of phosphates, hydroxyhsl other ions which react with

aluminium and iron ions.

The coagulation process represents the prelimistage for the removal of particles
from solutions, which is commonly a two-phase psscedn this preliminary phase,

coagulants are added to the solution for the perpdsiestabilising the pollutants either
by charge-neutralisation or enmeshments in predtgstor, in the case of phosphate
removal, formation of insoluble salts. Howevercaslined previously, it is not always

possible to identify a prevailing mechanism sinceldpends on different parameters
that may change throughout the process, such asitia coagulant concentration, pH,

temperature, ionic strength and the presence ef aibecies in solution. Flocculation is
the second stage where the aggregation of des&diparticles and precipitation into
larger particles, known as flocculant particleslocs, take place. Coagulation typically

occurs in less than 10 s [42] upon the additionca@gulants under rapid mixing
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conditions and afterwards the aggregation of thetadidised particles takes place for
several minutes under slow stirring. In chemicahgudation these two steps can be
physically separated or differentiated on the basithe time required for each of the
processes. However, in electrocoagulation, the wWa#tgn and flocculation phases

occur simultaneously.

The two terms coagulation and flocculation are roftesed loosely to describe the
overall process of aggregation. However, floc faroraand growth can only take place
if certain conditions are satisfied [43]. Firsttihere must be a supply of material, for
example by direct nucleation on the particle swfaamdsorption of material held in
suspension or from inter-particle aggregation. 8dbo the solution must be
destabilised to allow aggregation to proceed. Tégrek of destabilisation and transport
factors determine the rate of floc formation. Tladitions necessary for the formation
of flocs can be satisfied regardless of the pres@f@ollutants in solution. Indeed, the
supply of material might be the result of the idwmotion of aluminium or iron salts to
the solution and the destabilisation of these gladi might derive from processes of
charge-neutralisation or precipitation to give fbemation and growth of flocs. It is
clear that the process of coagulation-flocculatienneither specific nor selective
towards certain species of pollutants. The remafapollutants or particles from
solution is rather the result of competition betwdélge hydrolysis of aluminium or iron
ions and the adsorption, precipitation or formatadrcomplexes of ions and particles,

which are present in solution.

In this chapter results are presented and discussedhe removal efficiency of
phosphates using aluminium-magnesium (Al-2Mg) atainkess steel (AISI 420)
electrodes. The efficiency was investigated in teohseveral parameters, such as the
initial concentration of phosphates, current densititial and final pH and the chloride
concentration. The determination of a kinetic mddelthe removal is also attempted.
To date no reports have been published on the ranaivphosphates using Al-2Mg
alloys or stainless steel anodes.
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3.2 Al-2Mg electrode

In chemical coagulation, aluminium salts, such §§30,)30H,0, are frequently used
to remove phosphates. When alum or other alumirsaits are added to water, they
dissociate to give trivalent, &l ions, which hydrate to form the hexaaquoaluminium
ion, Al(H,0)**. The aquoaluminium ion undergoes a series of rapidrolysis
reactions to form soluble monomeric and polymepecses as well as solid Al(OH)
[44], as shown in Figure 3.1.

Aquo Al ion Al(H,0)**
l] — Hydrogen ion
Mononuclear species Al(OH)(H,0)s%*

4

i i — > Hydrogen ion
b

Polynuclear species Al;304(0OH),,™*
P4
i i —* Hydrogen ion
v
Precipitate Al(OH)s)
l] —— Hydrogen ion

Aluminate ions Al(OH),”

Figure 3.1: Aluminium hydrolysis products. The dashed linesadiean unknown sequence of reactions [22].

Aluminium and iron salts have been used extensif@ythe removal of phosphates,
however the present understanding that the usehedet salts leads to the direct
formation of insoluble products, such as AR@ now considered to be too simple to
explain the phosphate removal [40]. According taikay et al.[45], the mechanism of
the interaction between alum and phosphates maléd¢o one or any of the following
processes:

» Direct adsorption of phosphate ions on the hydrslgsoducts shown in Figure

3.1, formed by the addition of alum to wastewater;
* Incorporation of the soluble phosphates to colladsuspension;

« Formation of insoluble salts with aluminium *Ak H,PO," 3~ AIPO, + nH".

However, the aluminium-orthophosphate system isptexy as discussed by Stumm
and Morgan [46]. Recht and Ghassemi [47] have stgdethat the removal of
phosphates depends on the hydrolysis productsiofiaium in addition to the Af ion.
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A significant contribution to the understanding tbk removal of phosphates using
coagulation was given by Hsu [41, 48]. He suggested the AI-OH-Al and the
Al-PO,-Al linkages tend to integrate. Thus, the precipta is governed by the
integrated particles giving the formation of alummm-hydroxy-phosphate complexes,
Al(OH)34(PQy)y, rather than the individual AIPOand AI(OH)} species. These
complexes either adsorb onto positively chargedhalium hydrolysis species or act as

further centres of precipitation or nucleation p@iior aluminium hydrolysis products [40].

Although chemical and electrochemical coagulatios saubstantially different in terms
of the dosing method of the coagulants, the meshanbf coagulation-flocculation and
the series of reactions and processes which oncswlution are similar [49]. However,
the evolution of the chemical environment may diffa the two systems [50].
Considering the mechanisms reported previouslytferremoval of phosphates using
chemical coagulation, Figure 3.2 attempts to sunseand draw a simplified scheme
of the reactions which may occur during the elemiagulation removal of phosphates.
The first step involves the generation of thé*Afollowed by the hydrolysis reactions,
then particle destabilisation and finally the fotioa of large flocs, step IV. [51]

Electrode dissolution
Al = AR +3e

STEP | {
Hydrolysis
APR* + nH,O — AI(OH),8™ + nH*  (1sn<3)
STEP I
H,PO,3): Other ions or particles:
) o -charge neutralisation | | -double layer compression
Particle destabilisation -sweep floc -adsorption and charge
-Al-hydroxo-phosphate || neutralisation
STEP I complexes -sweep floc
- Al-particle complexes
Particle collision and
aggregation Flocs

STEP IV

Figure 3.2: Simplified model for the removal of phosphates lactocoagulation using aluminium
electrodes.
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In this section an aluminium alloy containing 2%gmnesium (EN-AW 5251), Al-2Mg,
was used as the anode material to remove phospl&®esral operational parameters,
such as the initial concentration of phosphateseat density, initial and final pH and
NaCl concentration, were investigated. Full expental details are given in Section
2.3.1.4.

3.2.1 The effect of the initial concentration of P,-P

3.2.1.1 The efficiency of removal

In order to study the effect of the initial conaatibn of phosphates on the removal
efficiency of solutions treated with the Al-2Mg elede, electrocoagulation
experiments were carried out by varying the initcahcentration of phosphate,. P
Figure 3.3 shows the normalised concentration okphate, PP, plotted as a function
of the electrocoagulation period in solutions comitey 20.0, 60.0 and 150.0 mg'Lof
POy-P. The initial pH was fixed at 5.0, the NaCl contation was maintained at
4.2 x 10° M, the current density was 11.0 mA érand the ratio of the surface area of
the anode to the volume of solution, SA/V, was It:% The corresponding data are
shown in Table 3.1. It is clear from the data pnése in Figure 3.3 and displayed in
Figure 3.1, that, although after 60 min the coneitn of phosphates was considerably
reduced to very low levels for all three initialnm@ntrations, the experiments performed
at lower initial concentrations show higher remoeéficiency. Indeed, as the initial
concentration increased from 20.0 to 60.0 niy the removal efficiency, after 20 min,
decreased from 95% to 82%. These results are ¢ensisith the findings ofrdemezet

al. [34] and Bekta et al. [36]. Both authors studied the removal of phosghaty
electrocoagulation using pure aluminium electrodesl investigated the removal
efficiency with several initial concentrations ohgsphates, ranging from 10 to
200 mg *. They found a decrease in the removal efficieneyinzreasing the initial
concentration of phosphatdsdemezet al. [34] reported a removal efficiency of 100%
for 25, 50 and 100 mgtphosphates and 88% for 150 mg phosphates at an initial
pH of 3.0, a current density of 1.0 mA érand a SA/V ratio of 88.2 th Bekta et al.
[36] used an initial pH of 6.2 and a current densit 10.0 mA cnf and reported the
complete removal of phosphate for initial phosplwatecentrations of 25 and 50 mg L
and an efficiency of 90% for an initial concentoatiof 200 mg I of PQ-P. The
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decrease in removal efficiency with increasingiahitoncentrations has been widely
reported in electrocoagulation for several polltéaf84, 52-60] and it is generally
ascribed to the amount of coagulant generatedlutigo relative to the concentration

of the pollutant.

In a study on chemical coagulation, Stumm and Oi#ME1] observed that the dosage
of coagulant necessary to bring about destabilisadf a solution depended upon the
amount of particles. Thus, they concluded thatajhigmum coagulant dose was clearly
proportional to the concentration of pollutantscotloids present in solution [42, 62].
O’Melia [63] described the residual turbidity obgedl in jar test experiments as a
function of coagulant dosage by means of four cjreach one representing a different
concentration of colloidal material. In each curtlee author identified an area
corresponding to low dosage where the coagulanedddas insufficient to induce
destabilisation of the particles present in solutiOn increasing the coagulant dosage,
destabilisation and aggregation were achieved [ABhough this mechanism was
suggested for chemical coagulation and for the xeinof turbidity, it is reasonable to
assume that it is generally valid for the removélpollutants by electrogenerated
coagulants. In electrocoagulation the coagulantagesis clearly related to the
electrolysis time through Faraday’'s laws of eldgsis. Consequently, the data
displayed in Figure 3.3 may be seen as the resicluatentration of phosphates as a
function of the coagulant dosage. As the appliedreci was constant in each
experiment, the coagulant dose also remained aunistdhe three sets of experiments
shown in Figure 3.3. It is clearly evident fromsthiigure that low initial concentrations
of phosphates are removed faster and require Esgutant. In contrast, longer times
are needed to treat the solution containing 150g0Lth of phosphates. At this higher
initial concentration of phosphates, the amountadgulant produced is not sufficient
to destabilise the phosphate ions present in solutlThese results are in good
agreement with the work reported by O’Melia [63} fine removal of turbidity in

chemical coagulation.
Interestingly, the amount of phosphates removeth ftbe three initial concentrations

shown in Figure 3.3 is not the same at each timenial. After 10 min of the

electrocoagulation period, 16, 35 and 64 nigdf PQ-P are removed from initial
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concentrations of phosphates of 20.0, 60.0 and018® L', respectively, as can be
seen from the data presented in Table 3.1. lteigrahat a greater amount of phosphates
is removed from the solution when a high initiahcentration is used, although the
concentration of coagulants delivered to the soiutis the same for all three

experiments.
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Figure 3.3: Normalised variation of the concentration)Pg, of phosphates plotted as a function of the
electrocoagulation time in solutions containingi@liconcentrations, Jof ® 20.0 mg [*, 00 60.0 mg [*
and A 150.0 mg [* PO-P. (Anode/cathode = Al-2Mg/AISI 310, [NaCl] = 4210° M, pH = 5.0,
j=11.0 mA cnf, SA/V = 11.7 iif).

Table 3.1: Residual concentration of phosphateg, dhd removal efficiencyy, for different initial

concentrations of PEP. Each experiment was performed in triplicate @).

Time P, n P n P 7l

/min  /mglL* | % /mgL* | % /mgL*? | %
0 20.0 0 60.0 0 150.0 0
5 1001 52+6 42 £2 30t£4 120+ 4 20+3
10 4.2+0.8 79+t4 251 58+2 862 431
15 19+0.7 903 171 72+2 653 57+2
20 1.0£05 95+3 111 82+2 57+4 62+3
30 BDL* 99.8+0.3 54+0.9 911 34+3 782
60 BDL* 1000 0.4+03 99.3+x05 61 95.98

*BDL = Below Detection Limit (Section 2.3.3).
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3.2.1.2 The rate constant for the removal of phosaltes

As discussed previously in Section 3.1, the remafapollutants upon addition of

aluminium or iron ions is the result of a two-phasecess, which involves coagulation
and flocculation. Since in electrocoagulation thige phases occur simultaneously, it
is clear that a series of complex reactions anccgages is involved. While the
coagulation phase depends primarily on the speaiatf the coagulant, which, in turn,
is governed by the solution pH and coagulant do§4®f it has been reported that the
flocculation phase is a function of the degree ektdbilisation attained in the

coagulation phase and the collision rate betweenptuticles [43, 64]. Taking into

account the complexity of these reactions, in tmesgnt study the removal of
phosphates using the Al-2Mg electrode can be desttiby Eq. 3.1.

9 - e ors ] Eq 31

Here, P is the concentration of phosphates, Al{Bf)is the concentration of the
hydrolysis products of AT ions,k is the rate constant amdandy are the partial orders
of the reaction. As discussed in Section 3.2, litelseved that the removal of phosphates
is attained by a combination of processes involvimg Al(OH)®™ and aluminium
hydroxide species (Step Il in Figure 3.2). Theafiremoval of phosphates is attained
by particle collision and aggregation, as showtep IV in Figure 3.2. The chemistry
of aluminium is quite complex and polynuclear spsccan form, although these
products can often be ignored, especially in dilane fresh solutions [65]. It is then
clear that determining the rate const&n&nd the reaction ordersandy, is extremely
complicated, as the speciation of the hydrolyselpcts is governed by the pH and the
coagulant dose. In electrocoagulation the coagusaghdsed in a continuous manner and

the pH changes throughout the process. These amsljiroduce a dynamic system.

In an attempt to develop a kinetic model for thenpgeral variations of residual
phosphates, it was assumed that the productiom@mslimption rates of the hydrolysis
products were equal. In this way the concentratibthe Al(OH),®™ species can be

considered constant (Step Il in Figure 3.2) and¥Ehcan be simplified to give Eq. 3.2.

dPl_ . 1ol
T Koo [Pl Eq. 3.2
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In this analysiskyns represents the observed rate constant. In thi®zippation the rate
constant reflects the contribution of several neast involving both the coagulation
and the flocculation phases (Figure 3.2). A simdpproach was used to study the
kinetics of electrochemical oxidation, ozonatior &V irradiation [66-70], where the
elimination of pollutants in water was accomplishedthe mediation of compounds
generated in solution, such as ‘active chloringore, hydrogen peroxide and other

strong oxidising agents.

Several authors have reported that in electrocagigulthe removal of a wide variety of
pollutants is described by pseudo first-order aud® second-order kinetics [15, 71-
79]. Consequently, the data presented in Figuren@r@ fitted to pseudo firsk = 1)
and pseudo second-ordes ¥ 2) models and the Rvalues were used to attest the
goodness of the fit. These data are summarisedlheT3.2 and plotted in Figure 3.4(a)
and (b). They clearly show that the removal of pihages using the Al-2Mg electrode
is better described by a pseudo first-order reactithe R values show excellent
linearity. The pseudo first-order relationship xpeessed in Eq. 3.3.

P
InFt =kt Eq. 3.3
0

Here, B is the initial phosphate concentration in mg, LR is the phosphate
concentration at timein mg LY, ks is the rate constant in mtrandt is the time in
min. Typical plots where the logarithm of /) is shown as a function of time are
presented in Figure 3.4(a) and the valuek.,gf obtained as the slope of the linear
regression analysis, are presented in Table 32clearly evident that the rate constant,
kobs decreases with increasing initial concentratibprmsphates. In particular, the,s
values vary from 0.1531 mifrfor 20.0 mg [* to 0.0525 mift for 150.0 mg [* of PQ:-P.

The dependence &fs on the initial concentration of phosphates suggtwsit the rate-
determining step involves the phosphate ions. Hitédgkhy and Amin [78] reported a
similar dependence of the rate constant for theowamof acid green dye 50 from
wastewater using anodic oxidation as well as edeomgulation. They suggested that
the decrease of the pseudo first-order rate congfiéimincreasing initial concentrations
of the dye was due to an association of the dyeeontds in the solution at high
concentrations. However, dimerisation does not ofamuphosphate ions.
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Table 3.2:Rate constank,,s and R values for pseudo first-order and second-ordestlds.

Initial concentration, Py Pseudo first-order kinetics Pseudo second-order kinetics
/mgL* P 1 1
In—t = -k, ¢ = =Kyt + =
PO obs Pt obs Po
I(obs R2 kobs R2
/ mint / mint
20.0 0.1531 0.999 0.0477 0.870
60.0 0.0832 0.999 0.0410 0.810
150.0 0.0525 0.997 0.0026 0.864
(a)
<
o
-6 T T T
0 20 40 60
Time / min
3.0
(b) 25 5
5
o

-1.0 T T T
0 20 40 60

Time / min
Figure 3.4: (a) Pseudo first-order and (b) pseudo second-ddidetics of phosphate removal at different
initial concentrations of phosphates; ® 20.0 mg [}, O 60.0 mg [* and A 150.0 mg [* PO:-P.
(Anode/cathode = Al-2Mg/AlSI 310, [NaCl] = 4.2 xAM, pH = 5.0 = 11.0 mA cnif, SA/V = 11.7 ).
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It has been reported that the formation of hydroxyplex species (Step Il in Figure
3.2) shown in Figure 3.1 occurs rather rapidly,hwitmicroseconds for monomeric
species and within 1 second if polymeric speciesiavolved [80-83]. For example,
according to Baes and Mesmer [81], half of th& Adns hydrolyse to Al(OH) within

1 x 10° s at a pH of 4.0. Hanh and Stumm [83], in studyimg coagulation of silica
dispersions with AT, compared the rate of destabilisation in the ctaaigun phase, i.e.,
the rate of aluminum hydroxycomplexes adsorptiorinenparticle surface and the rate
of particle collision in the flocculation stage. éyhconcluded that the latter was the
rate-determining step, which can be identified &sp3V in Figure 3.2. Also, the
formation of aluminium hydroxide for entrapment oblloidal particles (sweep
coagulation) is completed within 1 to 7 s [84]. Tdfere, the flocculation phase is the
rate-determining step and, in particular, the smh frequency and collision efficiency
are the parameters which affect the overall coaigumidlocculation rate [83].
According to Smoluchowski [85, 86], the frequengyof binary collisions between

particles of type andj is given byEq. 3.4

fi =F Kk CC, Eq. 3.4

Here, E; is the efficiency factor for collisions betweenandj-type particles, kis a
collision frequency factor that depends on the iigemechanism responsible for the
collision, C; andC; are the respective concentrations of the two tgbgmrticles. In the
present workC; andC; correspond to phosphate ions and aluminium hydmxylex
species. According to Eq. 3.4, provided that thliston mechanism does not change
upon the progression of the electrocoagulationgsecthe rate of particle collision is a
function of the particle concentrations. Howevencreasing the concentration of
phosphates does not result in an increase of tamlbvemoval rate (as shown in Figure
3.4(a) and Table 3.2), which is determined by tbkiston frequency. The collision
frequency in Eqg. 3.4 also comprises the efficief@gtor, Ej, which is introduced
because not every collision will result in an swstel attachment [87]. Whether or not
the particles remain attached after a collisionetiels on the net interparticle forces
[88], that is the magnitude of the repulsive fobetween the particles. In other words, a
successful particle aggregation depends on thealiésation degree attained in the

coagulation phase [42, 50]; if particles have bdestabilised completely, theg; is
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equal to 1 [42, 88] and each collision will lead @dhesion. In coagulation, and
consequently in electrocoagulation, the degreeestabilisation is strictly dependent on
the ratio of coagulant dosage to the concentratibipollutants [89], the so called

‘stoichiometry of coagulation’.

Provided that the concentration offAlons dissolved from the electrode is constant and
the hydrolysis of Al* (Step Il in Figure 3.2) is rapid, then in solusorontaining high
initial concentrations of phosphates, the numbetestabilised particles is small. In this
case, the ratio of coagulant, aluminium hydroxyctempspecies, to phosphate ions is
low. As a consequence, the number of successfiigionls between a coagulant particle
and a destabilised particle is also low [50], sitioe efficiency factor Ein Eq. 3.4 is
lower than 1. Therefore, the observed rate congtant for the removal of phosphates

will decrease as the concentration of phosphatestisased, as reported in Table 3.2.

3.2.2 The effect of the current density

In electrocoagulation, the current density is apanant parameter for controlling the
reaction rate. It is well known that the currenhsiey determines the amount of Al
ions released from the anode and, consequentlgoégulant dosage. At the same time,
the rate and size of the;lBubbles produced at the cathode also depend oapihieed
current density [90]. When large current densiies used, the potential might assume
high values resulting in a significant decreasedurrent efficiency and an increase of

the energy consumption of the system [1].

To investigate the effect of the current densitytlom efficiency of phosphate removal,
electrocoagulation experiments were carried outgusarious current densities. Figure
3.5 shows the residual concentration of phosphakgs,as a function of the
electrocoagulation time for current densities & &nd 11.0 mA cif. It can be seen
from the figure that, at the end of the process, thosphates were removed almost
completely for both values of current density, hearethe removal rate was rapid with
the high current density. Indeed, as the curremsidgincreases from 5.3t0 11.0 mAém

the removal efficiency, after 30 min, increasesnro/% to 91%.
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Figure 3.5: Variation of the concentration of phosphates, Plotted as a function of the
electrocoagulation time in solutions containingi@iconcentration, & of 60.0 mg [* PO,-P at different
current densitiesE] 5.3 mA cn? and® 11.0 mA cnf. Each experiment was performed in triplicate
(n = 3). (Anode/cathode = Al-2Mg/AISI 310, [NaCl}4s2 x 10° M, pH = 5.0, SA/V = 11.7 ).

The influence of the current density was studieadtyparing the rate constants for the
removal of phosphate at 5.3 and 11.0 mA®cin Figure 3.6 typical plots are shown of
the logarithm of the concentration ratios/Hg, plotted as a function of the
electrocoagulation time for initial concentration§ phosphates of 20.0, 60.0 and
150.0 mg [* at a current density of 5.3 mA @mand an initial pH of 5.0. The
experimental data were fitted by linear regressinalysis and the resulting values of
the observed pseudo first-order rate constantsRirate provided in Figure 3.6. The
high values of Rindicate excellent agreement with pseudo firseorkinetics. The
same model was valid with a current density of T8&cni? as shown in Section 3.2.1,
Figure 3.4. As it can be seen from the table showRkigure 3.6, the observed rate
constantkos Was 0.0877 mih for an initial phosphate concentration of 20.0 by
while it was reduced to 0.0274 rifimhen the initial phosphate concentration is 1560

From Figure 3.6 it is clear th&g,s decreased with increasing initial concentratiohs o
phosphates. This result is in good agreement whigh @nalysis provided in Section
3.2.1.2. Furthermore, by comparing the values & kk,s obtained at 11.0 and
5.3 mA cn¥ in Figure 3.4(a) and Figure 3.6, respectivelys ievident that low current
densities reduced the rate of phosphate remowddelh for an initial concentration of
phosphates of 60.0 mg™L the ko ranges from 0.0832 to 0.0487 litior current
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densities of 11.0 and 5.3 mA @nrespectively. These results are in good agreement

with the data reported by Mamaexi al. [15] on the defluoridation of Sahara waters by

electrocoagulation. It was shown that the removdlumride depends on the current

density and the temperature of the solution, witbranefficient removal at a higher

current density. As shown in Section 3.2.1, a ssnatlegree of destabilisation of

phosphate ions is obtained in solutions contairanipwer ratio of the coagulant to

phosphate concentrations. According to Faradayis the concentration of Al ions

dissolved from the anode and delivered to the mwiuts proportional to the applied

current. Accordingly, the amount of coagulant deled is reduced at the lower current

density. A smaller amount of coagulant in solutimads to a lower degree of

destabilisation of phosphate, consequently, théisam efficiency seen inEq. 3.4

diminishes and in turn thk,,s decreases. In addition, the chemical compositibn o

solutions treated with different current densiigesubstantially different. For example,

Lacasaet al. [33] demonstrated that lower current densitiesilteis lower final pH

values. In Section 3.2.3 it will be shown that thegial pH has an influence on the

removal efficiency and it also determines the fipidl of the solution.

In (P/P,)

F)0 kobs R2
/mgL? /min®
20.0 0.0877 0.995
60.0 0.0487 0.992
150.0 0.0274 0.995

-3.5 T T T
0 20 40 60

Time / min

Figure 3.6: Kinetics of phosphate removal at different initahcentrations of phosphateg, ® 20.0 mg L%,
0 60.0 mg [* and A 150.0 mg [* PO-P. (Anode/cathode = Al-2Mg/AISI 310, [NaCl] = 4<40° M,

pH = 5.0, = 5.3 mA cnf, SA/V = 11.7 ri1).
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3.2.3 The effect of pH

The initial pH is an important parameter affectthg performance of electrochemical
processes [1, 91, 92], since it affects the degreeénydrolysis of AF* ions. In
electrocoagulation, the solution pH increases durine process as the result of
hydrogen evolution at the cathode. Consequentdyfittal pH of the solution and, more
importantly, the range of pH values that the sohltiexhibits throughout the
electrocoagulation process play an important moleléctrocoagulation.

3.2.3.1 The effect of initial pH

To investigate the effect of the pH on the eledegulation of phosphates using the
Al-2Mg electrode, the initial pH of a solution caitiing 85.0 mg [! of PQi-P was
adjusted in the range of 3.2 to 7.5 and the remof/@hosphates was monitored with
time. The concentrations of phosphates remainingalution as a function of the
electrocoagulation period at pH values of 3.2, 6.3,and 7.5 are displayed in Figure
3.7. As evident from this figure, the effect of timtial pH is highly significant. The
maximum removal of phosphates at the end of thetrelsoagulation experiments is
achieved at pH 3.2 with a residual phosphate cdratéon of 1.1 mg [* after a 30 min
period. On increasing the initial pH, a gradualrdase of the amount of phosphates
removed from the solution is observed. Indeed, vathinitial pH of 7.5 the final

concentration of phosphates is 26.2 mig L
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Figure 3.7: Variation of the residual phosphate concentrati®y, plotted as a function of the
electrocoagulation time in solutions containingd8fig L* of PQ,-P at initial pH values oP 3.2, A 5.3,
O 6.7 and® 7.5. (Anode/cathode = Al-2Mg/AISI 310, [R®] = 85.0 mg [}, [NaCl] = 4.2 x 1G M,
j=11.0 mA crf, SA/V = 11.7 ).

The rate constantkgy,s introduced in Section 3.2.1.2 were calculatedefoeh initial pH
used in the experiments shown in Figure 3.7 andetla@e summarised in Table 3.3.
Again, high values of Rwere obtained, indicating that the kinetics of gftmate
removal follows the pseudo first-order model. Kyg values depend on the initial pH
values, varying from 0.1470 mifrat pH 3.2 to 0.0396 mihat pH 7.5.

Table 3.3: Pseudo first-order constark,,s and R values for the removal of phosphates at different

initial pH values.

Initial pH Kops R?
/ min*t
3.2 0.1470 0.995
5.3 0.0574 0.999
6.7 0.0447 0.996
75 0.0396 0.998

Although it has been reported that the highest x&inoccurs near a pH of 7.0 with
aluminium [1], it is well known that the performanalso depends on the nature of
pollutants present in the solution. In the literatthere is no general agreement on the
optimal initial pH required to remove phosphatesc@dtding to Bektgaet al. [36] the
optimal initial pH for phosphate removal using pateminium is 5.0 to 6.0. A similar
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finding was reported by Vasudevat al. [39] in their study on the removal of
phosphates using an aluminium-zinc electrode. mrast,irdemez and co-workers [34,
35] demonstrated that the highest efficiency rerho¥@hosphates was achieved at an
initial pH of 3.0, using aluminium and iron eledes. This finding is in good
agreement with the results obtained in the presterty with the Al-2Mg electrode and
shown in Figure 3.7 and suggests that a similarham@sm is involved with pure
aluminium and the Al-2Mg electrode.

3.2.3.2 The effect of final pH

Figure 3.8 depicts the final pH of the solutioneafan electrocoagulation period of 30
min as a function of the initial pH. The removdi@éncy of phosphates is also shown.
It is clear that the final pH depends on the ihpid of the solution. When the initial pH
is acidic, the final pH value shows a marked insegdrom 3.2 to 7.1. On the other
hand, solutions with initial pH values close to tmality exhibit a more moderate rise,
for example, from initial pH values of 6.7 and b final values of 9.9 and 10.6,
respectively. This is in good agreement with prasistudies [92-94], which describe a
levelling for the evolution of the pH in highly @it or highly alkaline solutions.
Regarding the pH variation observed during eleciagalation, some authors [29, 94,
95] have attributed these pH changes to the hydregelution reaction at the cathode.
However, according to Chest al.[93] the pH change may be due to other reasons. Fo
example, the pH increase may occur because ofedlease of Cg which is over
saturated in acidic solutions and enhanced pylubble evolution. The same authors
also indicated that some anions, such asul SG*, may exchange partly with Ol
Al(OH)3 to free OH, giving an increase of the solution pH.
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Figure 3.8: Evolution of ® final pH andA removal efficiencyy, plotted as a function of the initial pH.
(Anode/cathode = Al-2Mg/AISI 310, [PEP] = 85.0 mg [}, [NaCl] = 4.2 x 1G M, j = 11.0 mA cnf,
SAIV = 11.7 m).

The effect of the initial pH on the removal efficey of phosphate can be explained in
terms of the aluminium speciation. Cafiizares andrigo have published several works
[96-101] on the electrocoagulation process usingnatium electrodes and on the
speciation of aluminium. They characterised the rblyded aluminium species,
generated during electrodissolution of the ele@r@€gure 3.1), using a time-resolved
spectrophotometric technique. This method involtres reaction between aluminium
and ferron (8-hydroxy-7-iodo-5-quinolinesulfonicidcto form a complex Al(ferron)
and allows the discrimination of monomeric, polymeand precipitate species, since
each of these species has a different time of imadvilonomeric aluminium species
react with ferron almost instantaneously (0 to h)mthe fraction of aluminium reacting
slower (1 to 20 min) is thought to include polyrearl aluminium species, whereas the
fraction of aluminium that does not react with eris assumed to represent colloidal

or solid-phase aluminium [102-105].

Canizareset al. [97] claimed that the speciation of aluminium puaous solutions is

dependent on the total concentration of aluminiuma pH. They showed that at acidic
pH, monomeric hydroxyaluminium cations are the mynspecies. Increasing the pH
leads to a decline of the monomeric species wihadual rise of aluminium hydroxide
precipitates, which represent the main aluminiunecggs at pH values close to

neutrality. At alkaline pH, the precipitate dissedv to form monomeric anionic
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hydroxyaluminium species in solution. In the lighft these findings and taking into
account that, as shown in Figure 3.8, the pH valaseases with time in the range of
pH investigated, it seems plausible that the remo¥ghosphates is accomplished
through several mechanisms/reactions dependingheniristantaneous pH of the

solution.

The data shown in Figure 3.7 and supported by timyseported byrdemez [34, 35]
indicate that the highest removal of phosphatesciseved at an initial pH of 3.2. As
evident from Figure 3.8, this corresponds to alfptdof 7.1. According to the findings
of Canizareset al. [97], at pH 3.2 the predominant coagulant speisiggpresented by
monomeric cations. At this pH the phosphate ionsiciv are negatively charged, are
mainly removed by charge neutralisation by the aygaluminium cations. As the
solution pH increases with time, from 3.2 to 7.08e tprimary removal mechanism
changes to involve the hydroxide and the hydroxgspihate precipitates in a process of
adsorption-precipitation and/or of sweep coaguhatibis important to note that in the

same pH range (5.5 to 6.5) AlR@as its minimum solubility.

When the initial pH is higher at 5.3, 6.7 or 7.Smaaller pH change is observed during
the electrocoagulation experiment and the finaltsmh is alkaline. As suggested by
Canfizareset al. [97], at a pH of 5.0 or higher the removal is iaa prevalently as
adsorption-precipitation and/or sweep coagulatienrithermore, at pH values above
8.0, the predominant species is the anionic monienegmdroxyaluminium, which is
soluble and negatively charged [106]. Consequemibyh species, the aluminate and
phosphate ions, have negative charge, repellinig eher and therefore cannot interact,
decreasing the efficiency of the removal proced$. [@learly, the initial pH affects the
final pH value and the pH evolution throughout tblectrocoagulation experiment

determines the removal mechanism and the remoficieeicy.

As outlined previously, some authors [36, 39] régadrthat the maximum removal
efficiency of phosphates is achieved at initial yues in the range of 5.0 to 7.0. Their
findings are not consistent with the results shawmthe present work and bydemezet

al. [34, 35], where the optimum initial pH was foundaapH of 3.0. However, on

examining the final pH of the solutions, it is exd that the authors who observed the
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highest removal efficiencies at initial pH valuesthe range of 5.0 to 7.0 recorded final
pH values of 6.5 to 6.7 [36] and 7.3 [39]. A conglde value of the final pH was

observed in the present work, 7.1, for an initiel of 3.2, which corresponds to the
highest removal efficiency, as shown in Figure 3i8is finding emphasises the role of

the final pH and the pH evolution in the electragualation removal of phosphates.

3.2.4 The effect of chloride concentration

The effect of chloride concentration on electroedafion has been investigated in a
number of studies [1, 60, 71, 92, 97, 107]. Theitamtdof NaCl leads to an increase of
the conductivity of the solution. Consequently, king in a galvanostatic mode, the
consumed electrical energy will decrease sincentteessary voltage for attaining a
certain current density diminishes. Converselya ipotentiostatic mode, an increase of
the conductivity leads to an increase of the cuardemsity and, in turn, higher amounts
of AI** ions are dissolved. Furthermore, it is well knathat chloride ions can destroy
the passive film formed on the surface of aluminii®8]. Indeed, some authors have
recommended that the solution contains 20% ofo@k to ensure a normal operation of
the electrocoagulation process [1]. However, thditemh of NaCl to wastewaters with a
low conductivity will affect the operating cost thfe process, due to the increasing cost

of chemicals.

Kabdali et al. [71] claimed that increasing NaCl concentratiomght suppress the
efficiency of the process. The author did not pdevany further explanation but, since
the chloride anions were connected to a loweriefiy, then it appears that the counter
ions influence the aluminium speciation and, imfuhe removal efficiency. Counter
ions have an active role in the stepwise hydrolpsecess shown in Figure 3.1, since
they can compete with hydroxy ligands in the hyidratshell of the aluminium
complexes [109]. It has been reported that the elecy of an anion to alter the
coagulation behaviour of hydrolysing metals is tedato its electronegativity and its
tendency to react with the metal ion or positivelharged sites on the metal hydroxide
precipitate [62, 110]. Chloride ions have a wea&rdmation capacity with metal ions
[62], consequently the presence of chloride doésimongly affect the speciation of the

aluminium hydrolysis products. X-ray and neutrofffrdction studies carried out on
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aluminium trichloride hexahydrate (Al&6H,0) demonstrated that the crystal structure
contains six tightly bound aqua ligands in the pmyncoordination sphere and three
chloro ligands in the secondary sphere. This indgahat the chloro ligands are less
tightly bound compared to the aqua ligands [111dré&dver, according to the hard and
soft acid-base, HSAB, theory, introduced by Peafddr®], A" ions have a greater
tendency to bind the hard baseCHrather than forming halo complexes. Stumm and
Morgan [113] have shown that for ions like®*Alalso called A-type metal cations,
chloro complexes are weak and occur mostly in acdiutions, where unfavourable
competition of OH occurs. However, if the [GI[OHT] ratio is sufficiently high,
hydroxyl ions are displaced from the coordinatiphexe of the metal ion complexes by

chloride ions [62] and consequently the removatiificy might be suppressed.

In order to determine the effect of NaCl concemdraion the removal of phosphates
using the Al-2Mg electrode, electrocoagulation expents were carried out by varying
the concentration of NaCl. Figure 3.9 shows thédted concentration of phosphates
after 30 min in solutions containing 4.2, 7.0, 1®6.0 and 44.0 x TOM NaCl. The
initial concentration of phosphates was 85.0 nigaind the initial pH was 5.0. A 10-
fold increase in the NaCl concentration, from 4©244.0 x 1G M, results in a slight
increase of the removal efficiency from 85.2% t0888. This moderate increase of the
removal efficiency recorded with increasing NaChoentrations may be due to a
higher degree of destabilisation attained in sotutDuan and Gregory [65] outlined
that the solution destabilisation can also be bnbwdpout by an increase in the ionic
strength, since it produces a compression of tbetradal double layer of the particles.
Consequently, the presence of NaCl in solution mtesithe coagulation of phosphates.
On the other hand, as already outlined, an excesseatration of Clions tends to

displace the hydroxyl ions from the coordinatiohese of AP ions [62].
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Figure 3.9: Residual phosphate concentratiopaR a function of NaCl concentration. The concéioing

of NaCl used were: 4.2, 7.0, 10.0, 25.0 and 4410%M. Each experiment was performed in duplicate
(n = 2). (Anode/cathode = Al-2Mg/AISI 310, [R®] =85.0mg [}, pH=5.0j = 11.0 mA cnif, t = 30 min,
SAIV = 11.7 m).

The NaCl concentration has a marked, importanicefi@ the energy consumption of
the system. Indeed, the increase of the solutionwctivity due to the presence of NaCl
has a direct effect on the potential between teeteldes. As shown in Figure 3.10, the
potential of the anode decreases as the concemtraif NaCl increases and,

consequently, the conductivity of the solution @ases. In solutions containing

4.2 x 10° M NaCl the average potentiéd, is 2.2 V vs. SCE. Towards the end of the
electrocoagulation experiment, the potential exbiia gradual increase and reached
values close to 3.0 V vs. SCE. At these potent@agcurrent reactions not resulting in
the dissolution of AT" ions may occur at the anode, such as the oxidafierater (1.23

V vs. SHE) or the formation of chlorine-oxygen carapds, as reported by several
authors [60, 90, 98, 114]. Although these parasiiactions may help flotation or
pollutant oxidation, they give rise to a lower ant efficiency of the process.
Consequently, the amount of the generatetf Ains is lower and, in turn, a small
amount of phosphate is removed, as was observeigme 3.9 for the solution
containing 4.2 x 1® M NaCl. In solutions containing 7.0 and 10.0 x*1 NaCl, the
lower potentials of the anode, as shown in FiguE) 3prevents these concurrent

reactions.
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Figure 3.10: Variation of the anode potential as a functionhef electrolysis time in solutions containing
-—- 4.2,0007.0, - - - 10.0, HI0- 25.0 and —— —— —— 44.0 x FOM NaCl. (Anode/cathode =
Al-2Mg/AISI 310, [PQ-P] = 85.0 mg [}, pH = 5.0 = 11.0 mA cnif, t = 30 min, SA/V = 11.7 /).

3.2.5 Adsorption isotherms

In Section 3.2.1.2 it was shown that the electrgotaion removal of phosphates
follows pseudo first-order kinetics and the ratéedmining step would appear to be
associated with the flocculation stage, represehye8itep IV in Figure 3.2, rather than
the coagulation phase that involves the destabdis@f the solution, Step Il in Figure
3.2. Then, in Section 3.2.3 it was reported thatdbstabilisation of phosphate ions is
highly dependent on the solution pH, which deteswirthe primary mechanism
involved in the removal of the phosphates. StepinllFigure 3.2 lists the possible
mechanisms. However, the solution pH changes tiautgthe electrocoagulation
process, consequently the removal of phosphatesotée adequately described on the

basis of a single steady-state mechanism.

As indicated by Step Ill in Figure 3.2, one of tireechanisms responsible for the
removal of phosphates involves either the adsarptb the Al-hydroxy-phosphate
complexes on positively charged aluminium hydraysioducts, or the adsorption of
phosphate ions on the aluminium hydrolysis produoizinly the amorphous Al(Okl)

[40]. The phenomenon of adsorption was first obsgmn 1773 by C. W. Scheele for
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gases and subsequently in 1930 for solutions byitzdw15] and has become a widely
used operation for purification of water and wast®w [116]. It involves the
accumulation of substances at a surface and cam at@n interface between any two
phases, such as liquid-liquid, gas-liquid, gasesoli liquid-solid interfaces. With the
intention of determining whether adsorption was firénary mechanism for the
electrocoagulation removal of phosphates at pHegslklose to neutrality, adsorption
isotherm studies were carried out on phosphateagung solutions at an initial pH of
5.0 and analysed using three important two-paranagigorption models, the Langmuir,
Freundlich and Temkin models [117-119].

A number of studies have been reported in thealitee on the adsorption isotherm
models in order to describe the phosphate remasiaguseveral adsorbents [44, 120-
122]. These studies were performed by varyingnitei phosphate concentration in jar
test experiments using a constant amount of adsbdo® measuring the amount of
phosphates adsorbed at equilibrium. In the electrgalation process performed at
constant current density, the adsorbent or coagutardosed to the solution in a
continuous manner, generating an extremely dynaystem, thus the equilibrium is
attained progressively upon increasing the adsort@mcentration. Consequently, it is
not possible to carry out batch experiments tordatee the equilibration time, as it is
usually done in adsorption isotherm studies. Howetvés reasonable to assume that in
electrocoagulation, the process of adsorption lsively rapid and does not represent
the rate-determining step, which instead correspdaadhe flocculation phase (Step IV
in Figure 3.2), as reported in Section 3.2.1.2.sTimplies that at the end of the
electrocoagulation process the equilibrium for thdsorbed phosphates has been
achieved and, consequently, the concentration o$gtates at equilibrium¢Hs equal

to the final concentration of phosphates in sohytiB. To support this assumption, the
residual concentration of phosphate in solution wesasured as a function of time
immediately after stopping the coagulant dosingvds observed that equilibrium was
achieved in the first 2 min as there was no furtttenge in the residual concentration
of phosphates after that interval of time. In thesent work the concentration of
phosphates at equilibrium was measured after 15 tmiansure that the adsorption
process achieved the state of equilibrium. The ®sutions contained initial

concentrations of phosphates ranging from 2.0 tb@Bg L* and 4.2 x 18 M NaCl at
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pH 5.0. The experimental procedure and fitting n®dee provided in more detail in
Sections 2.3.1.4 and 2.3.5.

Once equilibrium was reached, the adsorption capagas obtained using a mass

equilibrium equation which is expressed by Eq. 3.5.

— (Po ~ Pe)\/
Q. = M Eq 3.5

Here, @ is the amount of PEP adsorbed at equilibrium per unit mass of adsurlre
mg g‘l, P, and R are the initial and the equilibrium concentratioo PQ-P,
respectively, in mg £, V is the volume of the solution in L and M is theamt of
adsorbent in g. The adsorption isotherm was coctsttluexpressing the amount of
POi-P adsorbed per unit weight of adsorbegt,ag a function of £ the concentration
of PO,-P remaining in solution. The composition of theotlogenerated adsorbent
involved in the removal of phosphates is not knosinge it may comprise Al(OkR)Ras
well as other hydrolysis products of aluminium. €equently, the amount of adsorbent
generated, M, was considered as the amount®fiétis generated by electrodissolution
of the Al-2Mg electrodem,, and was calculated using Faraday’'s law. According
Faraday's law, the amount of substance depositeliseolvedm, by the same quantity
of charge is proportional to the chemical equiviadesight (EW) of the material, Eq. 3.6.

_ It(EW) _ ItW
m= =
F nF

Eq. 3.6

Here, m is the mass in gl is the current in At is the time in SEW is the gram
equivalent weight of the material (8¥/n whereW is the gram atomic weight amdis
the valency of dissolution) arfelis Faraday’s constant (96,485 C fjolThe evaluation

of mis very simple for pure metals. However, it becerd#ficult when the electrode is
made up of an alloy. In the present work an aluammmagnesium alloy was used.
Since the experiments were carried out in galvatiosinode, the potential varies and
therefore it can be assumed that the anode oxiddtes not occur selectively towards
any of the components of the alloy [123]. In these, the alloy composition needs to be

taken into account and this was achieved usin@E(123, 124]:
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It W Wy
m=m, +m,, :E(n_AI fo+— fMg] Eq. 3.7
Al Mg

In this analysisyV is the atomic weighf,is the mass fraction andis the valence of the
elements present in the alloy. It is common toudel in the calculation only elements

of the alloy above 1% by mass [123].

The literature on the electrocoagulation removal pailutants using aluminium
electrodes presents several works [39, 107, 12%-dt82mpting to fit the experimental
data with adsorption isotherm models. In the prestrdy three models were used, the
Langmuir equation, the Freundlich equation andTthmkin equation since they find
common use for describing isotherms for water aadtewater treatment applications
[133]. The Langmuir equation was derived in the @96 describe the adsorption of
gas molecules on a planar surface [134]. Later whiglel was extended to liquid
systems involving species in solution. The modejgests that adsorption occurs by
monolayer adsorption without interaction betweea #dsorbed molecules. Eq. 3.8
describes the Langmuir model,

— QmKLPe

. Eq. 3.8
=1ik.P d

where @, is the maximum sorption capacity in mg andK_ is a constant related to the

affinity of the binding sites in L mig

On the other hand, the Freundlich model proposestilayer adsorption with a
heterogeneous energetic distribution of active ssisscompanied by interactions

between adsorbed species [135]. The Freundlich hwégpressed by Eq. 3.9,

q. =K, P Eq. 3.9

whereKe (mg g* L) and n (dimensionless) represent the Freundiitkmperature-
dependent constants, characteristic for the systeinas been suggested that these

constants are associated with the adsorption dgpé€i) and intensity (n) [136].
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Values of n > 1 represent favourable adsorptiorditmms and the smaller the values of
1/n the stronger is the adsorption bond. The grealees ofKr correspond to a greater

capacity of the adsorbent.

Temkin and Pyzhev considered the effects of sontbrect adsorbate/adsorbate
interaction on adsorption isotherms and suggestaidbecause of these interactions the
heat of adsorption of all the molecules in the tay®uld decrease linearly with
coverage [137]. The Temkin isotherm has been génexaplied in the following form
(Eg. 3.10):

RT
Qe :_In(KT Pe) Eq. 3.10

b,
where h is the Temkin constant related to heat of sorpiiod mol*, Kt is the Temkin
isotherm constant in L§ R is the gas constant (8.314 J th{™), and T is the

absolute temperature in K.

Figure 3.11 shows the amount of P®adsorbed at equilibrium per unit mass of Al
ions, @, as a function of the final concentration of pHuses, B The experiments were
carried out by varying the initial concentrationpifosphates from 2.0 to 150.0 mg L
in solutions containing 4.2 x M NaCl at an initial pH of 5.0 and at a temperataf
25 + 1 °C. Each experiment was performed in trgtéc The experimental data were
fitted by a nonlinear regression, since the tramsé&ion of the data into a linear form
may distort the experimental error or alter thatiehship between the variables [138].
The nonlinear regression plot for the Langmuir, Fineundlich and the Temkin models
(Eq. 3.8, Eq. 3.9 and Eq. 3.10, respectively) aspldyed in Figure 3.11.°Rwas not
used to test the applicability of the two isothandels, since it is traditionally defined
for linear and not for curved relationship [139]dams long known within the
mathematical literature that it is an inadequateasuee for the goodness of fit in
nonlinear models [140]. The goodness of fit of tlve models was instead tested using
the adjusted Rvalue, which accounts for the degrees of freeddhe adjusted R
values and the parameters of the Langmuir, Frecimdiind Temkin isotherms are listed
in Table 3.4. Clearly, the Freundlich model givebadter fit than the Langmuir and
Temkin isotherm for the adsorption of phosphatesgushe Al-2Mg electrode. As
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reported in Table 3.4, the value K is 146 (mg &) (L mg*) and the parameter n is
higher than 1, indicating favourable adsorptionisTiesult suggests that adsorption is
indeed the primary mechanism for the removal ofsphates at the conditions used in

this study.

Georgantas and Grigoropoulou [44] reported thaatisorption of orthophosphates and
metaphosphates using alum or aluminium hydroxideesg described by the Freundlich
isotherm. Nitrate, another negatively charged palfit) has been shown to be removed
in electrocoagulation according to the Freundliclodel [128]. In studying the
adsorption properties of sand for phosphorus, Dédldaet al. [141] reported that the
Langmuir model is useful to describe adsorptionnoineena, whereas the Freundlich
model fitted well the phosphate removal even ifcg#ation, other than adsorption,
occurs. Consequently, it is not surprising that #lectrocoagulation removal of
phosphates also follows the same adsorption motOleis may be because the
Freundlich equation, although empirical, implieattthe affinity for the adsorption sites
decreases exponentially with increasing saturdtld]. This assumption seems more
realistic than a constant binding energy inherarthe Langmuir equation. As already
outlined, the electrocoagulation process is exthgrmemplex and it is reasonable to
suppose a heterogeneous surface of the adsorlabiat probable interaction among the

adsorbate, the phosphate ions or other particksept in the solution.
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Figure 3.11:@® Experimental data, ——- Freundlich isotherm, — Eangmuir isotherm and —-—-— Temkin

isotherm fitting at 25 + 1 °C. (Anode/cathode =2Mg/AlIS| 310, [PQ-P] = 2.0 to 150.0 mg't, [NaCl]
=4.2%x10°M, pH = 5.0 = 11.0 mA cnf, t = 30 min, SA/V = 11.7 i}).

Table 3.4:Langmuir, Freundlich and Temkin isotherm model tants and adjusted’Ralues.

Langmuir model

K. O Adjusted B
/L mg* / mg g*
0.18 £0.08 552 £ 69 0.883

Freundlich model

Ke n Adjusted R
/(mg g)(L mg™)
146 £ 22 29+0.1 0.943

Temkin model

Kr B Adjusted B
/Lgt / J mol*
5+3 91+14 0.911
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3.2.6 The removal of phosphates from real samples

Given the positive results obtained for the remmfglhosphates, the Al-2Mg electrode
was used as an anode material to treat real samplasmed from two wastewater
facilities. The samples were collected at the pryimaettlement areas and their
conductivity levels are presented in Table 3.5.sAewn in Table 3.5, the conductivity

of the sample no. 1 was 0.32 %18 cnt', while for the sample no. 2 it was 1.00 ¥ Bcni'.

Table 3.5:Conductivity levels for the real samples.

Sample K
no. / mS cm'
1 0.32
2 1.00

The samples were used in electrocoagulation teglowt any pre-treatment. Figure
3.12 shows the concentration of phosphates, pbtted as a function of the
electrocoagulation period for both samples. Theeturdensity was 4.2 mA ¢mand
the ratio of the surface area of the anode to ¢hemve of solution, SA/V, was 13.0'n

It is clear from Figure 3.12 that at the end ofmifh the phosphate ions are completely
removed from both samples. The removal is relativ@s$t, indeed, after just 5 min, the
concentration of phosphates is reduced by 73.3%9ar&% for the sample no.1 and the

sample no. 2, respectively.

120
100 - o p Time n
o . / min ! %
80 1 . sample  sample
N no. 1 no. 2
— 60 A
= 0 0 0
40 1 5 73.3 91.3
10 92.6 BDL*
20 A
15 97.4 BDL*
0 T T T T T T T N _ . -
o s 4 6 8 10 1 1 16 BDL = Below Detection Limit
) . (Section 2.3.3).
Time / min

Figure 3.12: Removal efficiencyy, plotted as a function of the electrocoagulatioretin ¢ sample no. 1
and< sample no. 2 (Table 3.5). (Anode/cathode = Al-2M8I 310,j = 4.2 mA crif, SA/V = 13.0 rih).
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Table 3.6 gives the observed rate constaps, for the data recorded with both samples
shown in Figure 3.12. The high values &fdtiggest that the removal of phosphates in
real wastewater samples follows the pseudo firdelomodel, in good agreement with
the data presented earlier. The valuek,@fwere computed as 0.2440 and 0.5438min

for the sample no. 1 and the sample no. 2, resdgti

Table 3.6: Pseudo first-order constari,,s and R values for the removal of phosphates from the real

samples.
Sample Kobs R?
no. / min™
1 0.2444 0.997
2 0.5438 0.997

Although the removal of phosphates is rapid andpieta for both samples, important
differences were observed in terms of the anodenpial. In Figure 3.13 the potentials
recorded during the electrocoagulation experimesftsyvn in Figure 3.12, are presented
as a function of the electrocoagulation period. amerage valueE , of about 1.31 V
vs. SCE was recorded for the sample no. 1, wheeatrerage potential adopted in the
sample no. 2 was considerably lower at 0.03 V @E .SThis difference is mainly due
to the conductivity of the two samples. As repoitedable 3.5, the conductivity of the
sample no. 2 is considerably higher. This is in iyg@mgreement with the results
presented in Section 3.2.4 on the effect of theeeotration of NaCl and, consequently,
of the conductivity solution on the anode potentialis clear that the treatment of a
solution with conductivity levels similar to thersple no. 1 would have a strong impact

on the energy consumption of the process.
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Figure 3.13: Variation of the anode potential as a function toé €lectrocoagulation period in ———
sample no. 1 andTsample no. 2 (Table 35). (Anode/cathode = Al-2M8I 310,j = 4.2 mA cn, SA/V =
13.0mb).

3.3 AISI 420 electrode

The chemical removal of phosphates is usually aekidy the addition of salts of di-
and tri-valent metal ions. Iron(ll), iron(lll) areduminium(lll) are most frequently used
in wastewater treatment because they form easttjeable flocs within short times

[143]. When iron salts are added to the solutibe, inetal ions react with the water
molecules to form hydrolysis products, as alreadylimed for aluminium ions in

Section 3.2 [63, 144, 145]. As postulated by Bredstore than 60 years ago, the
hexaaquoiron(ll) complex ion participates in a egrof consecutive proton transfer

reactions, which are illustrated in Figure 3.14.

The hydrolysis products listed in Figure 3.14 dt&m@own and identified, however the
intermediate steps are frequently complicated.Héunbore, the formation of polymeric
species has also been reported especially in sptutof high metal concentrations,

similarly to the case of AT hydrolysis products [113].
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Fe(H,0)s¥* —— Fe(H,0)5(OH)?*+ H* ——— Fe(H,0),(OH)," + 2H*
Fe(OH),(H,0), + 4H* *——5 Fe(OH)y(H,0)se+ 3H*

Figure 3.14:Monomericiron (l11) hydrolysis products [113].

It has been suggested that for iron(ll) salts #maval of phosphates depends on its
conversion to iron(lll), since iron(lll) complexebhow better flocculation characteristics
[143], whereas iron(ll) appears as finely dispersaltbids that can be washed out to the
effluent [146, 147]. The oxidation of Eeions to the F& form is dependent mainly on
pH and oxygen concentration [148]. Indeed, Stumuthlage [149] demonstrated that at
pH values higher than 5.0 the oxidation rate istforder with respect to both the
concentrations of Eéand dissolved oxygen and second order in theisalpt ([OH]),

as shown in Eq. 3.11:

_dF€ll) _

P KIFe( 11 )]JOH"1? p,, Eq. 3.11

Here,k is the rate constant in mitratm® L? M, Fe(ll) is the concentration of Fdons

in M, OH is the concentration of hydroxyl ions in M apg is the partial pressure of
oxygen in atm. Leprinceet al. [145] pointed out that appreciable differencessexi
between the chemistry of iron and aluminium ionsswiution. In particular, the
hydrolysis of iron is more rapid and, consequenihgre difficult to control [150].
Despite these differences, it has been suggesatd thimilar mechanism is involved in
the removal of phosphates using both iron and alumi salts [41, 48, 151]. As
outlined in Section 3.1, the chemical reactionsowhiake place between phosphates
and, in this case, ferric ions in wastewater amy eemplex and result in the formation
of Fe-hydroxo-phosphate complexes, Fe(Q¥POy)x [151]. According to SEM
analysis and a mathematical chemical precipitatrmael developed by Fytianes al.
[152], the main precipitating species depends @nntolar ratio of phosphates to the
iron salts. In particular, at a molar ratio, Fe:RL:%2, a solid phase of Fg?Oy(OH)4 5
was identified. Similarly to the removal of phosgthay AP salts presented in Section
3.2, the main mechanisms involved in the removalhafsphates in the presence of'Fe

salts are [40]:
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« Adsorption of phosphate ions on the *Fehydrolysis products, mainly
amorphous Fe(OH)

» Adsorption of the Fe-hydroxo-phosphate complexe® gositively charged
Fe** hydrolysis species;

* Incorporation of phosphate ions in the precipitatadf Fe-hydroxo-complexes

and F&" hydrolysis products.

It can be reasonably assumed that in the electgutaidon removal of phosphates a
similar mechanism exists [49]. However, the procesy be somewhat different since
different conditions develop in the chemical and #lectrochemical systems. Figure
3.15 shows a simplified model for the removal ofogbhates when iron based
electrodes are used. Unlike the scheme presenteffigare 3.2 for aluminium
electrodes, a further step, Step Il, is added. $tap is connected with the oxidation of
Fef* ions to F&" due to the dissolved oxygen. As reported previoursiEq. 3.11 this
reaction is strongly dependent on the solution peleral studies have indeed reported
that iron dissolves from the anode ad'f#47, 153, 154].

Electrode dissolution
Fe — Fe?* + 2e

STEP|
Fe (Il) oxidation 4Fe? + Oyg) + 2H,0 — 4Fe™ + 40H"
STEP I
Hydrolysis
Fe3* + nH,O — Fe(OH),&M + nH*
STEPI
H,PO,m3): Other ions or particles:
. o -charge neutralisation -double layer compression
Particle destabilisation | -sweep floc -adsorption and charge
-Fe-hydroxo-phosphate | | neutralisation

STEP IV complexes -sweep floc

-Fe-particle complexes
Particle collision and
aggregation

Flocs

STEPV

Figure 3.15: Simplified model for the removal of phosphates lecgocoagulation using stainless steel

electrodes.
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In this section the removal efficiency of phospbatesing stainless steel AISI 420
(Fe86.7/Cr13.0/C0.3) as the anode material is ptede The removal performances
were tested by varying the operational parametersh as the initial concentration of
phosphates, current density, initial pH and suppgrtelectrolyte concentration.

Furthermore, the speciation of iron dissolved fritva anode was determined using, for
the first time, an electrochemical method and thestics of phosphate removal was

investigated.

3.3.1 Iron speciation in electrocoagulation

The electrochemical oxidation of iron based anodesh as the stainless steel AISI 420
used in the present research, can result in therggon of ferrous (F&) or ferric (F€")

ions, according t&q. 3.12andEq. 3.13

Fey, — F&" + 2 E°=0.44 V vs. SHE Eq. 3.12

Fey — FE" +3° E°=0.037 V vs. SHE Eq. 3.13

In the literature there is no general agreemertherspecies of iron that are produced at
the anode in electrocoagulation applications. Setudies [155-157] report that Fe(ll)
is produced and then it hydrolyses to form ins@ubydroxide species, Fe(OHPDther
works [93, 147, 157, 158] claim that the dissolatad Fe(ll) at the anode is followed by
its oxidation to Fe(lll) by dissolved oxygen. Corsaly, Fe(lll) has been reported as
the iron species produced at the anode [26, 90, 169]. In the electrocoagulation
process it is crucial to clearly establish whahispecies is dissolved. This information
affects the number of electrons that are involvadthe anode dissolution and,
consequently, the total amount of coagulant geedraind the consumption of the
electrode. These parameters are important to detertine efficiency and the economic
feasibility of the electrocoagulation process. Rerinore, as previously reported in
Section 3.3, it has been suggested that Fe(litherathan Fe(ll), and its hydrolysis
products are responsible for the removal of pasicdnd pollutants from wastewater
[143, 146, 147, 150].
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Some attempts have been made to differentiate batWwe(ll) and Fe(lll). For example,
Lakshmanaret al.[153] demonstrated that £dons were produced at the anode. They
compared the total iron measured by atomic absorpspectroscopy, AAS, to the
theoretical total iron generated according to Fayadlaw Eq. 3.9 for ferrous ( = 2)
and ferric 0 = 3) iron. Their experimental data agreed witlwa-electron transfer at all
pH values investigated. A similar approach was useBaggeet al.[147] to determine
whether Fe(ll) or Fe(lll) was generated in the peatment of surface water prior to
microfiltration. However, this approach suffers rfrolimitations, particularly as
chemical dissolution of iron occurs [96, 154] ohert reactions, such as oxygen
evolution, take place at the anode [33, 154]. Gn dther hand, Sassat al. [154]
showed that Fe(ll) was released from the iron araigeH values between 5.0 and 9.0.
In this study, 1,10-phenanthroline was used in otdecomplex the Fé ions and
prevent their oxidation. Subsequently, the conegioin of Fe(ll) was determined by
UV-Vis spectroscopy. Although this approach is dempo operate, it may give
inaccurate results since the addition of 1,10-phtdmaline only delays the oxidation of
Fe(ll) to Fe(lll) [154]. As shown in Section 3.3)et oxidation reaction is extremely
rapid especially at high pH values. Moreover, & baen reported that the determination
of Fe(ll) with 1,10-phenanthroline in the presemtd-e(lll) gives rise to less reliable
results owing to the redox processes induced by dhelating reagent on the
Fe(ll)-Fe(lll) system [161, 162]. Indeed, the prase of 1,10-phenanthroline seems to
promote the reduction of Fe(lll) and the formatioh the corresponding coloured

iron(Il) chelate compound, accordingiq. 3.14

Fe*" +3(phen +e” — [Fephen,]*" Eq. 3.14

Furthermore, it has been reported that the presaingteong complexing agents, such as
phosphates, might interfere with the spectrophotomeletermination of iron with
1,10-phenanthroline [163, 164].

With the aim of determining whether the Fe(ll) @(H) ions were dissolved from the
anode at the conditions used in the present stalyelectrochemical technique was
employed to simultaneously detect the concentraifdierrous and ferric species using

a rotating disk electrode, RDE. This technique pagposed by Jin and Botte [165] and
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has the advantage of being simple, rapid and do¢srequire any pre-treatment
procedures, expensive reagents or instruments. fased on the reduction-oxidation

reaction of Fe(lll) and Fe(ll):

Fe* +e” - Fe* E®= 0.77 V vs. SHE Eq. 3.15

This generates a sigmoidal wave when rotating dadtammetry, RDV, is used. The
height of the sigmoidal wave which correspondshi limiting current),, is described

by the Levich equation, Eq. 3.16.

|, = 062nFAD* v *oC® Eq. 3.16

Here, n is the number of electrons transferred in the he#ction,F is Faraday’'s
constant (96,485.34 C myl| A is the surface area of the electrode J¢rD is the
diffusion coefficient (crh s%), w is the angular velocity of the rotating electrode
(rad "), v is the kinematic viscosity of the solution (cra') and C* is the bulk
concentration of the species (mol @mUnder steady state conditions, the limiting
currents,l,, are measured and related to the concentratiorteeotations present in
solution. In particular, for the determination bktiron species, it has been found that
the upper limiting currenty,, is related to the analytical signal of Fe(ll) spavhile the

lower limiting current],, is proportional to the analytical signal of F§(lbns.

Figure 3.16(a) shows representative voltammograsmorded in 1.0 M kB8O,
solutions containing 20.0 x oM Fe(l1) or 80.0 x 18 M Fe(lll), while in Figure 3.16
(b) the voltammogram recorded in a solution cotigira mixture of 20.0 x IdM
Fe(ll) and 80.0 x 16 M Fe(lll) is compared with the data recorded in®28 10° M
Fe(ll) and in 80.0 x &M Fe(lll). These data were recorded by scanniregpibtential
from -0.2 to 1.2 V vs. SCE at 1000 rpm at a scé® 0850 mV &. The upper limiting
current, Iy, was monitored at 1.0 V vs. SCE and the lowertiigi current,l, ., was
obtained at -0.1 V vs. SCE. Figure 3.16(c) andpf@yvide the calibration curves for
Fe(ll) and Fe(lll) generated from the single sa@aos of the ions and from the mixtures,
respectively. The slopes of the curves were contpate4.84 x IBand 4.87 x 18
A mM™ for Fe(ll) in the single and in the mixture sabu, respectively, and -4.53 x™10
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and -4.39 x 1® A mM™ for Fe(lll) in the single and in the mixture sobris,
respectively. It is apparent that the values ofdlope computed in single solutions are
consistent with those observed in the mixture. €quently, it is clear from these data

that the concentration of each of the iron specagsbe determined simultaneously.
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Figure 3.16: Voltammograms recorded in 1.0 M,80, containing: (a) ——— 20.0 x 1OM
Fe(ll), - - — 80.0 x 18 M Fe(lll) and (b)- - - a mixture of 20.0 x I&M Fe(ll) and 80.0 x 16 M
Fe(lll). The potential was scanned from -0.2 to\t.@s. SCE at a scan rate of 50 niVand the rotation
of the disk electrode was set at 1000 rpm. Calimaturves for® Fe(Il) andO Fe(lll) plotted from (c)
the single solutions of Fe(ll) and Fe(lll) and {d¢ mixtures of Fe(ll) and Fe(lll).

The Levich equation presentedhn. 3.16is valid under steady-state and mass transfer
limited conditions [166]. In the present study, taasly-state condition was achieved
after the third cycle. Furthermore, linear plotgevebtained when the limiting current,
I, was plotted as a function of the square roohefrotation speed,”, indicating that

the system was under mass transport control.

In Figure 3.17(a) typical voltammograms recordecaid.2 x 1¢ M NaCl solution
collected at the end of an electrocoagulation destshown. The voltammograms were
recorded at a scan rate of 10 miVasmd at 500, 1000, 1500, 2000, 2500, 3000 and 4000
rpm. The upper and lower limiting currenltg, andl, ., were plotted as a function of the
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square root of the rotation speed? and these plots are shown in Figure 3.17(b) and
(c). Linear plots, with correlation coefficientstiwveen 0.999 and 0.989, were obtained

in both cases in good agreement with the Leviclagon (Eq. 3.16).
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Figure 3.17: (a) Voltammograms recorded in a 4.2 x*1@ NaCl solution collected at the end of an
electrocoagulation test at 500, 1000, 1500, 206002 3000, 3500 and 4000 rpm. The potential was
scanned from -0.2 to 1.2 V vs. SCE at a scan fa®anV s'. Levich plots for (b) the upper and (c)
lower limiting currents,ly. and I, read at 1.1 and -0.1 V vs. SCE, respectivelymfrthe

voltammograms.

To determine the oxidation state of the iron spegenerated at the AISI 420 anode
during electrocoagulation, the total iron conceiidrg computed as the sum of the
concentrations of Féand F&" ions measured using this electrochemical techniqas
compared with the theoretical iron concentratiocoading to Faraday’s law. Firstly, the
concentration of & and F&" ions were measured by a standard addition methtieta
end of the electrocoagulation tests carried odt.2hx 10° M NaCl without phosphates
for 45 min. The initial pH of the solutions was @&0d the current density was fixed at
11.0 mA cn¥. Full experimental details are given in SectioB.25. Figure 3.18(a)
shows the voltammograms of a representative soludiod the relative stepwise
standard addition of the aliquots. Typical standaddition plots for Fe(ll) and Fe(lll)
are presented in Figure 3.18(b) and (c), indicatiexy good linearity.
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Figure 3.18:(a) Voltammograms of a solution recorded at theé@frthe electrocoagulation test in 4.2 X*10
M NaCl. The potential was scanned from -0.2 to \t.2s. SCE at a scan rate of 10 mV and the
rotation of the disk electrode was set at 3000 prandard addition plots for (b) Fe(ll) and (c) IHg(
Fe(ll):y = 0.0477 + 0.010%, R = 0.997.

Fe(lll): y = 0.00584 + 0.00970 R? = 0.999.

In Table 3.7 the concentrations of Fe(ll) and Ae@btained by this standard addition
method are shown and compared to the theoretidal fon concentration. The

theoretical iron concentrations were obtained usiagaday’s law by considering a two-
or three-electron transfer reaction. Taking intocamt the composition of the stainless

steel AISI 420 electrode, the amount of iron isresped b¥q. 3.17

m —(I—tj WFef Eq. 3.17
Fe F nFe Fe g. o.

In this analysis/mee is the mass of iron in g, is the current in At is the time in

secondsF is Faraday’s constant (96,485 C oMk, is the atomic weight of iron in g
mol ™, ne is the valence of irom(= 2 orn = 3) andfr. is the mass fraction of iron in the
alloy. By comparing the concentrations obtainechgishe experimental and theoretical
analyses from Table 3.7, it is clear that betteeagpent is achieved using the Fe(ll)
species. This suggests that Fe(ll) ions are gestbrat a pH of 5.0 and at a current
density of 11.0 mA cff on oxidation of the AISI 420 electrode.
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Table 3.7: Concentrations of the experimentalfemd F&" ions, measured using the standard addition
method, the experimental total Fe, computed astine of Fe(ll) and Fe(lll) and the theoretical tdtal,

computed according to Faraday's law in Eq. 3.1thBaeasurement was performed in triplicate (n = 3).

Experimental Theoretical (from Faraday’s law)
Fe(”) Fe(“l) Feror Feror
/ mM / mM / mM / mM

n=2(Eqg. 3.17) n=3(Eq.3.17)

11.8+0.8 1.60+0.03 13.4+0.8 13.86 9.24

3.3.2 The effect of the initial concentration of P,-P

3.3.2.1 The efficiency of removal

The effect of the initial concentration of phosghain the removal efficiency of
solutions treated with the stainless steel AISI 4@@ctrode was evaluated by
monitoring the residual concentration of P® as a function of time in solutions
containing different initial concentrations. Figurd.19 shows the normalised
concentrations, #P,, obtained as a function of the electrocoagulatpmriod for
solutions containing 20.0, 60.0 and 150.0 nTgaf PQi-P. The electrocoagulation tests
were carried out for 60 min using 4.2 x>0 NaCl as a supporting electrolyte, the
initial pH of the solutions was 5.0 and the applénirent density was 11.0 mA &m
The results are further summarised in Table 3.8revltlee residual concentration of
phosphates and the removal efficiency are preseatedh function of the initial
phosphate concentrations. As evident from Figud® 3and Table 3.8, the removal
efficiency of phosphates decreases on increasmgnitial concentration. After 20 min
the removal efficiency was calculated as 75%, 5h#40.5% for initial concentrations
of phosphates of 20.0, 60.0 and 150.0 ritfgrespectively.

These results are consistent with the studies reghdn the literature. For example,
Irdemezet al. [34] studied the effect of the initial concentomtiof phosphates on the
removal efficiency from wastewater using iron plaiectrodes. After 20 min the
complete removal of phosphate was achieved wittiainconcentrations of 25 and
50 mg L* PQ-P, while a removal efficiency of 95% and 75% weached with 100

and 150 mg I! PQ:-P, respectively. Also, Behbahagtial.[167] observed a decrease in
the removal efficiency on increasing the initialncentration of phosphates. For
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example, after 20 min of electrocoagulation wittmirelectrodes at an initial pH of 7.0,
8.33 mA cn¥ and a SA/V ratio of 12 th a removal efficiency of 100% was observed
for initial concentrations of 25 and 100 mg PQ:-P, while the efficiency was lowered
to 63.3% for an initial concentration of 400 mg PQ-P. A similar trend has been
reported for the electrochemical removal of sevpddlutants [34, 52-60] and this was
also observed in Section 3.2.1.1 for the removétiehcy of phosphates with the
Al-2Mg electrode. There is a general consensusthiigis the result of a low coagulant
to pollutant ratio at high initial concentration$ pollutants, which is inadequate to

bring about an overall destabilisation of the sohut

Although the efficiency of phosphate removal dextinwith increasing initial
concentrations of phosphates, a greater amounhadphate is removed at the higher
concentration, as shown in Table 3.8. This was aliserved with the Al-2Mg electrode
in Section 3.2.1.1. A similar effect was reportgd4ahenget al. [168] on studying the
removal of phosphates from human urine with ireectbdes. The removal efficiency
decreased with increasing urine dosage, howeveanthaunt of phosphates removed

increased.
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Figure 3.19: Plot of normalised variation of the concentratafrphosphates, #%, as a function of time
in solutions containing initial concentrationg, & ® 20.0 mg [*, O 60.0 mg [* and A 150.0 mg [} PO,-P.
(Anode/cathode = AISI 420/AISI 310, [NaCl] = 4.218° M, pH = 5.0 = 11.0 mA crif, SA/V = 10.5 n1).
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Table 3.8: Residual concentration of phosphateg, @d removal efficiencyy, for different initial

concentrations of PEP. Each experiment was performed in triplicate @).

Time P, n P n Py n

/min  /mglL* | % /mgL* | % /mgL? | %
0 20.0 0 60.0 0 150.0 0
5 15+1 275 501 16+2 131 +1 131
10 11+£2 46+ 8 39.9+0.2 335+0.3 116 1 +2B3
15 7.0x£05 65+3 34+£2 43 +£3 103+2 311
20 5+1 756 261 57+1 891 405+04
30 2.8+0.7 86+3 18.4+£0.7 691 69+0.7 .25404
60 0.7+0.6 97 +3 56 0.5 90.6+0.8 30+£0.7719.7£0.4

3.3.2.2 The rate constant for the removal of phospaltes

In Section 3.2.1.2 it has been shown that, in apkiled model, the removal of
phosphates using the Al-2Mg electrode comprises $teps (Figure 3.2) and the last
step, Step IV, is the rate-determining step for rgr@oval process. This step involves
the phosphate ions. As shown in Section 3.2.12,rémoval of phosphates is best
described by a pseudo first-order reaction. Howevigh the AISI 420 electrode, an
additional step is needed to be considered. Indeegdhown in Figure 3.15 by Step Il
and as has been reported in Section 3.3.1, theldiss of iron from the anode
generates the Eeions. This species is subsequently oxidised f§ fhich has been
identified as the iron species responsible forrémaoval of particles or pollutants in
solution [143, 147, 150, 169]. Considering thigtier step, the kinetics for the removal
of phosphate using the AISI 420 electrode can lserdeed by Eq. 3.18.

‘% = KFe( 11 [P [Fe(oH) ] Eq.3.18

Here, P is the concentration of phosphate, Fe{dlljhe concentration of Eeions
resulting from the oxidation of Eeions, Fe(OH)*™ is the concentration of the
hydrolysis products of Bé&ions,k is the rate constant amcandy are the partial orders
of the reaction. As shown iBg. 3.11 the rate of F& oxidation increases sharply with
increasing pH. Morgan and Lahv [170] demonstraked in oxygen saturated solutions
and at a pH between 5.0 and 8.0°*Fe readily oxidised to P& Furthermore, Sass@t

al. [154] and Lakshmanaat al. [153] observed complete oxidation of Fe(ll) during
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electrocoagulation operated at pH > 7.0. In thesgmeresearch the experiments were
carried out at an initial pH of 5.0 and, as will bkown in Section 3.3.4, the pH
increases sharply as the electrocoagulation rewctmwoceed. As in the case of the
Al-2Mg electrode in Section 3.2.1.2, it can be assd that the production and the
consumption rates of the hydrolysis products ohiare equal. Consequently, the
concentrations of P& and the hydrolysis products of iron, Fe(@#Y, can be
considered constant aid. 3.18can be simplified as:

- % = Ko [P|* Eqg. 3.19

Here, kops IS the observed rate constant andan be measured experimentally. In this
approximation the rate constant reflects the cbation of several reactions, involving

both the coagulation and the flocculation phasesu(e 3.15).

To determine the order of the coefficienin Eq. 3.19, the data shown in Figure 3.19
were fitted to pseudo firsk(E 1) and pseudo seconkd % 2) order models and the’R
value was used to attest the goodness of theifitilé8ly to the Al-2Mg electrode, a
better fit was obtained for the pseudo first-orkii@etics, as shown in Table 3.9. To fit
the experimental data #q. 3.19 the logarithm of ([P;) was plotted as a function of
time and these plots are shown in Figure 3.20.VEthges of the observed rate constant,
Kobs Obtained as the slope of the linear regressiatyais, are presented in Table 3.9.
As already observed in Section 3.2.1.2 for the Mig2electrode, the values of the
observed rate constarks,s for the removal of phosphates decrease with asong
initial concentrations. For examplk,ps varies from 0.0600 mihfor 20.0 mg [* of
PO,-P to 0.0263 miti for 150.0 mg [} of PQ-P. These values are clearly lower than
those found for the Al-2Mg electrode in Table 3.2.
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In (P/P,)

'4 T T T
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Figure 3.20: Plot of kinetics of phosphate removal at differanitial concentrations of phosphates; ®
20.0 mg [}, 0 60.0 mg [* and A 150.0 mg [* PO,-P. (Anode/cathode = AlISI 420/AISI 310, [NaCl] =
4.2 x 10° M, pH = 5.0 = 11.0 mA crif, SA/V = 10.5 ri1).

Table 3.9:Rate constank,,s and B values for pseudo first- and second-order kinetics

Initial concentration, Py Pseudo first-order kinetics Pseudo second-order kinetics
/mg L* P__ 1oyl
In 0 K,pd s Koo "
Kobs R? Kobs R?
/ min™ / mint
20.0 0.0600 0.983 0.0244 0.905
60.0 0.0396 0.999 0.0027 0.918
150.0 0.0263 0.999 0.0004 0.949

3.3.3 The effect of the current density

The effect of the applied current density was &ddising a current density of 2.6 and
11 mA cm? for the electrocoagulation of solutions containif§.0 mg [t of
phosphates. The initial pH of the solutions wasam@ the electrolysis time was 30 min.
Figure 3.21 shows the concentration of phosphd&gsplotted as a function of the
electrolysis time at current densities of 2.6 adddImA cn¥ in solutions containing
60.0 mg [* of phosphates. As the current density increases £.6 to 11.0 mA cif

the removal efficiency, after 30 min, increasesigigantly from 46% to 69%. This
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result is clearly related to the low amount of idiasolved from the anode at the lower

current density.

70

Time P;
cow / min /mgL*?
50 [ ; 26 mAcni? 11.0 mA cni
EREE . e 0 60.0 60.0
E L) ]
= 301 10 50 + 2 39.9+0.2
u
20 15 46 +1 34 +2
u
ol 20 41+1 26+1
30 326+1.7 18.4+0.7
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Time / min

Figure 3.21: Graph illustrating the variation of the conceritmatof phosphates,Pas a function of the
electrocoagulation time in solutions containingi@iconcentration, & of 60.0 mg [* PO,-P at different
current densitiesE] 2.6 mA cn? and® 11.0 mA cnf. Each experiment was performed in triplicate
(n = 3). (Anode/cathode = AISI 420/AISI 310, [Na€l}.2 x 10° M, pH = 5.0, SA/V = 10.5 ify.

The effect of the applied current density was ats@stigated by comparing the rate
constantkgps for the electrocoagulation of solutions contain#tgy0, 60.0 and 150.0 mg
L of phosphate using a current density of 2.6 mAcithe initial pH of the solutions
was 5.0 and the electrolysis time was 30 min. Tlespobtained by plotting the
logarithm of (R'Py) as a function of time for the three phosphateaiomg solutions
are shown in Figure 3.22. A linear regression aislwas used to fit the experimental
data and to provide the values of the observedo@istantsk,,s As can be seen from
Figure 3.22, high values ofRvere obtained for the three different initial centrations
of phosphates, indicating that the data fit we# firoposed pseudo first-order model
kinetics. In Section 3.3.2.2 it has been shown titsame kinetics model was valid for

the Al-Mg alloys using a current density of 11.0 ro#>.

It is evident from Figure 3.22 that the valueskgfs decrease with increasing initial
concentrations of phosphate. The compukgd is 0.0257 mift for initial phosphate
concentration of 20.0 mg“Lwhile it is reduced to 0.0122 minwhen the initial

concentration is 150.0 mg'L The same trend was observed in Section 3.3.2.arfo
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applied current density of 11.0 mA @mThese results can be explained by the low
coagulant to phosphate ratio when higher concemtiabf phosphate are used.

Similarly to the Al-2Mg electrode in Section 3.28; comparing the values of thg,s
obtained at 11.0 and 2.6 mA énin Figure 3.20 and Figure 3.22, it is evident tloat
current densities reduce the rate of phosphatevaimaccordingly,k.ps decreases from
0.0369 mift to 0.0196 mift for current densities of 11.0 and 2.6 mAGmespectively.

F)0 I(obs R2
/mgL* /min?

20.0 0.0257 0.999
60.0 0.0196 0.994
150.0 0.0122 0.994

In (P/P,)

-1.0 T T T
0 10 20 30 40

Time / min

Figure 3.22:Plot showing kinetics of phosphate removal at déffe initial concentration of phosphates,
Py ® 20.0 mg [, O 60.0 mg ' and A 150.0 mg [* PO-P. (Anode/cathode = AISI 420/AISI 310,
[NaCl] = 4.2 x 1¢* M, pH = 5.0, = 2.6 mA cnf, SA/V = 10.5 rif).

3.3.4 The effect of pH

The electrochemically produced iron ions from tH&1A420 electrode are involved in
hydrolysis reactions and these reactions will ddpen the pH of the solution, thus
affecting the electrocoagulation performance. Astfe Al-2Mg electrode, the initial
pH, the final pH and the changes in the pH durimg ¢lectrocoagulation process are

important.
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3.3.4.1 The effect of initial pH

The influence of the initial pH on the removal ofigsphate using the AISI 420
electrode was studied by varying the initial pHsiiutions containing 85.0 mg'Lof
PQO,-P. The pH was adjusted to 3.0, 7.2 and 9.7. Theecudensity was 11.0 mA ¢m
and the electrocoagulation time was 30 min. Theceotrations of phosphates at the
different initial pH values are shown as a functwinthe electrocoagulation time in
Figure 3.23. It is clear from this figure that themoval of phosphates is highly
dependent on the initial pH of the solution. At tlegvest initial pH, pH of 3.0, the
highest removal efficiency of 97.1% was obtainedwdver, the removal efficiency
decreases on increasing the initial pH. Indeed,réineoval efficiency was reduced to
67.8% and 56.7% for initial pH values of 7.2 and, 3espectively. These results are
consistent with the literature on the removal obghates using iron electrodes.
Irdemezet al. [171] reported removal efficiencies of 86% foriaitial pH of 3.0, 71%
for an initial pH of 6.0 and a lower efficiency 6#% at an initial pHbf 9.0 on using
iron electrodes. These results were obtained wammngitial concentration of phosphates
of 100 mg L, a current density of 1 mA ¢frand a surface area to volume ratio, SA/V,
of 88.2 m'. Similarly, Behbahanét al.[167] found removal efficiencies of 85%, 69%
and 58% for initial pH values of 3.0, 7.0 and 10€xpectively, at the end of 40 min
with an initial phosphate concentration of 400 migdnd at 2.5 mA cffi using iron

electrodes.
100 Time P;
! / min /mgL*
1 o pH pH pH
‘ . 3.0 7.2 9.7
<, 607 A
2 ) o i 0 85.0 85.0 85.0
& 0l N 5 49.2 68.4 75.9
i 10 24.6 58.3 62.3
201 ’ o 15 17.3 50.3 54.9
) o . 20 6.7 38.0 49.6
0 5 10 15 20 25 30 35 30 2.5 27.4 36.8

Time / min

Figure 3.23: Variation of the residual phosphate concentratiBp, plotted as a function of the
electrocoagulation time in solutions containing®fg L* of PQ-P at initial pH values of> 3.0,
A 7.2 andd 9.7. (Anode/cathode = AISI 420/AISI 310, [PR] = 85.0 mg [}, [NaCl] = 4.2 x 1d' M,

j =11.0 mA cnf, SA/V = 10.5 i1).
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In Table 3.10 the rate constanksys calculated for each initial pH value used in the
data presented in Figure 3.23, are shown. The swreling R values for the linear
regression analysis carried out on the experimeiaii@ are provided. It is clear from the
R? values that the removal of phosphates followspgeudo first-order model for all the
initial pH values investigated. As clearly evidémm this table, thé,,svalues decrease
with increasing initial pH values. THgysis high for an initial pHbf 3.0, at 0.1186 min

1 while for initial pHvaluesof 7.2 and 9.7 th&,,s values are much lower at 0.0381 min

1 and 0.0280 min, respectively.

Table 3.10: Pseudo first-order constark,,s and R values for the removal of phosphate at different

initial pH values.

Initial pH Kobs R?
/ min™
3.0 0.1186 0.992
7.2 0.0381 0.994
9.7 0.0280 0.995

3.3.4.2 The effect of final pH

As already shown in Section 3.2.3.2, the solutith ghanges abruptly during the
electrocoagulation process using the Al-2Mg eladro Similarly, in the
electrocoagulation removal of phosphate with AI30 £lectrode, the pH increases with
the electrolysis time. This is shown in Figure 3.24ere the final pH and the removal
efficiency of phosphates are presented as a funotib the initial pH after an
electrocoagulation period of 30 min. The initiahcentration of phosphates was 85.0
mg L* and the current density was 11.0 mAZrlearly, the initial pH strongly affects
the value of the final pH. Indeed, an initial acigH leads to a neutral value of the final
pH, varying from 3.0 to 7.2. The final pH valuesasded for a neutral, pH value of 7.2
and an alkaline solution, pH value of 9.7, are Emieaching pH values of 10.9 and
11.3, respectively. Similar final pH values wererid in Section 3.2.3.2 for the Al-2Mg
electrode at a current density of 11.0 mAZmhis result is in good agreement with the
findings of Lacasaet al. [33], who reported that, regardless of the typesletctrode
employed, the final pH is related to the currentngiy used during the
electrocoagulation process. They found that higlwerent densities resulted in higher
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final pH values. The final pH values observed ie firesent work are also in good
agreement with the data reporteditdemezet al.[171] and Behbahait al.[167].

It is evident from Figure 3.24 that the removala@dincy decreases with increasing the
final pH values. The highest removal efficiency wdiserved with an initial pH of 3.0,
which results in a final pH of 7.4. According tan&énezet al.[172], who characterised
the hydrolysed iron species by the ferron methothia neutral pH the main hydrolysis
products are iron hydroxide precipitates and thargd of the flocs is positive. They
explained this result in terms of adsorption olubté monomeric species, generated at
acidic pH values, on the metal hydroxide precipitarmed. On the other hand, Lacasa
et al.[33] measured negative values of the zeta-potemtian phosphates were present
in solution. After an initial decrease, then th&azgotential increased up to a value close
to zero in the case of electrocoagulation with iedectrodes. The negatively charged
particles might be related in this case to the gulgm of phosphate ions on the surface
of the precipitates, leading to a gradual neutti; of the zeta-potential. As in the
case of the Al-2Mg electrodes presented in Se@i@rB.2, at an initial ptéf 3.0 the
removal is attained through different mechanismstlas pH varies during the
electrocoagulation process. This may include chamgéralisation at acidic pH values
by means of monomeric hydrolysis species and atisarpn hydroxide precipitates, as

the pH increases, as shown in Figure 3.15.

Jiménezet al.[172] reported that the main hydrolysis specieslikaline solutions are
iron hydroxide precipitates and that charged flaesonly observed at pH values below
9.0. This finding was explained by the absenceotilde species in the solution that
can be adsorbed on the precipitate. However, whHesspghate ions are present in
solution, as in the present research, it would Xgeeted that these adsorb onto the
formed flocs facilitating their subsequent removis. shown in Figure 3.24, at neutral
or alkaline initial pH values the removal efficiees are low and correspond to final pH
values close to 11.0. Also, Behbahaial. [167] found lower removal efficiencies
associated with high final pH values. A plausibbeplanation is provided by the
presence of a large quantity of hydroxyl ions, wiheompete with the phosphate ions
for adsorption on the iron precipitates. An exteesstudy on the variation of pH in

electrocoagulation using iron electrodes has beened out by Moreno-Casillast al.
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[173], where it was concluded that the formation tbé final electrocoagulation
products involves green rust, which consists oferalting positively charged
Fe(Il)-Fe(lll) hydroxide layers and hydrated aniagers [117]. However, this does not

form if pH conditions in the bulk solution are taoidic or alkaline [173].

12 110
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0
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T o 3.0 7.4 97.1
X
= 9 r 80 —
£ s 7.2 10.9 67.8
8 70 9.7 11.3 56.7
7 4 r 60
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Initial pH
Figure 3.24:Evolution of ® final pH andA removal efficiencyy, plotted as a function of the initial pH.
(Anode/cathode = AISI 420/AISI 310, [R®] = 85.0 mg [}, [NaCl] = 4.2 x 1G M, j = 11.0 mA crf,
SA/V = 10.5 ).

3.3.5 The effect of chloride concentration

In electrocoagulation, the conductivity of the d$mn is a significant parameter. As
already outlined in Section 3.2.4 for the Al-2Mgd@tode, it affects the current density,
the anode potential, the current efficiency and ubage of the electrical energy. To
overcome these problems, small amounts of a supgoetectrolyte, usually sodium
chloride, are added to the solutions, resultingnrnincrease of the solution conductivity
and a reduction of the energy consumption. Furtbegmaggressive anions, such as
chlorides, are responsible for the breakdown of greective chromium oxide layer
present on the surface of stainless steels [17dhs€guently, when stainless steel is
used as the anode material, the presence of chleoids may reduce the voltage
required to overcome the electrode passivationth@rother hand, it is well known that
chlorides give rise to pitting attack at the paatd surface of stainless steels. As a
result, a high concentration of chloride ions megd to an uneven consumption of the

electrode due to pitting corrosion.
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As discussed previously in Section 3.2.4, high eotrations of the supporting
electrolyte may adversely affect the removal efiicy in the electrocoagulation
process. Indeed, the presence of counter ionsrcemope competition with the hydroxy
ligands in the hydrolysis process of iron, showrFigure 3.14. However, it has been
reported that chloride ions, used in the presermtysas the supporting electrolyte, have
a weak coordination capacity with metal ions [@2reover, according to the hard and
soft acid-base, HSAB, concept introduced by Peafsag], F€" ions have a greater

tendency to bind the hard basgdHather than forming halo complexes.

In this study, sodium chloride, NaCl, was used fas gupporting electrolyte for the
electrocoagulation removal of phosphate using th®l 420 electrode. The effect of
chloride ions on the removal efficiency of phosgsatvas investigated in solutions
containing different concentrations of chloride.glie 3.25 shows the residual
concentration of phosphates, &ter 60 min in solutions containing 2.8, 4.2,01@25.0
and 44.0 x 18 M NaCl. The initial concentration of phosphate \88s0 mg [* and the
initial pH was maintained at 5.0. When the coneiuin of NaCl increases from 2.8 x310
to 4.2 x 16 M, the removal efficiency improves slightly fron% to 85%. However,
no significant improvement was observed when thecentration of NaCl was above
4.2 x 10* M. Indeed, as the NaCl concentration varies frotnx<410° to 44.0 x 1G M,
the residual concentration of phosphates, aftemQ ranges from 11 to 9.1 mg'L
giving very little difference in the extent of phubgte removal. These findings are in
good agreement with several reports on the elezaigndation of phosphates with iron
electrodes [175-177], where an increase in the vahefficiency is observed, however

this effect is lost on further increasing the carication of the supporting electrolyte.
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Figure 3.25: Residual phosphate concentration, s a function of NaCl concentration. The
concentrations of NaCl used were: 4.2, 7.0, 1(660) and 44.0 x I®M. Each experiment was performed
in duplicate (n = 2). (Anode/cathode = AISI 420/A830, [PQ-P] = 80.0 mg [}, pH = 5.0j = 11.0 mA crf,
t=60 min, SA/V = 10.5 if).

The variation of the anode potential as a functdrthe electrocoagulation time is
reported in Figure 3.26 for 80.0 mg' lphosphate solutions containing 2.8, 4.2, 10.0,
25.0 and 44.0 x IO M NaCl. As can be seen from this figure the averagode

potential E , increases as the concentration of NaCl decre&igslar results were
reported byirdemezet al. [34] in solutions of low conductivity using ironlgtes
electrodes By comparing the average values of the anode patesf the AISI 420
electrode with those of the Al-2Mg electrode afetint NaCl concentrations, shown in
Figure 3.26 and Figure 3.9, respectively, it iglewi that the Al-2Mg electrode exhibits
lower potentials. This result is in agreement with findings of Izquierdet al.[178],
who reported that the cell potential required with iron electrodes to allow the same
current density was significantly higher than waluminium plates. It is clear that in
the solution containing 2.8 x M NaCl the average anode potential,is 3.2 V vs.
SCE, Figure 3.26. However, values up to 4.7 V \BE Svere observed in the first few
minutes of the electrocoagulation experiment. Axassed previously in Section 3.2.4,
concurrent reactions may also occur at the anoo®peting with the dissolution of
iron, at these high potentials. Consequently, tbagalant dosage and, in turn, the
removal efficiency would be lower. This may expldre lower removal efficiency of

phosphates observed in the 2.8 £ M)NaCl solution, shown in Figure 3.25.
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Figure 3.26: Variation of the anode potential as a functionhef electrolysis time in solutions containing
-—- 2.8,0004.2, - - - 10.0, HII- 25.0 and —— —— —— 44.0 x FOM NaCl. (Anode/cathode =
AISI 420/AISI 310, [PQ-P] = 80.0 mg [}, pH 5.0, = 11.0 mA crif, t = 60 min, SA/V = 10.5 /).

3.3.6 Adsorption isotherms

In the simplified model drawn in Figure 3.15 to cése the process of phosphate
removal using the AISI 420 electrode, the mechanisrolves either the adsorption of
phosphate ions on the ¥ehydrolysis products or the adsorption of the Fdrbyo-
phosphate complexes onto positively charget] Fgdrolysis species (Step IV in Figure
3.15). In order to determine whether adsorption tes primary mechanism for the
removal of phosphate-containing solutions at ahainpH of 5.0, adsorption isotherm
studies were performed and the resulting data veemapared to the Langmuir,

Freundlich and Temkin models, introduced in SecBdh5.

In Figure 3.27 the amount of P-P&dsorbed at equilibrium per unit mass of‘Hens,

Je as a function of the final concentration of pHuses, Pis shown. The gvalues
were calculated according Eg. 3.5 where in this case M represents the amount of Fe
ions generated by electrodissolution of the staslgteel AISI 420 electrode and was
calculated using Faraday’s law, taking into accainet composition of the material,
given in Section 2.2.2. The test solutions congiméial concentrations of phosphates
ranging from 2.0 to 150.0 mg'Land 4.2 x 18 M NaCl at pH 5.0. The solutions were
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stirred throughout the experiment and the temperattas kept constant at 25 + 1 °C.
The final concentration of phosphates, Was measured after 15 min from the end of
the electrocoagulation test in order to ensure tiatadsorption equilibrium had been
achieved. The details of the experiments are gime8ections 2.3.1.4 and 2.3.5. The
experimental data were fitted by nonlinear regmssanalysis, according to the
Langmui, Freundlich and Temkin models (Eg. 3.8, E§.and Eq. 3.10, respectively),
and are shown in Figure 3.27. As evident from Tahklel, a higher value of the
adjusted R was obtained for the Freundlich adsorption modibke high value of the
adjusted R indicates that adsorption is the primary mechanfemthe removal of
phosphates using the AISI 420 electrode at theitond used in the present study. The
values ofKr and n were computed as 17 (m3 gL mg™) and 2.2, respectively. Also
the adsorption of phosphates using the Al-2Mg sbelet was better described by the
Freundlich equation, as reported in Section 3ladwever, on comparing the values of
the parameterkr and n presented in Table 3.4 and Table 3.10 ®Atl2Mg electrode
and the AISI 420 electrode, respectively, it isdewt that the aluminium system has a
greater affinity for the adsorption of phosphatasiolndeed, the Freundlich constants
Ke and n are 146 (mg"y (L mg?) and 3.1 for the Al-2Mg system, while for the AISI
420 system they are considerably lower.

Different adsorbents that have been used for remgoghosphates include iron based
materials, such as iron-rich and iron oxide [179]18owever, there are no studies
carried out on the adsorption of phosphates usmyg lbased electrodes. Lacasaal.

[128] reported that nitrate ions, negatively chdrgellutants similar to phosphate ions,
are removed according to the Freundlich model using electrodes. This is in good

agreement with the results presented in this sectio
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Figure 3.27:@ Experimental data, ——— Freundlich isotherm, — Eangmuir isotherm and —- - - Temkin

isotherm fitting at 25 + 1 °C. (Anode/cathode = IMIRO/AISI 310, [PQ-P] = 2.0 to 150.0 mgt, [NaCl]
=4.2x10°M, pH =5.0j = 11.0 mA cnif, t = 60 min, SA/V = 10.5 ).

Table 3.11:Langmuir, Freundlich and Temkin isotherm model ¢ants and adjusted®Ralues.

Langmuir model

K. O Adjusted B
/L mg* / mg g*
0.13+0.06 124 + 21 0.883

Freundlich model

Ke n Adjusted R
/(mg g*)(L mg")
23+3 22+0.1 0.949

Temkin model

Ky B Adjusted R
/Lg? /'3 mol*
5+2 183 0.858

3.3.7 The removal of phosphates from real samples

The two real samples, treated with the Al-2Mg et in Section 3.2.6, were used to
investigate the feasibility of the AISI 420 electeoto remove phosphates from real

wastewater samples. The conductivity levels ofsdr@ples are given in Table 3.5.

147



CHAPTER3

The current density was 4.1 mA érand the ratio of the surface area of the anodesto
volume of solution, SA/V, was 13.4'mThe removal efficiencies of phosphates for the
two samples as a function of the electrocoagulaiioe are given in Figure 3.28. The
removal of phosphates in the sample no. 1 was sbateslow and after 15 min only
12% of the initial content of phosphates was remdofvem the sample. On the other

hand, complete removal was achieved for the sampl@.

120
100 o Time 1
o / min /%
801 sample  sample
fo
Q\o no. 1 no. 2
- 60 4
< 0 0 0
40 1 5 4.5 71.7
10 9.0 91.3
20 1
. * 15 11.7 BDL*
.
0 ' J j ! J J j *BDL = Below Detection Limit
0 2 4 6 8 10 12 14 16
) . (Section 2.3.3).
Time / min

Figure 3.28: Removal efficiencyy, plotted as a function of the electrocoagulatioretin ¢ sample no. 1
and< sample no. 2 (Table 3.5). (Anode/cathode = AISI/ALSI 310,j = 4.1 mA cnf, SA/V = 13.4 rih).

The values of the observed rate constayl;, are presented in Table 3.12 and the
corresponding Rvalues are also included. It is clear from thenh®j values that the
removal of phosphates from the real wastewater kmrfpllowed pseudo first-order
kinetics. Thekops value is remarkably low for the sample no. 1, .8084 min', while

for the sample no. 2 a much higher value of 0.29#9" is obtained. By comparing this
value with theky,s value of 0.5438 minh, obtained from the electrocoagulation removal
of phosphates using the Al-2Mg electrode and shawitable 3.6, it is clear that
phosphate ions are removed faster and more effigietmen the Al-2Mg electrodes are
used. Nevertheless, at the end of a 15 min petiadconcentration of phosphates is

lower than the threshold limit for discharge ing®ong water bodies in both cases.
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Table 3.12: Pseudo first-order constarit,,s and R values for the removal of phosphate from the real

samples.
Sample Kobs R?
no. / min™
1 0.0084 0.991
2 0.2949 0.981

The variation of the anode potential during thecteteoagulation removal of
phosphates from the real samples is shown in Figu8. These data were recorded
under the same conditions as that described irré-@28. Clearly, the potential for the
sample no. 1 is relatively high, with an averagei®z , of 3.29 V vs. SCE, however it
is not unexpected since the sample has a low cdindyc Table 3.5. As already
discussed in Section 3.3.5, high values of the ampadential imply not just high energy
consumption for the process, they also mean thigt @actions can take place at the
anode, reducing the current efficiency. The low oeat obtained for the sample no. 1,
as evident from Figure 3.28, might indeed be expldiin terms of low coagulant

dosage due to the occurrence of these side readtibthe anode not resulting in the

dissolution of F& ions. On the other hand, the average potentialev@l, for the
sample no. 2 is 1.57 V vs. SCE. However, at thenbagg of the experiment, the
potential increases sharply up to values close.@\2vs. SCE and then gradually
declines. As listed in Table 3.6 and Table 3.12,\thlues ok, for the sample no. 2
were computed as 0.5438 and 0.2949 Tmirsing the Al-2Mg and the AISI 420
electrode, respectively. Although the removal obghates was complete using both
electrodes, it is clear that the performance ofAR2Mg electrode is better. Again, the
small value ofky,,s Obtained using the AISI 420 electrode, is coesistwith the
parasitic reactions, occurring at the anode suréapecially during the first few minutes

of the experiments, which lower the amount of itmms generated from the anode.
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Figure 3.29: Variation of the anode potential as a function oé €lectrocoagulation period in ———
sample no. 1 andIsample no. 2 (Table 3.5). (Anode/cathode = AISVABSI 310,j = 4.1 mA cnif, SA/V =

13.4 m?).

3.4 Summary

The present chapter is focused on the electrocaagulremoval of phosphates with

two anode materials, Al-2Mg and stainless steel |30 alloys. Both alloys are

capable in removing phosphates under different atpgy conditions, although the

Al-2Mg electrode is more effective.

The removal of phosphates from solution follows piseudo first-order kinetics for the

two anode materials. In both cases, the observiedc@nstantk.,,s has been found

dependent on the concentration of,HR(Sections 3.2.1 and 3.3.2). Indeed, it decreased

with increasing initial concentrations of phospisafehis dependence has been ascribed

to the degree of destabilisation attained in sofutiue to the ratio of coagulant dosage

to phosphate concentration. A small degree of Bésstation, which occurs in solutions

with high initial concentrations of phosphates/aets on less efficient collisions and

aggregations of the destabilised particles (Fiqueg that, according to the literature, is

the rate-determining step of the process.

As expected, for both alloys the observed rate temb,ns is dependent on the current

density of the process (Sections 3.2.2 and 3.3.3).
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The removal efficiency of phosphates is signifibariffected by the initial pH of the
solution for both alloys (Sections 3.2.3.1 and 81. It has been observed that it
decreases with increasing initial pH values. Howgtree final pH and the pH evolution
also play a major role in the removal process ([{8est3.2.3.2 and 3.3.4.2). The highest
removal efficiency was observed at acidic initiell @nd at final pH values around 7.0 in

both Al and Fe systems.

The concentration of chloride ions and the solutionductivity have a marginal effect
on the removal efficiency using Al-2Mg as the anodgterial (Section 3.2.4). On the
other hand, the performances of AISI 420 gradesaongly reduced in low conductive
solutions (Section 3.3.5).

Both Al-2Mg and AISI 420 alloys remove phosphatesaading to the Freundlich
adsorption isotherm model in the range of concéntra studied (Sections 3.2.5 and
3.3.6). This finding is consistent with removal magisms involving other processes
other than just adsorption, as shown in the litesat

By means of rotating disk voltammetry, RDV, it hasen shown that Fe(ll) ions are
generated at a pH of 5.0 and at a current densiiyl ® mA cn¥ on oxidation of the
AISI 420 electrode.

The phosphate content has been removed efficiémtiy two real samples using the
Al-2Mg alloy (Section 3.2.6), while it has been ebsed that the AISI 420 electrode is
not effective in removing phosphates from the reaiple with low conductivity
(Section 3.3.7). This has been rationalised asetfext of the passive nature of this
material. The combination of small chloride concativon and low conductivity results
in the occurrence of concurrent reactions at tredarbecause of high potential values
exhibiting by the anode during the electrocoagatafirocess. These reactions do not

result in the dissolution of Eeions.
Although both alloys have shown to be effectivehe removal of phosphates, some

limitations have arisen from treating real sampleigh specific physico-chemical

characteristics. In particular, the different pemiance observed for Al-2Mg and AISI
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420 electrodes to treat the real samples are delatethe different electrochemical
behaviour and corrosion properties that these tlegsaexhibit in a given medium. The
electrochemical behaviour will, indeed, be the sabjof Chapter 4. Several anode
materials will be investigated in terms of theieatochemistry in two specific test

solutions.
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4 Electrochemical Behaviour of Various

Electrode Materials in Synthetic Wastewater

4.1 Introduction

The main objective of the work presented in thisapter is to compare the
electrochemical properties and behaviour of irod aluminium based anodes and to
assess the feasibility of using these anode mkanahe electrocoagulation process.
Since electrocoagulation involves the oxidationtlod electrode and the subsequent
generation of high concentrations of cations, #lection of the anode material is one
of the most important steps in developing a sudocksdectrocoagulation unit. The
composition of the electrode material has a markgxict on the rate of dissolution and
several authors have identified it as a key faict@lectrocoagulation applications [1-5].

The most widely used electrode materials are irmhauminium as described by Vi

al. [6] and Novikovaet al. [7] because they are cheap, readily available, lzande

proven effective [1, 2, 8]. For example, Do and €@}, on comparing the efficiency
of iron and aluminium electrodes in removing dyesncluded that the optimum
conditions varied with the choice of iron or alumim. Later, Baklan and Kolesnikova
[4] carried out a study to correlate the size ef filocculants produced with the removal
efficiency of organic substances. They conductesingle experiment and concluded
that iron electrodes were more efficient becausthefsize of the flocculant particles,

which ranged from 10 to 30m for FE€" compared to the smaller range from 0.05 forl
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for AI**. On the other hand, Hiilset al.[10] investigated the cathodic corrosion of
aluminium during the electrodeposition of paint dadnd that electrocoagulation was
strongly enhanced with aluminium in comparison teek This was attributed to a
higher efficiency oin situ formed aluminium hydroxide complexes by hydrolysishe

aluminate ion in acting as nuclei for the electemgaation process.

The choice of the electrode material can also affexcconsumption of electrical energy
supplied to the system in order to induce oxidatibthe electrodes. The metal cations,
which are necessary in forming the coagulation fmctulation of the pollutants, are
generated by applying a constant current or a aaohspotential. The power
consumption of this process depends mainly on tbetrechemical properties of the
anode material and its resistance to dissolutiorcarosion. Accordingly, passive
systems are likely to give rise to higher energpstonption. In the light of these
considerations, the addition of alloying elemept&ron or aluminium is interesting, as
these alloying components have a significant efbecthe electrochemical behaviour of
the metals [11]. The alloying elements can be wsezhhance the rate of dissolution or
to alter the nature of the dissolution sites, vagyfrom more localised to general
dissolution. Indeed, some iron- and aluminium-baakals, other than pure iron and

aluminium, have already been used in electrocofigulaxperiments [12].

The electrochemical behaviour of the electrode ratis also determined by the nature
and the concentration of ions present in the tasitisn. Some ions are known to have
an inhibiting effect on the corrosion reactions,endas other ions serve as activators,
enhancing the rate of dissolution. For example, gresence of chloride anions may
give rise to localised corrosion, such as pittingm@vice corrosion. This, in turn, gives
high rates of metal dissolution at localised siv@sile the remaining surface corrodes at
a much lower rate. In contrast, the presence abitans in the solution to be treated
gives rise to a decrease in the efficiency of tleeteocoagulation due to the release of
lower concentrations of metal cations from the tetete [13]. Inhibitors and activators
occur together in wastewater treatment facilitiesl,aalthough the role of the most
common ions on the electrode behaviour is well kménom the literature, the effect of

co-existing ions has not been the subject of agyatic study.
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Localised corrosion gives rise to high rates ofsdlistion at specific sites and the
production of high concentrations of metal catidhss no surprise that several authors
have pointed out that localised corrosion is déféran electrocoagulation as high
concentrations of the metal cations are delivered 14, 15]. However, localised
corrosion may adversely affect the lifetime of #lectrode giving irregular dissolution
across the surface [16]. Furthermore, if active p#passivate, it becomes increasingly
more difficult to induce metal dissolution at thgs@ssive sites. In contrast, uniform
dissolution gives a near uniform rate of dissolutamross the electrode surface and this
rate of dissolution can be controlled to delivee ttequired concentration of metal

cations.

In this study several iron and aluminium basedtedeles were used as anode materials
in electrocoagulation tests. The chemical compmsitif the electrode materials used is
given in Section 2.2.1. Pure iron and two stainktsel electrodes, AISI 310 (austenitic
grade) and AISI 420 (martensitic grade), were wsethe iron-based system. The two
stainless steel grades were selected on the blagigio chromium content in order to
study the effect of the chromium addition on themogal efficiency in
electrocoagulation. AISI 310 has a high chromiumtent, namely 25%, while AISI
420 has a lower level of chromium, i.e., 13%. Altbb iron is widely used in
electrocoagulation applications, Chen and co-warkér 5] and indeed several other
authors [17-23] have reported some limitationdsruse. In particular, at the end of the
treatment the effluent water developed a yellowgstour, thus affecting the overall
guality of the water and preventing its dischargethe receiving water bodies. The
yellowish colour has been attributed to the presaridine particles of rust, which form
as a result of the oxidation of the ferrous spebieslissolved oxygen in water [1], as
shown in Section 1.4.2.1. These particles areyefmined when the iron electrodes are
used in non-continuous operation [2]. Indeed, tbhe electrode corrodes at the open-
circuit potential. With the intention of avoidingi$ negative effect of the rust on the
effluent colour, the stainless steels were seleaseithe presence of chromium facilitates
the formation of a protective or passive film pnetieg, or minimising, the formation of
rust [24].
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The aluminium-based electrodes included pure alwmpand two alloys, Al-2Mg and
Al-3Zn-0.02In. Along with iron, aluminium has beeextensively used in
electrocoagulation [8]. However, the existence phasive film on its surface is one of
the main drawbacks of using pure aluminium in etexiagulation, as the presence of
the passive film leads to an increase in the apppetential required to induce
dissolution [5, 6, 8, 25]. Furthermore, aluminiuorrodes mainly in the form of pitting,
which has been recently considered a detrimentalm foof corrosion in
electrocoagulation from an operational perspedthé¢. For the purpose of minimising
both the effects of the passive film and pittingrosion, aluminium-magnesium and
aluminium-zinc-indium alloys were chosen. Althoutje addition of magnesium as an
alloying element does not have any significantctfiie avoiding the pitting corrosion of
the electrode, it is known that the corrosion tesise of pure aluminium is affected by
the degree of purity of the metal and by the typalloying elements [26, 27], as also
shown in Section 1.4.2.4. Therefore, it is expedtet Al-Mg alloys, although still
showing good corrosion resistance [24], are lesseptive leading to more favourable
dissolution and generation of #Alions in the solution at lower applied potentials
the other hand, it is known that zinc and indiunrehthe ability to activate aluminium

and alter the nature of the dissolution reactiogive more uniform dissolution [28-30].

In this chapter results are presented and discussdae corrosion behaviour of various
electrode materials, which are subsequently useGhapter 5 to remove pollutants
using the electrocoagulation technique. Corrosiaraqmeters, such as the corrosion
potential, breakdown potential, and corrosion autrewere determined by
potentiodynamic polarisation tests, whereas th@emsity of the various electrodes to
suffer localised corrosion was predicted by cycpotentiodynamic polarisation
measurements and confirmed by light microscopydidsussed in Section 1.4, the form
of corrosion depends on the electrode materialtaadsolution composition and these
tests are useful in gaining information about thiemf and rate of the corrosion reaction
[11, 31].

The influence of the solution composition, partaiy with regard to the nature and the

concentration of some anions commonly present isteveaters, was studied. The

corrosion performance of the electrode materials waestigated in the solutions listed
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in Table 4.1. Two synthetic wastewaters, sww 1 swd 2, which ion concentrations
were given from the OECD synthetic sewage [32],enszlected in order to study the
effect of co-existing ions. They contained threedeigollutants, namely phosphates,
an azo dye called Orange Il (1.4 x™0/1), and zinc ions (1.5 x 10M). The
composition of the two solutions differs in the afidie ion concentration, 0.017 M in
sww 1 and 0.170 M in sww 2. In addition, in ordergtudy the single effect of the
anions present in the two synthetic wastewaters,3C*, and PQ”, the polarisation
tests were also carried out in solutions contaitimgge anions at the same concentration
as in sww 1 and sww 2. Slightly higher and lowencantrations were also employed,
as highlighted in Table 4.1. For the sake of comspar results are first presented for
the potentiodynamic polarisation and the cycliceptibdynamic polarisation tests
carried out in the single component solutions. Thiesults are presented for the mixed
solutions, sww 1 and sww 2. By presenting the tesial this order, it is possible to
discern the effect of the individual anions on tdwerall electrochemical behaviour of

the electrodes in the synthetic wastewater testisols.

Table 4.1: Composition of the electrolyte solutions used ie fotentiodynamic polarisation and cyclic
potentiodynamic polarisation tests. The two synithehastewaters, sww 1 and sww 2, also contained an
azo dye called Orange Il (1.4 xAM) and zinc ions (1.5 x 10M). The pH was maintained at 5.0.

Solution KH,PO, NaCl CaCl,2H,0 MgSO,7H,0 Na,SO, TotCI

no. I'M I'M I'M I M I'M I'M

1 - 1.7 x 16 - - - 1.7 x 1¢
2 - 1.7 x 10 - - - 1.7 x 10
3 - 1.7 x 16 - - 8.1x10 1.7x10
4 1.6 x 1¢ - - - - .

5 swwil 1.6x10° 1.2x10¢ 27x10 8.1 x 1¢' - 1.7 x 10
6 sww2 1.6x10° 1.7x10" 27x10 8.1 x 1¢' - 1.7 x 10!
7 6.5 x 1C° - - - - -

8 6.5x10° 5.0 x 10/ - - - 5.0 x 1¢

4.2 Pureiron

The potentiodynamic polarisation tests were carrged by polarising pure iron
(99.99%) electrodes with a geometric surface af€a¥1 cnf in the anodic direction,

from -0.900 V vs. SCE up to the breakdown potenBg! at a rate of 1 mV'5 unless

162



CHAPTER4

otherwise stated. To generate the cyclic potentiadyc polarisation curves the iron
electrodes were cycled at a rate of 1 mVfrem -0.900 V vs. SCE, but the scan was
reversed at 1 mA chor 5 mA cn. Then the potential was cycled in the reverse

direction until the corrosion potentid.r, was reached.

4.2.1 The effect of Clions

Potentiodynamic polarisation curves of pure irooorded in 0.017 M and 0.170 M
NaCl solutions are shown in Figure 4.1. It is entdeom the figure that increasing the
chloride concentration causes a substantial shifieocorrosion potentiakcor, towards
less noble values. The shift reflects a greateceqigbility of iron to corrosion because
a higher concentration of chloride ions createsoaenaggressive environment. For the
10-fold increase in NaCl concentration, the extdrthe shift is about 100 mV, varying
from -0.360 V vs. SCE in 0.017 M NacCl to -0.460 ¥.\5CE in 0.170 M NaCl. A
higher corrosion currenjsorr, is also recorded in the more concentrated NafDtisa.

At potentials higher tharc.,,, passivation of the iron electrode occurs and tbis
characterised by a nearly constant current withemsing applied potential. However, at
higher applied potentials, there is a sharp an@tirimgrease in the current. This marks
the onset and initiation of pitting corrosion. Theeakdown potentialEy,;, which
represents the potential at which pitting is inéd is computed as -0.090 V vs. SCE in
0.017 M NaCl and -0.290 V vs. SCE in 0.170 M NaThus, it is evident that
increasing chloride concentration shifts the breakd potential to more active values.
In addition, the extent of the passive ran§€;.ss calculated as the difference between
the breakdown potentiaky,, and the corrosion potentiak.oy, increases with the
decreasing chloride concentrations. In 0.017 M NaE}..ssis approximately 0.270 V,
while it is reduced to 0.180 V in the more concated 0.170 M NaCl solution.
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Figure 4.1: Potentiodynamic polarisation curves recorded atangate of 1 mV $for pure iron
in —— 0.017 M and — ——0.170 M NacCl solutiona @H of 5.0.

The effect of chloride ion concentration on theabbown potential can also be shown
by plotting the breakdown potentidd,,, as a function of the logarithm of the chloride
concentration. In order to determine this relatiopsfor the pure iron electrode,
polarisation tests were carried out in 0.017, 0,10070, and 0.300 M NacCl solutions
adjusted to a pH of 5.0, and the resulting plotligplayed in Figure 4.2. As evident
from this figure, a linear relationship exists anding linear regression analysis, the Eq.
4.1 is obtained.

E, =-0409- 0180[CI] Eq. 4.1

According to Eq. 4.1, as the chloride concentratienreases, the breakdown potential,
Epr, is displaced to higher potentials. The valuehef $lope, which is represented by B,
iIs somewhat higher than the values presented bye{@ahnd co-workers [33, 34]. In
1976 Galvele developed an extensive model on trehamesm of pitting corrosion [33]
and he reported a logarithmic relationship betwiberbreakdown potentidky,, and the
concentration of aggressive anions. Galvele aceaufdr this relationship, which is
valid with several anions and other metals [35],cbysidering the effect of chloride

concentration on the potential drop within thegnt this explanation was also used by
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Laycock and Newman [36, 37] in their studies onnsgas steel electrodes. According
to Galvele, a value of 59 to 64 mV is obtained pore iron in de-aerated NaCl
solutions, at a pH of 10, if the migration of thdaride ions inside the pits is the only
variable considered [33, 38]. However, several wadported different values of B for
iron, most of them are listed in a review by Gatvg4], containing a comprehensive
list of values for several electrode materials andironments. For pure iron in chloride
solutions the B values range from 30 to 150 mV. Valee shown in Eq. 4.1 is beyond
that range, however it has to be considered tleavdiue adopted by B can be affected
by several variables, such as the pH of the saiutlee presence of a buffer, the oxygen
content, temperature, nature of the electrolyte, @ughness of the electrode surface
[36]. The measurement technique and the can ratalsa influence the magnitude of
B. Indeed, several of the reported studies have bagied out using the potentiostatic
technique rather than the potentiodynamic approdtie experimental value of B,
shown inEqg. 4.1 can be used to compare the sensitivity of theouarelectrode
materials to chloride concentration. Accordinglgistanalysis was performed on the

various electrodes and the B values were compared.

-0.05

NacCl Epr
-0.10

/M !V vs. SCE
u -0.15 1 0.017 -0.10 £ 0.03
ﬁ 0.100 -0.21+£0.01
; 0.20
~ 0.170 -0.28 £ 0.03
L

-0.25 0.300 -0.324 £ 0.008

-0.35 T
0.01 0.1 1

[CIT/M
Figure 4.2: Breakdown potentialE,,, of the pure iron plotted as a function of theadddym of the
chloride concentration. Each experiment was peréarim triplicate (n = 3). The breakdown potential,
E., was obtained from potentiodynamic polarisatiostseat a scan rate of 1 m\!.sThe experimental
points were fitted by a linear regression analysks, = A + B log [CI], A = -0.409 £ 0.022 V, B =0.180
+0.019 V, and R= 0.976.
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The susceptibility of the iron electrode to locatiscorrosion was investigated further
using cyclic potentiodynamic polarisation testspiRReentative data are shown in Figure
4.3(a) where the cyclic polarisation curves forepuon in 0.017 M and 0.170 M NacCl
are compared. The data recorded during the fonaad reverse cycles are clearly
different giving hysteresis. This phenomenon isallguassociated with the onset of
pitting attack and in some theories it is sugge#tatithe larger the hysteresis, the more
likely a localised corrosion site will propagatecennitiated [24]. However, a post-scan
microscopic examination of the sample is recommeéndeorder to confirm the nature
of the attack [39].

The surface of the electrode was examined usirg Ingicroscopy after the cyclic
polarisation tests were completed, and represgataticrographs are shown in Figure
4.3(b) and (c). Pitting attack is clearly evidemith the size and distribution of the pits
depending on the concentration of the chloridetswiuFrom Figure 4.3(b) it is evident
that in 0.017 M NacCl, the size of the pits rangesnf 2 to 8um and these are evenly
dispersed over the electrode surface. In contrthst, micrograph recorded in the
presence of 0.170 M NaCl (Figure 4.3(c)) shows fep¥is, with the larger pits having
a diameter from 20 to 2Bm and these are scattered among several smakewiit a
diameter of about Ium. These findings are consistent with the highdesreof
dissolution in the 0.170 M NaCl solution. Once aipinucleated, the propagation step
is more rapid at the higher chloride concentratiamd this gives rise to larger pits. This
attack continues at several isolated sites, whéde sites are activated to give the
smaller sized pits that are also observed on thfas These sites are smaller as they
are not nucleated at the breakdown potertigl,but sometime later during the forward

or reverse cycle.
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Figure 4.3: (a) Cyclic potentiodynamic polarisation curvesamted for the pure iron in — 0.017 M
and — ——0.170 M NaCl solutions at a pH of 5.@Gatcan rate of 1 mV’s micrographs of pure iron
electrode at the end of the cyclic potentiodynapatarisation scan in (b) 0.017 M NacCl, with thelsca
bar corresponding to 1Qdn and (c) 0.170 M NacCl, with the scale bar corresiimg to 20Qum.

4.2.2 The effect of S@ ions

Since the two synthetic wastewaters, sww 1 and 2wwsed as test solutions in the
electrocoagulation experiments contain sulfate,igegentiodynamic polarisation tests
were carried out to investigate the effect of thespnce of sulfate ions on the
electrochemical behaviour of pure iron. Howeveg,¢bnductivity of the 8. 10* M SO*
solution was too low for the corrosion tests artll@.M NaCl was added to the 0,
solution as shown in Table 4.1, while the pH wasntained at a value of 5.0. The
resulting polarisation curve was compared to the dacorded in the absence of sulfate
ions (Section 4.2.1) and these data are presemtédjure 4.4. As can be seen from the
figure, the two curves are noticeably differentcldar passive region is evident in the
0.017 M NaCl solution, but with the addition of thgifate ions there is a slight increase
in the corrosion potentiak.or, from -0.359 V vs. SCE in the absence of sulfatesito
-0.319 V vs. SCE in the presence of sulfate. Therm@ corresponding increase in the
corrosion current from 9.29 10 A cm? to 1.90x 10° A cm?, and the breakdown
potential,Ey, is lowered from -0.091 to -0.162 V vs. SCE. Moreg\the passive current
density is higher and the passive region is lesmet® in the presence of the sulfate
ions. However, the rapid increase in the currenDdt62 V vs. SCE is consistent with

the onset of pitting attack.
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The effect of sulfate ions on the breakdown andddigion of iron has been described
in several reports. For example, Vatanktehal. [40] found that rotating iron disk
electrodes exhibit uniform corrosion in 1.0 M s@us containing sulfate ions. Also,
MacDougall and Bardwell [41] concluded that the gdzetion of iron is an efficient
process in 0.15 M sulfate solutions at pH 3.0 dr Blowever, when iron is polarised in
a solution comprising chlorides and sulfates, liseal dissolution and pitting attack is
observed. Bircet al [42] showed that the presence of sulfate ionsiges the pitting
potential of iron as a result of competitive adsiorp between the anions present in
solution. Nobe and Tobias [43] reported similardfilgs for iron in 1.0 M Nz&O,
solutions with various amounts of chloride ion®iifir 0.00 to 0.05 M) at pH 3.0. Nobe
and Tobias [43] observed an increase in the cudensity in the passive region with an
increase in the concentration of chloride ions. Ewev, the current density varied with
the ratio of the sulfate to chloride concentratidbhe results presented in Figure 4.4 are

consistent with these studies reported in sulfakations with added chlorides.
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Figure 4.4: Potentiodynamic polarisation curves recorded fer pre iron in — 0.017 M NaCl and
8.1x 10* M Na,SQ, solution at a pH of 5.0 and — — — 0.017 M NaChgiH of 5.0, at a scan rate of

1mvV st

To confirm the onset of pitting corrosion of ther@uron electrode in the sulfate-

containing solution, cyclic potentiodynamic polatisn tests were carried out in a
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0.017 M NaCl and 8.k 10* M NaSOQ, solution (Table 4.1). The cyclic curve is
displayed in Figure 4.5, and clearly shows hysterbstween the forward and reverse
cycle, indicating pitting corrosion. Indeed, pitene found on examination of the
electrode surface using light microscopy, as showhigure 4.5(b). This micrograph
shows the presence of large pits with a diametabofit 2um, and several smaller pits
distributed across the surface. These pits arelamiddan the pits observed in the
chloride solution in the absence of sulfate ani(f®sction 4.2.1, Figure 4.3). These
results are consistent with the findings of Galvi8], who observed inhibition of
pitting corrosion in the presence of sulfate anidxssthe pits start to grow, sulfate ions
are accumulated inside the pits, since the aniofth whe higher charge are
preferentially accumulated at the metal-solutionerface. This build up in the
concentration of the sulfate ions gives rise toasspvation of the pits. However,
chloride ions eventually diffuse to the site, radgahe concentration of sulfates inside
the pits. As a consequence, a continuous proceastivfation and deactivation of the
pits is observed. It is clear from the micrograpiul éhe polarisation tests that iron is
susceptible to pitting attack in a solution conitegn0.017 M NaCl and 8.1 10* M
NaSQO, at a pH of 5.0.
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Figure 4.5: (a) Cyclic potentiodynamic polarisation curve ftwetpure iron recorded ir— 0.017 M
NaCl and 8.1x 10* M NaSO;, solution at a pH of 5.0, at a rate of 1 m¥V §) micrograph, with the

scale bar corresponding to fifh, of pure iron at the end of the cyclic potentiodwyic polarisation scan.
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4.2.3 The effect of P@Q’ ions

Phosphates are one of the most popular corrostuhiiors employed in the corrosion
protection of ferrous alloys [11, 44, 45]. In adulit, phosphates were added to give the
two synthetic wastewaters, sww 1 and sww 2, asilddtan Table 4.1. Therefore,
corrosion studies were carried out in a phosphat¢aining solution in order to
investigate the effects of the phosphate ions enirttin electrode and then to allow a
more direct comparison with the results obtainetheatwo synthetic wastewaters, sww
1 and sww 2. The polarisation plots were recoraed.016 M KBPO, (Table 4.1). A
typical plot is presented in Figure 4.6 and it isady evident that the polarisation
behaviour is very different to that observed in ttfdoride or sulfate solutions in
Sections 4.2.1 and 4.2.2, respectively. The casrogotential, Ecor, is -0.720 V
vs. SCE, considerably lower than the value obsenmvélde chloride or sulfate solutions,
and the corrosion currerjter, is one order of magnitude higher, at 3.1 ¥ AGm’.
These data clearly show that the corrosion rateigber in the 0.016 M KKPO,
solution. In addition, the anodic portion of theusadoes not show any passive region.
The current increases in a near linear manner thencorrosion potentiaE.qr, to reach

a value of about 1 mA cfat -0.550 V vs. SCE. This indicates significarssaiution.

Phosphates are well known as film-forming corrosignbitors [44, 45] and phosphate-
containing solutions have been proposed and useénasonmentally acceptable
alternatives to chromates in corrosion inhibitigoplécations [46-48]. The corrosion
protection is provided by the formation of precp#ts on the surface of the metal,
thereby forming a protective film [44, 45]. Howeyeas shown by the work of
Szklarska-Smialowska and Staehle [49], corrosidnbition in phosphate-containing
solutions is highly dependent on the solution phthe Tauthors conducted an
ellipsometric study to elucidate the optical prdigsr of the film growth on iron

electrodes in 0.1 M sodium orthophosphate solutairdifferent pH values, from 4.5 to
12.3. The growth of the film was found regardletshe solution pH, but the type and
nature of the film were considerably different. garticular, at pH 4.5 and 7.0 in the
presence of PO, ions in solution, a porous and non-protective fivas formed,

giving little or no corrosion protection. Similaesults were reported by Pryor and
Cohen [50]. The results obtained in Figure 4.6amesistent with active dissolution of

the pure iron electrode in the phosphate solutibm g@H of 5.0 and are in good
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agreement with these literature reports. Furtheemibris active dissolution at a pH of
5.0 is consistent with the optimum pH range, fromadue of 5.0 to 7.0, reported by
Irdemez et al. [51] in removing phosphates using electrocoagutativith iron

electrodes.

Polarisation tests were also recorded with a logggrcentration of phosphate anions,
6.5 x 10° M KH,PQ,, however in this case chloride anions, 5.00* M NaCl, were
added to the solution to increase the conductiityain, data similar to that presented

in Figure 4.6 were obtained, indicating active disgon of the iron electrode.
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Figure 4.6: Potentiodynamic polarisation curve recorded atangate of 10 mV Sfor the pure iron
electrode in — 0.016 M KJRQ, solution at a pH of 5.0.

In an attempt to obtain more information on theuratof the dissolution, cyclic
potentiodynamic polarisation tests were recorde0.016 M KHPO, (Table 4.1). In
Figure 4.7(a), a representative cyclic polarisaptwt is presented and in this case there
is little difference between the forward and reegpsrtions of the scan and there is no
evidence of any significant hysteresis. This phesoom has been explained by
Silverman [52] in terms of relatively large amourtds charge and active or rapid
corrosion that gives a sharp increase in curremeurslight polarisation. The small
difference in current recorded at the same potielngiaveen the two portions of the scan
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depends on the scan direction; in the reverse #eamrturrent does not represent the
steady state current at the applied potential secafi the large charge that has passed
in the forward scan. This finding is supported bg micrograph presented in Figure
4.7(b). This was recorded following the cyclic padation measurement. Several small
active sites are present on the surface. Howetvgras also possible to identify some

pits with a larger diameter of approximatelymh.
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Figure 4.7: (a) Cyclic potentiodynamic polarisation curve retma for the pure iron electrode at a scan
rate of 1 mV 8 in — 0.016 M KHPO, solution, at a pH of 5.0; (b) micrograph of thergoiron

electrode at the end of the cyclic potentiodynapailarisation scan, scale bar corresponds touh00

These results are important in terms of electroalaign. It is clear that the iron
electrode is not prone to significant passivatiothie slightly acidic phosphate solution.
Furthermore, the absence or the presence of chlaois has little influence on the
polarisation behaviour of the iron electrode. Aciogly, variations in the chloride
concentration should not pose any significant issweater treatment facilities since the

electrochemical behaviour of iron remains almosistant.

4.2.4 The effect of co-existing anions in sww 1 dusww 2

The effect of the co-existing anions on the elexttemical properties of the pure iron
was studied by polarising the electrode in sww H @ww 2 (Table 4.1). The
potentiodynamic polarisation plots are shown in uFeg 4.8 and, although the

polarisation curves are similar, the corrosion poéds, Ecorr, are slightly different at
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approximately -0.710 V and -0.724 V vs. SCE in stvand sww 2, respectively. This
small difference is probably due to the 10-foldréase in the chloride concentration for
the sww 2 solution (Table 4.1). However, the cdooscurrents,jcor, are nearly
identical at 3.1x 10° A cm? in sww 1 and 2.% 10° A cm? in sww 2. Interestingly,
these values are significantly higher comparech&gd,r values obtained in the NaCl
solutions (Section 4.2.1, Figure 4.1). Furthermdhe, polarisation curves, shown in
Figure 4.8, are very similar to that obtained i@ KH,PO, solution (Figure 4.6). Indeed
both the corrosion potentidE.o;, and the corrosion currenjtoy, are similar and the
shapes of the polarisation curves are nearly idan(Figure 4.6), indicating active
dissolution of the electrode with little evidencé passivity. However, it has to be
considered that in the two synthetic wastewategptiosphates are present in relatively
high concentrations with respect to the other edqdes, thus potentially masking the
effect of the other anions. However, a potentiodyicapolarisation scan (data not
shown) performed in a solution with the same contiposand concentration as in sww
1, but with 1.60 x 1® M KH,PQ,, was similar. Although in this scan the corrosion
potential, Ecorr, Was higher at -0.482 V vs. SCE and the corrosiment,jcor, Was
considerably lower at 8.38 x 200 cm, there was no evidence of any passive region.
It is clear from these results that the phosphate have a significant influence on the
corrosion behaviour of pure iron in slightly acidlutions, with a pH of 5.0.

-0.55

-0.60 -

-0.65 -

-0.70 +

-0.75 A

E/V vs. SCE

-0.80 A

-0.85 A

-0.90 +

'O .95 T T T T T
108 107 10 105 104 103 10

j/Acm?

Figure 4.8: Potentiodynamic polarisation curves recorded atam sate of 1 mV Sfor the pure iron
electrode in — sww 1 and — — — sww 2 solutiohs, @H of 5.0 (Table 4.1).
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Again, cyclic potentiodynamic polarisation testsravearried out in sww 1 and sww 2
solutions and representative plots are presentdeéigare 4.9(a). Clearly there is no
significant hysteresis, with the forward and reeetgcles in relatively good agreement.
These data are similar to that recorded in the giteie solution (Section 4.2.3, Figure
4.7), highlighting the significant influence of thghosphate anions. Moreover, the
10-fold increase in the chloride concentration, siyias little influence on the level of
agreement between the forward and reverse cyclereTis no obvious hysteresis in
either the sww 1 or sww 2 solutions. The surfacthefelectrodes was studied by post-
scan examinations of the electrode surface by hghtoscopy. The micrographs of the
iron electrode cycled in sww 2 are presented iufggt.9(b) and (c) and reveal that the
electrode surface is covered by small dissolutitas swith no significant pits. A similar
surface morphology was observed for the iron ebeetrafter the cyclic scan in sww 1.
These results indicate that pitting attack induagdhe chloride ions, even at reasonably
high concentrations, is mitigated or minimisedha presence of phosphate ions at a pH
of 5.0. This can be explained by the lack of a pas®gion. Since in sww 1 and sww 2
the pure iron electrode shows no passive behawaiodirmore general-like dissolution or
corrosion, it is a promising material in treatitg ttwo synthetic wastewaters using the

electrocoagulation technique.
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Figure 4.9: (@) Cyclic potentiodynamic polarisation curves fbe tpure iron electrode in — sww 1
and — — — sww 2 solution, at a pH of 5.0 (Table) 4tla scan rate of 1 mV*smicrographs of the pure

iron electrode at the end of the cyclic potenticaiyiic polarisation scan in sww 2 solutions (b) sdxle
corresponding to 20@m and (c) scale bar corresponding to 6@
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4.3 Stainless steel AISI 310

Similar experiments were carried out with the AR (Fe/Cr25/Ni20) stainless steel
grade electrodes. The potentiodynamic polarisaests were carried out by polarising
the electrodes, with a geometric area of 0.58 amthe anodic direction, from an initial

potential of -0.900 V vs. SCE up to a final potahtif 1.100 V vs. SCE at a scan rate of
1 mV s, In the cyclic potentiodynamic polarisation curties scan was reversed when
the current reached a value of 1 mATmagain, the polarisation behaviour was studied
in simple chloride, sulfate and phosphate soluti@msl then studies in the synthetic
wastewaters, sww 1 and sww 2, were performed. THeop the solutions was

maintained at 5.0.

4.3.1 The effect of Clions

AISI 310 belongs to the austenitic stainless staslily, containing chromium and
nickel, as outlined in Section 1.4.2.2. In pari@cukhe 310 grade is characterised by an
excellent corrosion resistance because of a higtmghm and nickel content (24-26% Cr,
19-22% Ni). The corrosion resistance of stainlésslss attributed to the formation of a
thin, adherent and self-healing passive film cdaimggsof mixed oxides of chromium and
iron. The increasing chromium content in stainlsteel enhances the stability of the
passive film, while the presence of nickel deldys dlecrease in pH during pit growth
by neutralising the solution in the pit [53]. Ausitéc steels, however, are not immune
to pitting corrosion, particularly in the presenmlechloride ions [54]. The beneficial
effects of chromium, nickel, and other alloyingretnts are determined by the pitting
and crevice corrosion resistance index, known &s fitting resistance equivalent
number, PREN [55]. The PREN is given by the retatoontribution of the alloying
elements, as shown in Eq. 4.2.

PREN=[Cr] +3.3[Mo] +16[N] + 165[W] Eq. 4.2

In this equation, [Cr] indicates the % weight of i@rthe alloy, while [Mo], [Ni], and
[W] give the contributions of the other alloyingeelents. In general, higher pitting and
crevice corrosion resistance is achieved when tineenical value of PREN is high. The
PREN value for AISI 310 has been computed as Z&D [
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The evidence of this high corrosion resistanceraviged in Figure 4.10(a), which
shows the potentiodynamic polarisation tests ofAl& 310 electrode in 0.017 M and
0.170 M NaCl (Table 4.1)There is no marked difference in the shape of the
polarisation curves and the electrode exhibits dewiextended passive range of
approximately 500 mV in both solutions. The breakdgotentialsEy,, are 0.102 V vs.
SCE and 0.054 V vs. SCE in 0.017 M and 0.170 M Na&3dpectively. Relatively low
corrosion currents are measured, With values of 2.23 x IDA cm?in 0.017 M and
2.03 x 10° A cm? in 0.170 M NaCl, showing that the chloride concation has little
influence. The extent of the passive regiff,.ss does not increase with decreasing
chloride concentrations, which is somewhat differenthat observed with the iron
electrode (Section 4.2.1).

The shift in the breakdown potential with incregsooncentration of chloride is in good
agreement with several reports on AISI 304, a Eamsteel with 18% Cr and 8% Ni
(Fe-Cr18-Ni8). For example, Leckie and Uhlig [56drded out a study on the
environmental factors affecting the breakdown pidénf Fe-Cr18-Ni8. In a 0.1 M NacCl
solution, the breakdown potential was observed .Atl® V vs. SCE and lower
breakdown potentials were recorded with increasihigride concentrations. Several
studies have also been carried out to investighe effect of increasing the
concentration of chromium in austenitic stainleg=els. For example, Horvath and
Uhlig [57] studied the effect of the concentratioh the alloying elements of the
Cr-Fe-Ni-Mo system in NaCl solutions. A significamcrease in the breakdown
potential, E,,, was observed for Cr concentrations between 25488d in the Cr-Fe
binary alloys in 0.1 M NaCl, indicating a greatesistance to pitting attack. Pitting
attack was observed for the 48.8% Cr-Fe alloy, hvaw@itting was not evident with
the 57.8% Cr-Fe. With regard to the ternary systelli% Cr-Fe-Ni-Mo, an increase in
the breakdown potentiaEy,,, was observed with an increase in the Ni conctotra
The high breakdown potentials recorded for the ABD stainless steel, which contains
25% Cr and 20% Ni, is consistent with these reports

The AISI 310 electrode was polarised in a slightydic solution, with a pH of 5.0, and

the concentration of the chloride anion was vari€de breakdown potential was
measured as a function of the chloride concentraditd a logarithmic relationship was
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obtained with the breakdown potenti&d,, decreasing linearly with the logarithm of
chloride concentration, as depicted in Figure 4©)0A similar linear dependence was
found with the iron electrode polarised in NaClusimins (Section 4.2.1) in agreement
with the results reported by Galvele [34]. The déineelationship obtained for AISI 310,

was found using linear regression analysis, astiosvn in Eq. 4.3.

E,, = 0018- 0046[Cl] Eq. 4.3

The value of B was computed as 46 nB4.(4.3. This is somewhat smaller than the
value of approximately 88 mV reported for Fe-Crli8-§66]. However, a smaller B
value is expected for the AISI 310 because itss Busceptible to pitting corrosion. It is
worth noting in Figure 4.10(a) that in 0.017 M Na@l transition occurs at
about -0.040 V vs. SCE, where the current incressesach a maximum value before
decaying again. This active-passive transition,ciwhs also called the “anodic nose”,
has been reported for some austenitic stainlestateys in dilute acidic environments
[52]. This behaviour has been explained in terma passivation process or a valency
change. It is clear that this anodic nose is nes@nt in the more concentrated 0.170 M

NacCl solution.
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Figure 4.10: (a) Potentiodynamic polarisation curves for theSAB10 electrode in —— 0.017 M
and — — — 0.170 M NaCl solutions, at a pH of 5eé@ordedat a scan rate of 1 mV's(b) Breakdown

potential,E,,, of AISI 310 as a function of the logarithm of tbieloride concentration. The breakdown
potential,E,,, was obtained from potentiodynamic polarisatiossiseEach experiment was performed in
triplicate (n = 3). The experimental points wettefl by a linear regression analysi€tp= A + B log [CI],
A=0.018 £0.004 V, B =0.046 + 0.004 V, R= 0.986.

177



CHAPTER4

The cyclic potentiodynamic polarisation tests, rded with the AISI electrode in 0.170
and 0.017 M NaCl at a pH of 5.0, are presentedigure 4.11(a). In both cases,
significant hysteresis is observed and this caattvbuted to the growth of large pits as
illustrated in the micrographs shown in Figure 4b)}land (c). Isolated pits with
irregular shape and with a size of about 50 tour® are evident on the electrode
surface. This clearly shows that once the pasdivei$ destroyed, the pits propagate at
relatively high rates, but this is also connectethe potentials applied to the electrode,

which extend to values in the vicinity of 1.40 V. &CE.
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Figure 4.11: (a) Cyclic potentiodynamic polarisation curves floe AISI 310 electrode in — 0.017 M
and ———0.170 M NaCl solutions, at a pH of 5d&orded at a scan rate of 1 mV: gb) and (c)
micrographs of the AISI 310 electrode at the endhef cyclic potentiodynamic polarisation scan in

0.170 M NacCl solution, with the scale bar corresfing to 50um.

4.3.2 The effect of SGF ions

The influence of sulfate anions on the polarisatiehaviour of AISI 310 is shown in
Figure 4.12, where the potentiodynamic polarisatiarve recorded in 0.017 M NacCl
solution is compared with the data obtained in D.BLNaCl with 8.1x 10* M Na,SO,
(Table 4.1). Again, a clear passive region is evide the sulfate-containing solution.
Indeed, the passive current density is somewhaeraw the presence of the sulfate
anions. The breakdown potential was computed &&l0Vlvs. SCE, which is slightly
higher than the value observed in the NaCl soligr= 0.102 V vs. SCE in 0.017 M NacCl).
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It is well known that the breakdown potential inafde-containing solutions depends
on the concentration and nature of other anionghé solution [58]. In particular,
Brauns and Schwenk [59] observed this behavioubidrand SG* additions. Leckie
and Uhlig [56] also found that the breakdown patdrf Fe-Cr18-Ni8 stainless steel in
0.10 M NaCl increased with increasing8&; concentrations, and in 0.15 M &0,
pitting did not occur. The data presented in Figdr@2 are consistent with these
findings and show that sulfate additions inhibie thitting corrosion of AISI 310.
According to Leckie and Uhlig [56, 58], the maguliguof the breakdown potential shift
depends on the ratio of sulfate to chloride ions. &dition of 0.0125 M N&O, to
0.100 M NacCl, they observed a 50 mV increase inbtleakdown potential. A smaller
increase of the breakdown potential, about 29 m\istead evident in Figure 4.12 for
AISI 310, however, this can be explained in terrhthe low SQ?/CI  ratio. It is also
evident from Figure 4.12 that although an anodisenis observed at about 0.010 V vs.
SCE, the current is lower and this feature is l@smounced in the presence of the
sulfate anions. Moreover, when cyclic polarisatpots were recorded in the presence
of sulfate, in 0.017 M NaCl and 8<110* M N&SQ,, although hysteresis was observed
and pits were found on the surface, the pits werallsr in diameter (data not shown).
Again, this highlights the role of sulfate aniorssiahibitors in the pitting corrosion of
AlSI 310.
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Figure 4.12: Potentiodynamic polarisation curves recorded fer AihSI 310 at a scan rate of 1 mV s
in —— 0.017 M NaCl and 8410* M NaSQ,, at a pH of 5.0 and — — — 0.017 M NaCl, at a p}3.6f
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4.3.3 The effect of PQ} ions

As mentioned in Section 4.2.3, phosphate ions a# kmown to have an inhibiting
effect on the corrosion of ferrous alloys [11, 48]. This property can adversely affect
the energy demand in removing phosphates from watgrg the electrocoagulation
technique. To investigate the extent of this eff@dtentiodynamic polarisation tests
were carried out on the AISI 310 electrode in 0.0A&KH,PQO, (Table 4.1) and a
representative curve is shown in Figure 4.13(a). ilAstrated in the figure, the
electrode remains passive and low currents of tHeraf 1pA cm?are evident from
the corrosion potentialEcor, to values in the vicinity of 1.00 V vs. SCE.
Lakatos-Varsanyet al. [60] studied the influence of phosphate on thetedehemical
behaviour of AISI 304 exposed to neutral chloridetaining solutions and found that
phosphate ions enhance the repassivation propetiegainless steel. Indeed, this
finding is consistent with the results obtained nfrahe cyclic potentiodynamic
polarisation curve, shown in Figure 4.13(b). Intfdbe repassivation potential, which
corresponds to the potential at which the forward eeverse scans cross each other,
occurs at a very high potential of 1.10 V vs SCEIlol the repassivation potential a

stable growing pit or crevice site will cease towr
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Figure 4.13: (a) Potentiodynamic polarisation curve and (b) cyclidemtiodynamic polarisation curve
recorded for the AISI 310 electrode at a scanaftemV s'in — 0.016 M KHPQ, solution, at a pH of 5.0.

From the analysis of the polarisation and cyclitapsation plots, it is evident that in

phosphate containing solutions, phosphate ionsvadsshe AISI 310 electrode and, as

reported by Lakatos-Varsarst al.[60], improve the repassivation properties ofadliey.
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4.3.4 The effect of co-existing anions in sww 1 @isww 2

The effect of the co-existing ions on the electernital behaviour of AISI 310 was
studied by carrying out potentiodynamic polarisatiests in the multicomponent media
of sww 1 and sww 2 (Table 4.1). Again, the pH waaintained at a value of 5.0.
Representative polarisation plots are shown in reigil4, and it is clear that the
composition of the two solutions, which differ imet concentration of chloride anions,
has a significant effect on the initiation, propa@a and repassivation of pits. In sww 1
the anodic part of the curve exhibits an anodicenatsaround -0.140 V vs. SCE, but
then the current decays to reach values of appwteiyn 2.0x 10° A cm?, giving an
extended passivation region. A small increase énctlrrent is visible at about 0.600 V
vs. SCE. The corrosion current was computed as<1L0® A cmi? which is comparable
to the values recorded in the sulfate-containing22 10° A cm?, Section 4.3.2) and
phosphate-containing solutions (2.28 x°18 cm?, Section 4.3.3). However, the most
significant variation between the data recordedvinv 1 and in 0.017 M NaCl is the

extent of the passive region.

These results are consistent with competitive gdsor between the aggressive
chloride anions and the sulfate and phosphate anids the chloride concentration,
which is 0.017 M, is low compared to the relativdligh levels of phosphates,
adsorption of the chloride anions is inhibited. sSTte consistent with one of the most
recognised theories on pitting corrosion of stasleteels [58], which was briefly
presented in Section 1.4.1.3. According to the gudgm theory, pitting occurs as a
result of a competitive adsorption of chloride asi@t the passive film. The alloy has a
greater affinity for oxygen, but as the potential increased, the concentration of
chloride at the electrode surface increases anadteaiy pitting is initiated. Other ions,

such as sulfate or phosphate, compete with theridel@nions for the sites on the
passive film, shifting the breakdown potentig),, to more positive values in order to
reach a chloride concentration sufficient for acessful exchange with the adsorbed
oxygen. However, there is a minimum anion concéintianecessary to inhibit pitting

in a chloride solution, and this depends on bo#h ¢hloride concentration and the
inhibitor anions (log [C] = k x log ¢ [anions]) + constant). This relationship was

derived assuming that the ions adsorb accorditiged-reundlich isotherm [61].
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This theory also supports the dramatic change enpiblarisation behaviour recorded
when the electrode is polarised in sww 2, whichtaims a higher concentration of
chloride ions, 0.170 M. As evident in Figure 4.&4harp increase of the current density
takes place at around 0.150 V vs. SCE, which cpomds to the breakdown potential.
This difference is evidently related to the ratfarinibiting ions (sulfate and phosphate)

to chloride anions.
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Figure 4.14:Potentiodynamic polarisation curves for the AlISD&lectrode in — sww 1 and — — — sww 2

solutions, at a pH of 5.0, recordatla scan rate of 1 mV*s

The cyclic potentiodynamic polarisation tests weaaried out on the AISI 310
electrode in sww 1 and sww 2 to establish the le¥gitting attack compared to that
observed in the simple chloride solutions. Repredime plots are shown in Figure
4.15(a) and, although the data are very differdtth curves exhibit significant
hysteresis that is generally associated with tlesgmce of pits on the electrode surface.
There was no evidence of any pits on the AISI 3lHtede polarised in sww 1,
however, pits were indeed found on examination hed surface of the electrode
polarised in sww 2. The corresponding micrograpkspaesented in Figure 4.15(b) and
(c). It is clear that these pits are very differenthose observed in the simple chloride
solutions, (Section 4.3.1, Figure 4.11). These pége a round shape and are much
closer together. However, the size of the pitsinsilar with an average diameter of

about 50um. Furthermore, the pits are surrounded by ringe@tcorrosion products.
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The use of AISI 310 to treat wastewaters posegenpal health risk. In fact, in all the
potentiodynamic polarisation curves, Figure 4.1QdF¢ 4.15, at potentials between
0.800 and 0.900 V vs. SCE the current increases) thpartial repassivation of the
electrode surface takes place, and eventually,eabbout 1.20 V vs. SCE, the current
density rises sharply again. This behaviour maygdieected with rapid pitting attack
or the transformation of Cr(lll) to Cr(VI). Indeethe conversion to Cr(VI) is consistent
with the potential-pH diagram for chromium showrSection 1.4.2.2, Fig. 1.11, where
the transformation occurs at around 1.00 V vs. SHiits transformation leads to the
formation of the most thermodynamically favoure@a@ps, HCr@, which is soluble,
thus a less protective surface is formed. This senndicate that Cr(VI) is released
during the electrolytic dissolution of the AISI 3gctrode at high potentials. This was

further investigated and the results are presant&ection 5.2.2.
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Figure 4.15: (a) Cyclic potentiodynamic polarisation curves foe AISI 310 electrode in — sww 1
and — — — sww 2 solutions, at a pH of 5.0, at angege of 1 mV $; micrographs of the AISI 310
electrode at the end of the cyclic potentiodynapotarisation scan in sww 2 solution at (b) scale ba

corresponding to 20@m and (c) scale bar corresponding to 6@

It is evident that AISI 310 remains passive in bettw 1 and sww 2, but at some
applied potential, which depends on the conceptratof the chloride anions,
breakdown of the passive film occurs. With a sugfit chloride concentration, the alloy
suffers severe localised corrosion in the form aifgé pits. This behaviour can
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negatively affect its use in electrocoagulation tarms of energy and electrode
consumption and is discussed in Sections 5.2.5&hd.

4.4 Stainless steel AlISI 420

It is clear from Section 4.3 that the high chromigontent of the AISI 310 stainless
steel gives rise to passive conditions, which malyeesely affect the energy
consumption when used in electrocoagulation experisr Moreover, the surface
suffers from severe pitting attack, depending andhloride concentration and the high
applied potential. In view of these findings, asleorrosion resistant stainless steel,
AISI 420, which is a martensitic stainless steekecfdon 1.4.2.2), containing
13% chromium and 0.3% of carbon, was selected. fditieng resistance equivalent
number, PREN [55], which was introduced in Sect#o08.1, is 13 for AISI 420. The
martensitic stainless steels are generally usedhfgir mechanical properties and the
corrosion resistance is considerably lower in camspa with other stainless steels [11].
Consequently, there are fewer reports on the domosesistant properties of these

alloys compared to other types of stainless steels.

The electrochemical behaviour of AISI 420 was stddiusing potentiodynamic
polarisation tests, which were performed by polagghe AISI 420 electrode, with a
geometric area of 0.63 émin the anodic direction, from -0.900 V vs. SCE topthe
breakdown potentialE,;, or up to 1.00 V vs. SCE at a scan rate of 1 nfVGyclic
potentiodynamic polarisation tests were not carrma since from preliminary
experiments it was evident that currents as lowl.fsx 10° A cm? promoted the
growth of deep and large pits. Although AISI 420msre resistant than pure iron to
corrosion, once corrosion or pitting is initiatethe damage caused by pitting is

extensive and severe.

4.4.1 The effect of Clions

The potentiodynamic polarisation curves recordedHe AlSI 420 electrode in 0.017 M
and 0.170 M NaCl are displayed in Figure 4.16(a)0l017 M NaCl the electrode
shows a typical active-passive transition before lineakdown potentiaky,, which

occurs at about 0.010 V vs. SCE, is reached. Thesiya region, AEpass IS
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approximately 150 mV smaller than that observedAft3! 310 (0.333 V and 0.484 V
for AISI 420 and AISI 310, respectively) and thisnéirms the lower corrosion
resistance of this alloy due to its low chromiumnntemt. Indeed, it has been reported
that the resistance of martensitic stainless staetslloride solutions is only sufficient
for short-term contact and they are not suitablecfntinuous immersion [11]. Type
410 stainless steel specimens (containing 11.53%4&6and 0.15% C) with a thickness
of 6 mm, have been found completely perforated dftgear of exposure to seawater in
the Pacific Ocean [11]. On increasing the concénotraof chloride, 0.170 M NacCl,
there is considerable decrease in the breakdowenpal from about 0.010 V vs. SCE
in 0.017 M NaCl to -0.180 V vs. SCE in 0.170 M NaChere is a corresponding
decrease in the passive region from 0.330 V to ¥.18s shown in Figure 4.16(a), the
active-passive transition is not observed in 0.M/®aCl. This is in good agreement
with the results reported by de Cristofaro for &18r martensitic stainless steel in
0.7 M NaCl at pH 1.7 [62]. The concentration ofaride appears to have little effect on
the corrosion potentialEcor, Which is approximately -0.340 V vs. SCE in both
solutions, and the corrosion currerjtsy, which were computed as 6.230° A cm? in
0.017 M NaCl and 6.68 107 A cmin 0.170 M NaCl.
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Figure 4.16: (a) Potentiodynamic polarisation curves for the IMIR0 electrode in — 0.017 M
and — — — 0.170 M NaCl solutions, at a pH of 5e&orded at a scan rate of 1 mV. ) Breakdown

potential,E,,, of AISI 310 as a function of the logarithm of thieloride concentration. The breakdown
potential, E,;, was obtained from potentiodynamic polarisatiostserecorded at 1 mV™s Each
experiment was performed in triplicate (n = 3). Bxperimental points were fitted by a linear regi@s
analysis taE,, = A + B log [CI], A = -0.319 + 0.010 V, B =0.179 + 0.009 VR? = 0.994.
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The influence of the chloride concentration on Ibineakdown potential of AISI 420 is
shown more clearly in Figure 4.16(b), where theakdewn potential is plotted as a
function of the logarithm of the chloride concetiba. By fitting the experimental

points to a linear equation using linear regresaiaalysis, the Eq. 4.4 was obtained.

E, =-0319- 0179[Cl ] Eq. 4.4

The value of the slope, which corresponds to BQi$79 V from Eq. 4.4, whereas for
AISI 310 a slope of -0.046 V was found in Sectio3.8, Eq. 4.3. Clearly, the
susceptibility of AISI 420 to pitting corrosion laploride ions is much higher than that
found with AISI 310. However, the value of B is dian to that calculated for the iron
electrode Eqg. 4.) which was computed in Section 4.2.1. A clear cangon of the
linear dependence of the breakdown potential, on the logarithm of chloride
concentration is presented in Figure 4.17 for tired iron-containing electrodes. It is
clear that the AISI 310 electrode is less sensttivihe concentration of chloride, as the
slope of the linear plot, which is equivalent to B, small, at -0.046 V. As the
concentration of chloride ions may change from eleetrocoagulation site to another
or even at the same site over an extended timedydhie ideal electrode should exhibit
a low dependence on the chloride concentrationhodigh AISI 310 exhibits a
relatively low dependence on the chloride concéiomaFigure 4.17), this electrode is
highly passive with high breakdown potentials aad,a consequence, high energy
consumption is expected when AISI 310 is used @&ctebcoagulation applications.
Lower breakdown potentials are found with AISI 42@wever it shows a greater
sensitivity to the presence of chloride in solutsance the value of B is -0.179 V, as it
is evident from Figure 4.17. A similar susceptilyilio chloride ions is exhibited by the
pure iron electrode, with a B value of -0.181 V.wéwer, the pure iron electrode
presents a positive characteristic, since it hasdeeakdown potentials, as shown from
the data presented in Figure 4.17.
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Figure 4.17: Breakdown potentiak,, of v AISI 310, ® AISI 420, andl iron electrodes as a function

of the logarithm of the chloride concentration.

As detailed earlier, large and deep pits were ofeskon the surface of the AISI 420
electrode and, in an attempt to minimise the gravftthese pits, the polarisation tests in
0.017 M and 0.170 M NaCl solutions were stoppeti@trrent density of 1.8 x 2\ cm.
The surface morphology of the electrodes was thadiesd using light microscopy.
Typical micrographs are shown in Figure 4.18(b)-Elen at this relatively low current
density, large pits are evident. In 0.017 M NaGusons (Figure 4.18(a)) the pits grow
as isolated active sites to reach a diameter ofo6@0 um. On the other hand, the
density of the pits observed at the higher conagiotr, in 0.170 M NaCl, was much
higher. The largest pits have a diameter of 12030 um (Figure 4.18(b)), however
other smaller sized pits were evident on the edeetisurface. The pits appear to adopt a
reasonably circular geometry in both solutions, éesv the distance between the pits is
considerably smaller at the higher chloride conegiain, as evident in Figure 4.18(c).
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Figure 4.18: Micrographs for the AISI 420 electrode polariseda) 0.017 M NaCl at a pH of 5.0, scale
bar corresponds to 1Q6n and (b) and (c) 0.170 M NaCl solution at a pHb @, scale bar corresponds to
200pm (d) 0.170 M NacCl solution at a pH of 5.0, scede torresponds to 1Gim.

4.4.2 The effect of SGF ions

As detailed earlier for pure iron and AISI 310, théuence of sulfate anions on the
polarisation behaviour of AISI 420 was studied Hyliag 8.1 x 14 M sulfate to 0.017 M

NaCl and the pH of the solution was maintained .8t Representative polarisation
curves are shown in Figure 4.19(a). The potentiadyn polarisation curve recorded
for the AISI 420 electrode in 0.017 M NaCl and 8.10* M N&SQ, is shown, while

for comparison the polarisation curve recorded.il® M NacCl is also presented. In
the presence of sulfate ions, the corrosion pakriL., is -0.277 V vs. SCE, about
60 mV more positive than that observed in 0.017 MCN The anodic portion of the
scan exhibits a passive region of about 300 mVchvigixtends up to the breakdown
potential, Ey;, at 0.170 V vs. SCE. There is a clear increasthénpassive region on
addition of the sulfate anions to the chloride-aamig solution. Below the breakdown

potential, some current oscillations are visiblée3e are usually the result of pits
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nucleating and repassivating, and these nucleatiwh repassivation events continue
until breakdown of the film and the growth of largets is achieved in the presence of
the chloride ions at higher applied potentials [1li]is clear that the addition of
8.1 x 10" M Na:S0Q; to the chloride-containing solution shifts the dkgown potential
by about 150 mV towards more noble values. As dised by Leckie and Uhlig [56,
58] with Fe-Cr18-Ni8 stainless steel in 0.1 M Nathk magnitude of the shift depends
on the ratio of sulfate to chloride ions. Howevers also evident from a comparison of
the results presented in Section 4.3.2 with thelt®obtained with the AISI 310
electrode that the composition of the steel hasmfimence on the breakdown potential
recorded in the presence of sulfates. A potentidd ef 29 mV was evident with AISI
310 and this indicates that the Cr content hadeatooplay. Indeed, this is consistent
with the enhanced resistance to pitting attackctviig observed on increasing the Cr

content as an alloying element [57].

The micrographs recorded for the AISI 420 electrpdtarised in 0.017 M NaCl and
8.1 x 10* M Na,SO, are presented in Figure 4.19(b) and (c). Agaie dlectrodes were
polarised to a maximum current density of 8.1 ¥ 20cm to minimise the formation
of large and deep pits. The reasonably circulamupy of the pits present on the
electrode surface is similar to that observed enNlaCl solutions (Section 4.4.1, Figure
4.18). However, in the presence of the sulfaterantbe size of the pits is significantly
smaller, with an average diameter of aboufilBOcompared to the larger diameter of 60
to 70um found in the absence of the sulfate ions (Seectidinl). Similar results were
found with the AISI 310 in the presence of sulfgtesction 4.3.2) and these results can

be explained in terms of the inhibiting effectdtud sulfate ions.
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Figure 4.19: (a) Potentiodynamic polarisation curves for the AlSO42ectrode in — 0.017 M NaCl and
8.1x 10* M NaSQ, at a pH of 4.8 and — — — 0.017 M NaCl at a pH ©6f f'ecordedat a scan rate of
1 mV s*. (b) Micrographs of AISI 420 recorded at the ehthe cyclic potentiodynamic polarisation scan
in 0.017 M NaCl and 8.1 x T0M Na,S0, with the scale bar corresponding to 206 and (c) scale bar

corresponding to 10am.

4.4.3 The effect of PQ' ions

As discussed previously, phosphate ions act a®gorr inhibitors for ferrous alloys,

thus AISI 420 may passivate in solutions containpigosphates. However, the
passivation of the electrode may have negative esprences from the perspective of
treating phosphate-containing solutions using sdectgulation. In order to determine
the extent of this passivation effect, polarisaots were recorded in a slightly acidic,
pH of 5.0, 0.016 M KHPQO, solution. In Figure 4.20(a) the potentiodynamic
polarisation plot, recorded for AISI 420 in the ppbate solution, is shown. The
electrode exhibits an active-passive transitiotofeéd by a wide passive region which
extends up to about 0.850 V vs. SCE. Then the fiateanters the transpassive region,
which corresponds to the end of the passive regimhan increase in current density is
observed. In the transpassive region, oxygen ewvol@nd possibly increased corrosion
is observed. For example, Uhlig [11] has attributeel loss of the protective nature of
the passive film of stainless steel in the transipasregion to the oxidation of Cr(lll),

present in the protective layer, to the solublecsse of Cr(IV). This explanation

indicates that at high potentials the electrochewsnisf chromium is predominant and it
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dissolves in solution, similarly to that observediwAISI 310. The passivation effect by
phosphate ions is supported by the micrographkeoktectrode surface recorded at the
end of the polarisation scan in 0.016 M #HD, solution. A representative micrograph
is shown in Figure 4.20(a). The electrode surfamesdhot show any evidence of pits
other than some imperfections already present ereliactrode before the polarisation

experiment.
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Figure 4.20: (a) Potentiodynamic polarisation curves for the AlSIO4€lectrode in — 0.016 M

KH,PO, at a pH of 5.0, recorded at a scan rate of 1 th\(§ Micrograph of AISI 420 at the end of the

cyclic potentiodynamic polarisation scan, scaledmaresponds to 100m.

4.4.4 The effect of co-existing anions in sww 1 dusww 2

The electrochemical behaviour of AISI 420 in a meolnponent system was
investigated by the potentiodynamic polarisatioochteque in the two formulated
synthetic wastewaters, sww 1 and sww 2, and thdtheg polarisation plots are shown
in Figure 4.21(a). The corrosion potentile, is similar in both solutions, adopting a
value of -0.650 V vs. SCE, whereas the corrosiomect, jcor, iS higher in sww 2,
reaching a value of 1.0 x P0A cm? compared to the somewhat lower value of
7.0 x 10° A cm® computed in sww 1. This is probably connected wita higher
chloride anion concentration in sww 2. There isoads significant variation in the
breakdown potentials. The breakdown potentg],in sww 1 occurs at about 0.112 V
vs. SCE compared to the lower value of -0.088 V S€E observed in sww 2. In
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comparison with the 0.017 M and 0.0170 M NaCl sohd (Section 4.4.1), the
breakdown potential is shifted to more positiveueal in the sww 1 and sww 2
solutions. The magnitude of the shift is about b in both cases. This suggests a
competitive adsorption process between the anioesept in the solution. A similar
effect was observed with the AISI 310 (Section4),3where the presence of phosphate
ions, which act as inhibitors and compete with gt ions for adsorption on the
passive film, gives rise to a shift of the breakdgeotential to more noble values. The
electrode surface was examined by light microsdopeveal the presence of irregular-
shaped pits, as can be seen in Figure 4.21(b)andHe pits grown in sww 1 solution
have an average size of 30 to pth (Figure 4.21(b)), whereas in sww 2, as the
concentration of chloride is higher, the pits ardex with an average diameter of 50 to
80um (Figure 4.21(c)). Again, the pits developed ia thvo synthetic wastewaters are
smaller in size compared to that observed in tieesponding NaCl solutions (Section

4.4.1, Figure 4.19) and this result supports theapetitive action of the phosphate

inhibiting ions.
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Figure 4.21: (a) Potentiodynamic polarisation curves for the A#R0 electrode in —— sww 1
and — — — sww 2 solutions, at a pH of 5.0, recorateal scan rate of 1 mV*sMicrographs of AISI 420

electrode at the end of the cyclic potentiodynapaitarisation scan in (b) sww 1, with scale barGQ m

and (c) sww 2, with scale bar at 1@6.
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4.5 Pure aluminium

As outlined in Section 1.4.2.3, aluminium is welhdwn to be resistant against
corrosion in aqueous media because of a uniforturalaoxide film, which is rapidly
formed on the metal surface [26]. However, whenmathium is exposed to aggressive
ions, such as chlorides, pitting attack occurs. ®pen-circuit potential measured on
aluminium does not correspond to that of the mdtat, represents a mixed potential
between the oxide layer, which forms immediatelytlfim 1 ms or even less), and the
metal [26]. Consequently, in an aggressive enviremnthe rest potential of aluminium
is affected by the attack of the ions, causingtélations in the measured potential. For
this reason, the potentiodynamic polarisation tesigied out on the as-received
aluminium electrodes did not provide reproducib&ues of the corrosion potential,
Ecor, @lthough good reproducibility was obtained witle treakdown potentiaky,. In

an attempt to increase the reproducibility of tlerasion potential,Ecor, Several
chemical and electrochemical pre-treatments ofeleetrode were considered. Good
reproducibility was achieved using a slight modition of the method proposed by Van
Gheemet al.[63]. After this pre-treatment the aluminium etecke was polarised in the
anodic direction from -1.400 V vs. SCE, or someeotiitial potential below the
corrosion potential, up to the breakdown potenttd), at a rate of 10.0, 1.0 or
0.5 mV s'. The exposed area of the working electrode wa&10caf.

4.5.1 The effect of Clions

In Figure 4.22(a) potentiodynamic polarisation @snare shown for pure aluminium
recorded in a 0.100 M NaCl solution starting from iaitial potential of -1.240 V
vs. SCE. These data were obtained for the pure ialum electrode without any
chemical or electrochemical pre-treatment of tleetebde surface. It is clearly evident
from the presented figure that the corrosion pakri.,, varies considerably, ranging
from -1.153 V to -0.828 V vs. SCE. On the otherdyahe breakdown potentidty,, is
reproducible and occurs at about -0.730 V vs. STk open-circuit potential was
recorded in 0.100 M NaCl solution for 30 min immneddly before the electrode was
polarised and these data are shown in Figure 4.2Piential fluctuations, exceeding
400 mV, are evident. These potential oscillatioms eelated to pitting attack and

indicate the occurrence of a process of activatod repassivation of the natural
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passive layer [64]. Given that the breakdown paknE,, of pure aluminium in

0.100 M NacCl solution is -0.730 V vs. SCE, Figurd2a), then the fluctuations of the
open-circuit potential occur below the breakdowrneptal, E,,. This phenomenon is

attributed to the occurrence of metastable pitsttan electrode surface [64]. These
metastable pits initiate and grow for a limitedipdrbefore repassivation occurs and
this accounts for the increase and rapid decremtigei open-circuit potential [65]. The
reproducibility of the potentiodynamic polarisatioarves is affected by this instability

of the natural passive film due to the growth drerepassivation of the metastable pits.
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Figure 4.22: (a) Potentiodynamic polarisation curves recorded ferghre aluminium in 0.100 M NacCl
at a pH of 5.0, at a scan rate of 0.5 mVasd (b) the corresponding open-circuit potentlatted as a

function of time without any pre-treatment of tHeatrode surface.

In order to promote a more stable passive film aahsequently, obtain reproducible
experiments, several chemical and electrochemicaltrpatments were considered.
Good reproducibility was achieved by modifying athoel used by Van Gheest al.
[63] to obtain a reproducible surface compositiBefore the polarisation tests, the
specimen was immersed in 0.1 M NaOH solution atG®r 60 s and subsequently in
1.0 M HNG; solution at 70°C for 90 s. The data recorded following this pesatment
are shown in Figure 4.23(a) and (b), where foueptddynamic polarisation curves
and the corresponding open-circuit potentials drews. In the polarisation curves
shown in Figure 4.23(a) the average corrosion piateaf the four experiments is -
1.344 + 0.029 V vs. SCE and the average breakdostenpal occurs at -0.803 +
0.016 V vs. SCE. These results show an extremelly heproducibility in comparison
with the data displayed in Figure 4.22. The avenagae of -0.800 V vs. SCE for the
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breakdown potential is slightly lower than the \edwf -0.640 V vs. SCE reported by
Bohni and Uhlig [66] for aluminium in 0.10 M NaCAlso Broli and Holtan [67],
McCaffrey [68], and Pyun and co-workers [69, 7Q}ared higher breakdown values.
However, these studies used either a harsh supfacreatment or etching in alkaline
solutions or a multi-step of immersion treatmetising such conditions a relatively
thicker surface oxide film may be developed andnight account for the higher
breakdown potential recorded in these studies.hEuriore, the polarisation scans
reported in Figure 4.23(a) were obtained in aerB&@l solutions, whereas some of the
cited studies are performed in deaerated solutiineas been reported that in the
absence of oxygen the breakdown potential of alwmnis shifted towards more
positive values [27, 63]. For example, Pyatnal. [70] reported a breakdown potential
of -0.720 V vs. SCE in aerated conditions, whilehBitand Uhlig [66] found that the
pitting starts at -0.640 V vs. SCE in the abseriaxggen.

The open-circuit potential of the aluminium eledioafter the chemical pre-treatment
for the four experiments is presented in Figur&éP Although in the initial stage the

open-circuit potential is significantly differerdrfthe four experiments, it shows a sharp
increase followed by a gradual decline in all thgpeziments and then converges
towards the same potential value of -1.30 V vs. S&lkce this chemical pre-treatment
of the electrode produced very reproducible resitligas then used to study the effect
of the chloride concentration on the electrochehfedaviour of the pure aluminium

electrode.
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Figure 4.23: (a) Potentiodynamic polarisation curves recorded atam sate of 0.5 mV sfor the pure
aluminium in 0.100 M NaCl at a pH of 5.0 and (b3 ttorresponding open-circuit potential plots forgou
aluminium electrode in 0.100 M NacCl solution aftmmersing the electrode in 0.1 M NaOH solution for
60 s at 70C and then in 1.0 M HN£solution for 90 s at 7€C.
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The influence of the chloride concentration is show Figure 4.24 where the
potentiodynamic polarisation curves recorded irf05.8, 0.010 M, 0.100 M, 0.250 M

and 0.500 M NaCl are shown. The corrosion potentgl,, decreased as the
concentration of chloride ions was increased. Tieesdso a significant variation in the
breakdown potentialk,;, which ranges from -0.550 V vs. SCE in 0.005 M N&C

0.960 V vs. SCE in 0.500 M NaCl. Current fluctuagoare also observed below the
breakdown potential and these transients can béuwdd to the occurrence of

metastable pits on the electrode surface [65].
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Figure 4.24: Potentiodynamic polarisation curves for the purarahium electrode in —— 0.005 M,
(JJ10.010 M, — ——0.100 M, H+ 0.250 M and] O O 0.500 M NaCl solutions at a pH of 5.0, at a scan

rate of 0.5 mV <.

On plotting the breakdown potentiak,, as a function of the logarithm of the
concentration of chloride, a linear relationshipswaund [34] as displayed in Figure
4.25. The value of the slope, which is equivalemtB, obtained by fitting the
experimental data using a linear regression arglist0.204 V according to Eq. 4.5.

E, =-1026- 0204[Cl ] Eq. 4.5

This value is somewhat higher than the values oéthfor pure iron, -0.181 V, and the

two stainless steel grades implying a greater seigiof pure aluminium to variations
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in the chloride concentration. In the review of threakdown of passivity by Galvele
[34], values of B are reported for pure aluminiumdahese range from -0.073 V
to -0.139 V vs. SCE. However, as outlined previpusle pre-treatment of the electrode
surface may have a significant impact on the thesknand protective properties of the
passive film and this will influence the magnitudé B. The relatively mild pre-
treatment, used in this study, was chosen in dadavoid any significant modifications
of the passive film of aluminium. In the electrogaktion tests the aluminium

electrode was not subjected to any of these pegrrents.
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Figure 4.25: Breakdown potentialEy,,, of the pure aluminium as a function of the lotian of the
chloride concentration. The breakdown potentig|, was obtained from potentiodynamic polarisation
tests recorded at a rate of 0.5 ni¥/ $he experimental points were fitted by a linesgression analysis
toE,, = A+ Blog[CI], A=-1.026 + 0.004 V, B =0.204 + 0.003 V, R=0.999.

4.5.2 The effect of PQ} ions

It has been reported that phosphate ions act abitois on the pit initiation of
aluminium in neutral chloride solutions by formimgsoluble precipitates [71, 72].
Shalabyet al. [73] investigated the corrosion behaviour of alitnin in 0.01 M NaCl
containing different anions, including phosphatBsey found that the phosphate ions
play a dual role. At low concentrations they modtig rate of nucleation and growth of
the passive oxide layer and at higher concentratibay become incorporated into this
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layer and hence increase the protective naturkeofilim. As discussed earlier with the
iron and stainless steels (Sections 4.2.3, 4.308, 44.3), phosphate ions act as
inhibitors towards the corrosion of aluminium. Thetentiodynamic polarisation tests
carried out on the pure aluminium electrode in*6 BJ* M KH,PQ, solutions with and
without 5.0 x 10 M NaCl are shown in Figure 4.26 and confirm tHeibiting action of
the phosphates. In these experiments, the alumimlatirode was polarised in the
anodic direction from an initial potential of -1@ vs. SCE up to a final potential of
3.500 V vs. SCE. In the 6.5 x T KH,PO, solution the corrosion potentidte, of
pure aluminium is -0.869 V vs. SCE and the corradpw corrosion currenfeor, IS
1.4 x 10" A cm® The electrode exhibits a wide passive region thdends from
about -0.150 V vs. SCE up to 3.500 V vs. SCE. Qdita of 5.0 x 1¢' M NaCl to the
phosphate-containing solution, there is little &aon in the corrosion potentidtco, or
the corrosion currenicor, however the breakdown potentiéd,,, occurs at 0.276 V
vs. SCE. At higher applied potentials the currem&ches a limiting value which
corresponds to actively propagating pits that failrepassivate at these high applied

potentials.
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Figure 4.26: Potentiodynamic polarisation curves recorded fer plare aluminium electrode at a scan
rate of 10 mV Sin 6.5x 10° M KH,PQ, solutions with — — — 5.8 10* M NaCl and — without NaCl,
at a pH of 5.0.
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The presence of chloride anions, even in small eotnations, certainly represents an
advantage in terms of the energy needed to caeseréakdown of the passive film on
pure aluminium. However, as outlined earlier, tbagentration of chloride ions in real
wastewater samples can drop to very low levels.edeer, it is crucial to ascertain the
grade of damage caused by pitting corrosion todaani uneven consumption of the

electrodes and operational issues of the treatpiant.

4.6 Al-2Mg alloy

Pure aluminium exhibits good corrosion resistanae tb the presence of a natural
passive oxide layer. Generally, the addition afyatig elements decreases the corrosion
resistance and, at the same time, modifies théignipotential or corrosion potential of
the metal [27]. As shown in Section 1.4.2.4, Fid.3] in magnesium-containing alloys
(5xxx series), the corrosion potential decreasightyy with the increasing content of
magnesium [26, 27] and this feature can be beméfici electrocoagulation from the
perspective of the energy consumption. The 5xxxesealso possesses an excellent
resistance to pitting corrosion [31]. For this m@asan alloy belonging to this series, the
EN-AW 5251 (Section 1.4.2.4), with 2% of magnesiuvas selected for study.

The potentiodynamic polarisation tests were caroedl by polarising the Al-2Mg
electrodes with a geometric surface area of 0.5 @mthe anodic direction,
from -1.000 V vs. SCE up to the breakdown potenfig| at a scan rate of 1 mV*sln
the cases where the current density increased lghaloppve the corrosion potential,
Ecorr, the scan was stopped at 0.01 mA“end the potential corresponding to this
value of current density was recorded as the bwmakdpotential, E,,. Cyclic
potentiodynamic polarisation curves were recordetl mV s* and again the Al-2Mg
electrode was polarised in the anodic directiort, the scan was reversed when the

current density reached a value of 1 mATm

4.6.1 The effect of Clions

The potentiodynamic polarisations curves recordwdAl-2Mg electrode in 0.017 M
and 0.170 M NaCl solutions are compared in FiguBy@). It is clear that these data
are very different to those obtained with pure aluom and highlight the role of
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magnesium in modifying the properties of the pasdilm. The corrosion potential,
Ecorr, iN 0.170 M NaCl is -0.664 V vs. SCE, comparea tealue of -0.554 V vs. SCE in
0.017 M NaCl. However, there is little variation time corrosion currentgsor, Which
were computed at 1.20 x £@\ cm®. Above the corrosion potential the current density
increases sharply. Consequently, the electrode doésexhibit any passive region
regardless of the concentration of chloride iond emelectrocoagulation applications
this feature would be advantageous for the enargplg to the system. The breakdown
potential,Ey,, was taken at a reasonably high current densiy.@f mA cn¥, and in
0.017 M NacCl it was found at -0.530 V vs. SCE wii&.170 M NacCl it is observed at
-0.636 V vs. SCE. Similar behaviour was recordedther authors with Al-2.5Mg in
3.5 wt. % NaCl [74] and Al-3Mg in 3 wt. % NacCl [75h both studies the corrosion
potential coincided with the breakdown potentiatl ahere was no evidence of any

passive region.

In Figure 4.27(b) the breakdown potential;, of the Al-2Mg electrode is plotted as a
function of the logarithm of the chloride concetitra to give a linear relationship. In
0.10 M NaCl an average breakdown potential of 0.8%s. SCE was found, which is
in good agreement with the value of -0.640 V vsES€&ported by Bohni and Uhlig [66]
for an aluminium alloy containing 2.4% of magnesiyularised in 0.1 M NacCl
solution. As displayed in Figure 4.27(b), a lineagression analysis of the

experimental points provided a value of B as -0.¥08

E, =-0712- 0108[Cl ] Eq. 4.6

By comparing this to the value obtained with puh@manium, -0.204 V, in Section
4.5.1,Eq. 4.5 it is evident that the breakdown potential of &le&2Mg electrode is less

affected by the presence of chloride ions in sofuti
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Figure 4.27: (a) Potentiodynamic polarisation curves for the2Mg electrode in — 0.017 M
and — — — 0.170 M NaCl solutions at a pH of 5.@pordedat a scan rate of 1 mV's(b) Breakdown

potential,E,, of the Al-2Mgelectrodeas a function of the logarithm of the chloride camtcation. The
breakdown potentiaEy,,, was obtained from potentiodynamic polarisatisigeat a scan rate of 1 mV.s
Each experiment was performed in triplicate (n = e experimental points were fitted by a linear
regression analysis &, = A + B log [CI], A=-0.712 + 0.013 V, B =0.108 + 0.012 V, R= 0.976.

The cyclic potentiodynamic polarisation curves rded for the Al-2Mg alloy in 0.017 M
and 0.170 M NacCl solutions are shown in Figure &ap8As can be seen from the
figure, both cyclic polarisation curves exhibit tergsis. The size of the hysteresis loop
iIs comparable in both 0.017 M and 0.170 M NaCl sohs, implying that the extent of
the damage caused by pitting is not significantfecent. Post-scan examinations of
the specimens using light microscopy confirmed tihat dimensions of the pits are
similar regardless of the concentration of the k&ions. In Figure 4.28(b) and (c) the
micrographs recorded for the Al-2Mg electrode stefafter the cyclic polarisation scan
in 0.170 M NacCl are presented and these depichtindeation of several, small pits.
The diameter of the cluster, which comprises sév@ts, was calculated as 110n.
Other small sites of attack are also visible inufgy4.28(c), and these are probably at
an earlier stage of nucleation or development. §rhall number of active sites appears
to depend on the Mg content. Indeed, in studying #usceptibility to the
electrochemical corrosion of Al-Mg alloys with loig content, Brillaset al. [76]
concluded that the pitting attack was greater wienMg content was increased. The
active sites were attributed to the solubility oagnesium. Although magnesium is
highly soluble in aluminium at high temperaturesdoes not exceed 1% at room
temperature. Therefore, it precipitates as soothademperature is decreased. It has
been reported that magnesium precipitation startiseagrain boundaries assMg, or
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AlgMgs, which is commonly called th@-phase [27]. As reported in Section 1.4.2.4,
these intermetallics are anodic and therefore thpyesent a suitable site for localised
attack in the form of intergranular or stress csiwn, if the precipitation is continuous
at the grain boundaries. However, it has been tegdhat Al-Mg alloys containing less
than 3% in magnesium are resistant to these typdscalised corrosion [11]. The
Al-Mg alloy used in this study contains 2% of Mgdaas shown in Figure 4.28(b) and
(c), there is no presence of intergranular or stasrosion. However, it is likely that
the peculiar form of pitting, a few sites made #@ig@veral pits, which was observed for
the Al-2Mg alloy in NaCl solutions, is due to theeferential attack at the intermetallic
compounds present on the electrode surface.

It is clear that the presence of a small concaotraif chloride activates the surface of
the Al-2Mg electrode, giving rise to dissolutionh€l electrode does not exhibit any
passive region. However, the corrosion of the Aleg2®lloy is predominantly in the

form of clusters of small pits, distributed acrtss surface.
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Figure 4.28: (a) Cyclic potentiodynamic polarisation curves toe Al-2Mg electrode in — 0.017 M
and — — — 0.170 M NaCl solutions at a pH of 5.0a atan rate of 1 mV'smicrographs of the Al-2Mg
electrode at the end of the cyclic potentiodynapaiarisation scan in 0.170 M NaCl solution (b) sdadr

corresponding to 10@m and (c) scale bar corresponding topb@.
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4.6.2 The effect of SGF ions

The potentiodynamic polarisation curves of Al-2Mgzarded in a 0.017 M NaCl and
8.1 x 10 M NaSO, solution and in 0.017 M NaCl are compared in Fégdr29.
Although sulfate is known to have an inhibitingieity towards aluminium [27, 66],
there are no significant differences in the shajpthe polarisation curves recorded in
the absence and in the presence of sulfate ioressaditiition of 8.1 x &M NaSQO, to
the 0.017 M NaCl solution gave rise to a 50 mV @ase in the corrosion potential,
Ecor, and a slight decrease in the corrosion currewimf1.09 x 16 A cm? to
7.13 x 100 A cm®in 0.017 M NaCl, and in 0.017 M NaCl and 8.1 X*1@ N&SQ,
respectively. Above the corrosion potentilor, Which occurs at -0.508 V vs. SCE,
there is a large increase in current density witlaoy passivity region. Similar behaviour
was recorded in 0.017 M NaCl (Section 4.6.1, Fig4r27). The breakdown potential,
Ebr, Was determined at a current density of 0.01 mA,cand was found at -0.464 V vs.
SCE. This corresponds to a 70 mV increase compuafidd the data recorded in
0.017 M NaCl, where the breakdown potential wa830.V vs. SCE. This is in good
agreement with the extensive literature existingtlom effect of sulfate ions on the
pitting corrosion of pure aluminium [69-72, 77-82he earlier studies showed that in
concentrated NaCl solutions the breakdown potentss shifted towards noble values
by adding sulfate ions at concentrations above Nd,3and that sulfate retarded pit
initiation due to its competitive adsorption withlaride [77, 78]. Later, Pyun and co-
workers [69, 70, 81, 82] deduced that sulfate idditeon retards the incorporation of
chloride ions into the oxide film on pure aluminiumpeding pit initiation. However,
they also reported that sulfate ions enhance tloathr of pre-existing pits. These
findings are consistent with the results obtainmeéigure 4.29. Here, with the addition
of sulfate to NaCl solution the breakdown potentil, is shifted in the anodic
direction by about 70 mV, thus retarding the initia of pitting attack. This small shift
is compatible with the low concentration of sulfated, 8.1 x 1&M NaSO,. Bohni
and Uhlig [66] have reported a similarity in thehbeiour of inhibiting anions for
aluminium and 18-8 stainless steel. It is reasanablassume that in the case of the
Al-2Mg alloy the ratio of the S§/CI concentrations has an important role in defining
the extent of the sulfate effect (Sections 4.3@ad.2).
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Figure 4.29: Potentiodynamic polarisation curves for the Al-2Mlgctrode in — 0.017 M NaCl and
8.1x 10*M Na,SQ, solution at a pH of 5.and — — — 0.017 M NaCl solution at a pH of 5.0prded at a

scan rate of 1 mV's

Pitting corrosion was confirmed by cyclic potengradmic polarisation tests carried out
on the Al-2Mg electrode in 0.017 M NaCl and 8.1%&*M NaSO.. A typical plot is
shown in Figure 4.30(a) and it is clear that a énestis loop exists. Furthermore, as
displayed in Figure 4.30(b) and (c), at the endhefscan the electrode surface shows
the nucleation of several pits, similar to that fduon the surface of the Al-2Mg
electrode cycled in NaCl solutions (Section 4.€&iure 4.28). The density of pits is
also similar. However, in the presence of sulfaéitessize of the pit clusters are slightly
smaller, about 8um, and the shape of some of the clusters are éiffeindeed, as
shown in Figure 4.30(b) and (c), circular-like ¢krs and irregular shaped clusters are

present.

Clearly the sulfate ions have an important rolgh@ pitting corrosion of the Al-2Mg
electrode. At low concentrations, they impede thiation of pits and introduce
important changes in the morphology of the pit s However, in the presence of
chloride anions, the sulfate ions cannot prevettingicorrosion of the Al-2Mg alloy.
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Figure 4.30: (a) Cyclic potentiodynamic polarisation curve the Al-2Mg electrode in—— 0.017 M
NaCl and 8.1x 10* M NaSQ, solution at a pH of 5.0, at a scan rate of 1 yrsicrograph of the Al-
2Mg electrode at the end of the cyclic potentiodyitapolarisation scan (b) scale bar corresponding t

200um and (c) scale bar corresponding to L&

4.6.3 The effect of PQ' ions

Phosphates are well known as inhibitors in theasion protection of aluminium in
water [27]. For this reason, they are used in chahdonversion treatments to protect
aluminium against corrosion. As there are no report the influence of phosphate
anions on the electrochemical properties of Al-Mpya, polarisation curves were
recorded in a 0.016 M KJPO, solution. A representative potentiodynamic pokeren
curve for Al-2Mg electrode is shown in Figure 4&8jl(and it is clear that the
polarisation behaviour is very different to thatsetved in the chloride-containing
solutions. Above the corrosion potentigl,;, which occurs at -0.484 V vs. SCE, the
electrode is passivated and the passive regiorssgi@out 600 mV. As can be seen from
the figure, the breakdown potenti&,,, is 0.103 V vs. SCE, significantly higher than
that observed in the chloride-containing solutidtigwever, the onset of metastable pits
is present well below this value, as evident fréwd fluctuations of the current density.
After the breakdown potentiaky,, the current density increases rapidly suggesting
fast growth of pits on the electrode surface. Thelic polarisation scan, shown in
Figure 4.31(b), reveals the presence of a largeehaas which is consistent with pitting

corrosion. Indeed, this was confirmed upon exanginthe specimen using light
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microscopy. The inset in Figure 4.31(b) providagpresentative micrograph obtained
at the end of the scan. The pits developed on lgwtrede surface are very different
from those grown in chloride solutions (Section.3,.6igure 4.30). The pits are not

gathered in clusters, have an average diametd) i and have a irregular shape.

Although the phosphate ions act as inhibitors tolwahe Al-2Mg alloy giving a wide
passive region, the alloy corrodes at higher pa@knand exhibits pitting corrosion. As
discussed in Section 4.1, the presence of a regfigmassivity represents a potential
disadvantage for the energy consumption in thetrelecagulation process to remove
phosphates.
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Figure 4.31: (a) Potentiodynamic polarisation curve and (b) icypbtentiodynamic polarisation curve
for the Al-2Mg electrode in — 0.016 M KPO, solution at a pH of 5.0 recorded a scan rate of
1 mV s™. The inset shows a micrograph of the Al-2Mg eledtr at the end of the cyclic potentiodynamic

polarisation scan, scale bar corresponds to200

4.6.4 The effect of co-existing anions in sww 1 arsgivw 2

The two synthetic wastewaters, sww 1 and sww 2evermulated to investigate the
dissolution behaviour of the electrode in a mulipmnent environment in the presence
of several co-existing ions. Again, potentiodynarplarisation curves and cyclic
polarisation curves were recorded in sww 1 and s@wlIn Figure 4.32 the
potentiodynamic polarisation curves recorded fa #+2Mg electrode in sww 1 and
sww 2 are compared. The cathodic branches areasiraitd above the corrosion
potential,Ecor, the current density shows a sharp increase. @@haviour is similar to
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that observed for the Al-2Mg alloy in NaCl soluteo(Section 4.6.1) and indicates that,
above the corrosion potential, the electrode ethiitting corrosion. It is also evident
from the figure that the concentration of chloridas, which varies from 0.170 M in
sww 2 to 0.017 M in sww 1, has a significant effestthe corrosion potentidt.,, and
the breakdown potentiaEy;. The corrosion potentiaEcor, is shifted some 80 mV in
the cathodic direction in the sww 2, (from -0.598/8/ SCE in sww 1 to -0.670 V vs.
SCE in sww 2). As can be observed in Section 4Fdure 4.27, a comparable shift of
100 mV was observed between the corrosion potemgabrded in 0.017 M and 0.170 M
NaCl solutions. The breakdown potentidts;, were taken at 0.01 mA ¢mand were
calculated as -0.587 V and -0.661 V vs. SCE in stvwand sww 2 solutions,
respectively. As shown in Section 4.6.1, Figure74a2shift of about 100 mV in the
breakdown potential was observed with the 0.01/@&170 M NaCl solutions. In the
two synthetic wastewaters the magnitude of thd sh§omewhat smaller; in the sww 2
solution the breakdown potenti,,, is about 70 mV lower than in the sww 1 solution.
This smaller shift is likely due to the presencetlué sulfate and phosphate anions,
which possess an inhibiting effect on the corrobthe Al-2Mg electrode, as shown
in Sections 4.6.2 and 4.6.3.
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Figure 4.32: Potentiodynamic polarisation curves for the Al-2klgctrode in — sww 1 and — — — sww 2

solutions at a pH of 5.0 recorded at a scan ratern¥ s.
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The cyclic potentiodynamic polarisation curves rded for Al-2Mg in sww 1 and sww 2
solutions are shown in Figure 4.33(a). In both sdhe forward and the reverse traces
are different, generating hysteresis. The hysterk®p is somewhat smaller in the
sww 2 solution. However, there was no significaiftecence in the distribution and
morphology of pits between the sww 1 and sww 2tgmis. The micrographs recorded
in the sww 2 solution are presented in Figure ©B3nd (c) and these depict the
electrode surface at the end of the cyclic scas. With different diameters are visible
on the electrode surface and their dimensions r&oge 20 to 8Qum. This morphology

is very different to that observed in the chlormeitaining solutions where circular-
shaped clusters of pits were observed (Sectiod 4fgure 4.28(b)). It is obvious that a
different process leads to pitting attack in thespnce of co-existing ions. The effects
of the aggressive chloride actions may be mitigatetthe presence of phosphate ions,
which exert an inhibiting role, as discussed intBac4.6.3. In addition, both synthetic
wastewaters contain sulfate, 8.1 x*1BI. Since it was shown in Section 4.6.2 that
sulfate ions retard the growth of pits on Al-2Mgdatode, it seems plausible that their
presence in the sww 1 and sww 2 solutions may lsds@ a role in the pitting attack,

giving rise to pits with different sizes and distriion.
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Figure 4.33: @) Cyclic potentiodynamic polarisation curves fbe tAl-2Mg electrode in — sww 1
and — — — sww 2 solutions at a pH of 5.0 recordeal stan rate of 1 mV'smicrographs of the Al-2Mg

electrode at the end of the cyclic potentiodynaputarisation scan in sww 2 solution with (b) schée

corresponding to 20@m and (c) scale bar corresponding to 6@
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In a multicomponent system, such as sww 1 and sywhith contains both activators
and inhibitors, the corrosion behaviour of Al-2Mg)affected by the presence of both
categories of anions. However, the presence of rideloions, even in small
concentration, determines the electrochemical kebhavof the alloy, since the
polarisation curves obtained in the two synthetiastewaters are similar to that
obtained in chloride solutions. Chloride has a fpasiinfluence on the dissolution of
the alloy which does not exhibit any passive regidhe inhibiting phosphate and
sulfate anions exert some influence with a shifttteé breakdown potential€yy,
towards more noble values. However, more significififerences in the size, shape and

distribution of the pits are evident in the presentthe sulfate and phosphate anions.

4.7  Al-Zn-In alloy

Binary and ternary aluminium alloys have been rdgenvestigated as materials for Al
batteries or cathodic protection systems [83-88ihadugh pure aluminium is a very
attractive metal for its mechanical properties, spentaneously formed oxide film on
its surface leads to a significant loss of avadaphergy and does not allow the active
dissolution of the electrode as it is required mdustrial applications. Numerous
investigations have been reported on the additfaalloying components, such as Zn,
In, Hg, Sn, Ga, Mg and Ti, to aluminium and theBeya give an active surface that
corrodes in a nearly uniform manner [28, 29, 83980 Also in electrocoagulation the
passivation of the electrode surface has beeniigghtis a primary disadvantage on
employing aluminium as the anode material [5, &%, However, only a few studies
have been carried out on the electrocoagulatiofofmeances of Al-alloys [12, 97-100]
whereas the majority are focused on the use optne aluminium. For this reason, an
Al-Zn-In alloy was used as the anode material fecteocoagulation applications. This
alloy contained 3% zinc and 0.02% indium. The pttelynamic polarisation tests
were carried out by polarising the Al-Zn-In electeowith an area of 0.38 énin the
anodic direction, from -1.400 V vs. SCE up to tmedkdown potentialEy,, or up to a
current density value of 0.01 mA &nA scan rate of 1 mVswas employed. The
cyclic potentiodynamic polarisation curves weref@ened in a similar manner, but the

scan was reversed when the current density reachallie of 1 mA ci.
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4.7.1 The effect of Clions

The potentiodynamic polarisation curves of Al-3Z6ZIn in 0.017 M and 0.170 M
NaCl solutions are shown in Figure 4.34(a). Theasion potentialsk.q, are -0.912
V vs. SCE in 0.017 M NaCl and -1.07 V vs. SCE ih70. M NaCl. The shape of the
anodic curve is very similar in both solutions gmdsents an active dissolution without
any passivity with the breakdown potentidd,,, occurring at -0.879 V vs. SCE
and -1.05 V vs. SCE in 0.017 M and 0.170 M NaCusohs, respectively. It is clear
that the breakdown potentials;,, have values very similar to the corrosion potdsti
Ecor. Moreover, in 0.170 M NacCl the corrosion potential,;, and the breakdown
potential, Ey;, are shifted about 170 mV towards more negativieesa The same
behaviour was found with the Al-2Mg electrode inQ\lasolutions (Section 4.6.1),
although more positive values of both the corrogotential and breakdown potential
were observed. These data are in good agreementhetresults presented by kaz

et al. [29], where active behaviour above the corrosioteptial was observed with
Al-5Zn-0.02In and Al-4Zn-0.015In-0.1Si in deaera®8 M NaCl solutions. Bresliat

al. [28] have also studied the electrochemical behavad an Al-3.5Zn-0.02In alloy. In
this case a passive region, although with highesipa currents, was evident before the
breakdown of the film. However, the electrode wes-olarised at -1.800 V vs. SCE

for 1 min generating an oxide-free surface.

The influence of the chloride concentration on theakdown potentialEy,, is
illustrated in Figure 4.34(b), where a linear nelaship is obtained between the
breakdown potentiaky,,, and the logarithm of the concentration of chleridns. The
value of the slope of the regression equation, Wwicmrresponds to B, is -0.123 V, as
shown in Eq. 4.7. This value is smaller than thatimed with pure aluminium, -0.204 V
(Section 4.5.1, EqQ. 4.5), but higher than thatuated with the Al-2Mg alloy, -0.108 V
(Section 4.6.1, Eq. 4.6).

E, =-1115- 0123[CI"] Eq. 4.7
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Figure 4.34: (a) Potentiodynamic polarisation curves for Al-3@®2In electrode in —— 0.017 M
and — — — 0.170 M NaCl solutions at a pH of 5.0orded at a scan rate of 1 mV.gb) Breakdown

potential,E,, of the Al-3Zn-0.02In electrode as a function lod fogarithm of the chloride concentration.
The breakdown potentiaky,, was obtained from potentiodynamic polarisatiostde Each experiment
was performed in triplicate (n = 3). The experina¢moints were fitted by a linear regression aralis
E=A+Blog[CI], A=-1.115+0.018 V, B =0.123 £ 0.016 V, R= 0.966.

Figure 4.35 provides a comparison of the datadfitig linear regression analysis for
pure aluminium (B = -0.204 V, Section 4.5.1, Ed)4Al-2Mg alloy (B = -0.108 V,
Section 4.6.1, Eq. 4.6), and Al-3Zn-0.02In alloy£B0.123 V, Section 4.7.1, Eq. 4.7).
As already outlined in the introduction (Sectiori)4.an anode material with a low
sensitivity to the chloride concentration is preder in the electrocoagulation of
wastewaters, since in treatment facilities the levef chloride ions may vary
considerably and occasionally drop to very low @mrations. According to Figure
4.35, the Al-2Mg electrode is the less susceptiégerial to the chloride concentration,
since the B value is small, at -0.108 V. Howevee Al-2Mg electrode also shows
resistance to corrosion, as highlighted from tHatiresly high values of the breakdown
potential,Eyy, in Figure 4.35. Although the values of the bremiwd potentials for pure
aluminium are lower than the Al-2Mg electrode, pakeminium is very sensitive to the
concentration of chloride ions, as shown in FiguB5. The value of B is high at -0.204 V.
The AI-3Zn-0.02In electrode shows a good comprontisveen the sensitivity to
chloride ions, with a B value of -0.123 V, and tfaues of the breakdown potential.
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Figure 4.35: Breakdown potentialsE,, of v Al-2Mg, ® pure aluminium, and® Al-3Zn-0.02In

electrodes plotted as a function of the logaritHrthe chloride concentration.

The cyclic potentiodynamic polarisation curves rded for the Al-3Zn-0.02In in 0.017 M
and 0.170 M NacCl solutions are shown in Figure @BeHysteresis is evident in both
plots. However, the area of the hysteresis loognmller in 0.017 M NaCl. The
morphology of the electrodes recorded following tiyelic polarisation measurements
are presented in Figure 4.36(b) and (c), and dtaar that localised sites of dissolution
are uniformly dispersed over the entire surfacéhefelectrode. It was not possible to
establish an average diameter of the pits as &y to grow and propagate along the
grain boundaries of the alloy with a dendritic shaghe density of the pits is
considerably higher in comparison with the numidepits developed on the surface of
Al-2Mg in NaCl solutions (Figure 4.28). Similar imgs were found by Mioz et al.
[29], who observed that the attack of Al-5Zn-0.0Zioy in 0.5 M NaCl solution
initiates at the grain boundaries and propagates time bulk of the grain through
interdendritic zones. The sites of initiation andwgth of pits are preferentially located
at areas enriched in In and Zn during the solidtfan process of the alloy due to the
low solubility of Zn and In at ambient temperatuj&g1l].
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Figure 4.36:(a) Cyclic potentiodynamic polarisation curvesttoe Al-3Zn-0.02Irelectrode in — 0.017 M
and — —— 0.170 M NaCl solutions at a pH of 5.(rded at a scan rate of 1 mV; snicrographs of the
Al-3Zn-0.02In electrode at the end of the cyclic potentiodynapitarisation scan in 0.017 M NaCl

solution (b) scale bar corresponding to 200 and (c) scale bar corresponding to L@@

The electrochemical behaviour of the Al-3Zn-0.0Zlkectrode in NaCl solutions is
characterised by low corrosion potentials, everloiw chloride concentrations. The
electrode corrodes mainly in the form of pittingowever, the extent of the damage is
low since the growth of the pits on the specimetfiase is limited. In addition, an even
dispersion of the pits can be observed. A very tmrrosion potential, the absence of
any passive region, and general/uniform corrosion @ositive characteristics for a

material in electrocoagulation process.

4.7.2 The effect of SG ions

The effect of small additions of sulfate to theachde solution on the electrochemical
behaviour of the Al-3Zn-0.02In alloy was investiggtby polarising the electrode in a
solution of 0.017 M NaCl and 8.1 x 1M NaSO,. The resulting potentiodynamic
polarisation curve recorded in this solution isgerged in Figure 4.37. The polarisation
curve recorded in 0.017 M NacCl is also shown fomparison. In the presence of
sulfate ions the corrosion potenti&or, Of the Al-3Zn-0.02In electrode is shifted by
about 100 mV towards more cathodic values, adominglue of -1.015 V vs. SCE.
This is somewhat different to that obtained for2Mg alloy (Section 4.6.2). However,
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at potentials slightly higher than the corrosiorigmtial there was no sharp increase in
the current. All three replications of the polatisa scan, which were performed in the
0.017 M NaCl and 8.1 x T0M NaSQ, solution, exhibited a decrease in the current
density above the corrosion potential. This is plyp due to repassivation of the
electrode surface in the presence of sulfate ibhe.breakdown potentidk,,, was read

at a current density of 0.01 mA &rmand was found at -0.858 V vs. SCE, which is
similar to that recorded in the 0.017 M NaCl santi-0.912 V vs. SCE. As shown for
the Al-2Mg system, in Section 4.6.2, the additidrswafate ions to the chloride solution
resulted in a 66 mV shift in the breakdown potdntighich again is different to that
observed with the Al-3Zn-0.02In electrode.
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Figure 4.37: Potentiodynamic polarisation curves for the Al-3ZB2Inelectrode in — 0.017 M NacCl
and 8.1x 10*M Na,SO, solution at a pH of 5.0 and — — — 0.017 M NaCusoh at a pH of 5.0 recorded
at a scan rate of 1 mV's

The cyclic potentiodynamic polarisation curve releat for Al-3Zn-0.02In in the 0.017 M
NaCl and 8.1 x 1& M NaSO, solution is shown in Figure 4.38(a). The data kithia
small hysteresis effect, which may indicate lo@isdissolution. The surface
morphology of the electrode at the end of the cystian is shown in Figure 4.38(b) and
(c). Pits very similar to that observed on the acefof the electrode in NaCl solutions
(Section 4.7.1, Figure 4.36) are present on thiaselr As seen previously with the NacCl

solutions, the pits do not have a circular or semuular shape. Instead they begin to
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grow and develop along the grain boundaries ofatley. By comparing Figure 4.36(c)
and Figure 4.38(c) it appears that the pits forinethie 0.017 M NaCl and 8.1 x v
NaSO, solution are larger, but a lower number of actites are generated. These
results indicate that the sulfate ions inhibit ghié initiation, since the breakdown
potential,Ey, is shifted towards slightly more noble values &wler sites of attack are
found on the electrode surface. However, once itiseopcur, the sulfate anions enhance
and increase the rate of propagation, as larged $#s are now evident on the surface.
Indeed, this is consistent with several reportsheninfluence of sulfate anions on pure
aluminium [69, 70, 81, 82].
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Figure 4.38: (a) Cyclic potentiodynamic polarisation curve foe tAl-3Zn-0.02Inelectrode in— 0.017 M
NaCl and 8.1x 10* M Na,SO;, solution at a pH of 5.0 recorded at a scan rate iV s*; micrograph of
the Al-3Zn-0.02In electrode at the end of the ayglotentiodynamic polarisation scan with (b) sdze

corresponding to 20@m and (c) scale bar corresponding to 6@

It is clear that the presence of small concentnatiof sulfate ions in the NaCl solution
is responsible for two contrasting effects. Thaa@sion potentialEc, is shifted to less
noble values. On the other hand, the breakdowmpatgeE,,, occurs at more positive
values, although the potential shift is small. Mer, the growth of the pits on the
electrode surface is limited to a few sites, howétveas observed that pits grow larger
in size in the presence of sulfates. This resuly nmalicate the role of sulfate in
hindering the pit attack but facilitating the grémand propagation of existing pits.
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4.7.3 The effect of PQ' ions

The influence of phosphate anions on the propeofigd-3Zn-0.02In alloy was studied
by recording the potentiodynamic polarisation camvea slightly acidic, pH 5.0, 0.016 M
KH,PQ, solution. A typical polarisation curve is shownHigure 4.39(a). The corrosion
potential,E.qorr, is -0.680 V vs. SCE, while the corrosion curreqt;, is relatively low at
1.41 x 16 A cm®. The shape of the curve is characterised by adbpaasive region,
about 400 mV, which extends from -0.680 V vs. SGEX232 V vs. SCE. As evident
from the figure, current fluctuations are preseefiobe the onset of pit growth. Similar
behaviour was found for the Al-2Mg alloy in phosghaolution, as shown in Figure
4.31(a). Phosphate ions are well-known inhibitiggras in industrial applications, and
alter the behaviour of the AI-3Zn-0.02In electrodem active dissolution to more
passive behaviour. The cyclic potentiodynamic psédion curve, which is presented in
Figure 4.39(b), shows significant hysteresis. ThiScates considerable dissolution and
modification of the surface. The inset in the figulepicts the morphology of the
electrode surface at the end of the cyclic scanitaisdclear that the surface is covered
by several pits with different forms. The majoraj/ the pits are non-circular in shape
with a length of about 8@m. This suggests that once the breakdown of theiyeéim

occurs, the damage of the specimen by pits andidedadissolution sites is extensive.
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Figure 4.39: (a) Potentiodynamic polarisation curve and (b) icypbtentiodynamic polarisation curve
for Al-3Zn-0.02In electrode in — 0.016 M KIPIO, solution at a pH of 5.0 recorded at a scan ratero¥/ s'.
The inset shows a micrograph of the Al-3Zn-0.02kc®ode at the end of the cyclic potentiodynamic

polarisation scan, with the scale bar correspontdiri)Oum.
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The potentiodynamic polarisation tests for the Zh3¥.02In electrode were also
performed in 6.5 x TOM KH,PQ, solution with and without the presence of 5.0 % 1D
NaCl. They were carried out by polarising the etmb¢ from -0.500 V vs. SCE at a
scan rate of 10 mV'’s Although not shown, the addition of chloride tegignificant
effect on increasing the dissolution rate of theZAtin alloy. This is significant given

the low concentration of the chloride anions, 51008 M.

4.7.4 The effect of co-existing anions in sww 1 @isww 2

In Figure 4.40 the potentiodynamic polarisationvesrrecorded for Al-3Zn-0.02In in
sww 1 and sww 2 solutions are displayed. The camogotential Ecor, is -0.798 V vs.
SCE and -0.857 V vs. SCE in sww 1 and sww 2, rasmg. On comparing these
values with the data obtained in 0.017 M and 0.47NaCl solutions in Section 4.7.1
and Figure 4.34, it is evident that the corrosioteptial is shifted to more noble values
by 100 mV in sww 1 and 200 mV in sww 2. This slsftprobably connected with the
presence of the phosphate anions. As shown indpettr.2, the addition of sulfate ions
to the NaCl solution gave rise to a decrease in dbeosion potential, whereas
phosphate ions greatly shifted the corrosion p@kid the anodic direction (Section
4.7.3). Consequently, the shift in the corrosioteptial towards more positive values in
sww 1 and sww 2 solutions is due to the presence@haisphate ions. Above the
corrosion potential, active dissolution is obsenadl there is no evidence of any
passive region. This behaviour is similar to thbserved in NaCl solutions (Section
4.7.1, Figure 4.34). The influence of the chlorm@centration can be seen by the
difference in the gradients of the anodic curremtthe two synthetic wastewaters. In
sww 2 solution, which contains a higher concerdratof chloride, the increase in
current above the corrosion potential is more ragiding a higher gradient. On the

other hand, in sww 1 solution the gradient of taegent increase is lower.
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Figure 4.40: Potentiodynamic polarisation curves for the Al-3@1®2In electrode in — sww 1
and — — — sww 2 solutions at a pH of 5.0 recordexdszan rate of 1 mV''s

The cyclic potentiodynamic polarisation curves rded for the Al-3Zn-0.02In
electrode in sww 1 and sww 2 solutions are showrigare 4.41(a). Both cyclic curves
show evidence of hysteresis, which is more sigaificin the case of sww 1. The
corresponding micrographs of the electrode surfaeseerded after the cyclic scans in
sww 1 and sww 2 solutions, are shown in Figure (by4&and (c), and reveal the
existence of pitting corrosion. However the morpigyl of the electrode surface in the
two solutions is quite different. In sww 1 the dénsf the attack is high and the pits
are relatively small. In the sww 2 solution theaakt occurs preferentially at a limited
number of sites, but the extent of the pitting @tté&s more severe, as the pits are

considerably larger in size.
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Figure 4.41: (a) Cyclic potentiodynamic polarisation curves tlog Al-3Zn-0.02In electrode in — sww 1
and — — — sww 2 solutions at a pH of 5.0 recorded acan rate of 1 mV's micrographs of the

Al-3Zn-0.02In electrode at the end of the cyclicgraiodynamic polarisation scan in (b) sww 1, vilie

scale bar corresponding to 206 and (c) sww 2, with the scale bar correspondin200um.

The corrosion behaviour of the Al-3Zn-0.02In eled& in a multicomponent system is
clearly affected by the different ions present le tsolutions. The activation of the
electrode, manifest by low corrosion potentials #mel absence of a passive region, is
weakened by the inhibiting effects of the phospheates, which raise the value of the
corrosion potential. Higher concentrations of cidleranions seem to minimise this
passivation effect. However, more severe pittinigckt probably due to the role of
sulfate ions in enhancing the growth of existints ps observed. It is clear that the
Al-3Zn-0.02In alloy has the lowest corrosion potahtvhich in turn denotes ease in the

dissolution process and makes this alloy intergstirelectrocoagulation applications.

4.8 Summary

In this chapter the electrochemistry of severahiemd aluminium alloys in synthetic
wastewaters was investigated. Corrosion parametard) as the corrosion potential,
Ecorr, and the breakdown potenti&d,,, are computed and used to outline the dissolution
of the electrode and the occurrence of localiseeh$oof corrosion. LovE., values the
absence of passivity, and a uniform dissolution tbé metal are considered
advantageous in the electrocoagulation procesermst of energy consumption and
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operational perspective. Furthermore, the susaétilof the various alloys to the
concentration of chloride was determined. In waatewtreatment plants, the level of
chlorides may vary considerably. Consequently, eaatgrsensitivity of the metal
dissolution to the chloride concentration is coastd an important drawback in

electrocoagulation.

The electrochemical behaviour of the pure iron tetele is highly dependent on the
chloride content of the test solution. In NaCl $iolas, the corrosion potentidtg,, and
the breakdown potentiaky,,, decrease with increasing concentrations of aidorOn
the other hand, the corrosion currggty, increases suggesting an enhanced dissolution.
In addition, the morphology of the attack is cotesis with pitting corrosion. The
presence of sulfate ions, even in small concepntratnitigates the effect of chlorides.
This was most probably ascribed to the competitisorption of anions on the
electrode surface. Consequently, the mitigatioaatfflepends on the ratio of the sulfate
to chloride concentration. The dissolution of therey iron electrode is strongly
facilitated in the presence of phosphate ions. ddgdehe electrode exhibits active
dissolution and high corrosion currents. This béhavis consistent with a solution pH in
the range of 4.5-7.0. In the two synthetic wastevgatsww 1 and sww 2, a general
dissolution with no sign of passivity is observ@the pitting attack by chloride ions is
minimised by the presence of inhibiting anions, hswas sulfates and phosphates.
Moreover, the variation in the chloride concentatihas little influence on the

dissolution of the iron electrode.

The AISI 310 electrode is characterised by a passature because of the high content
of chromium. This feature has some implicationsité electrochemical behaviour.
Indeed, the electrode remains passive for an egtentegion even in high
concentrations of chloride ions. When the breakd@weours, isolated, large pits are
observed on the electrode surface. Sulfate ionbitnitne onset of pitting, shifting the
breakdown potentialE,,, towards more noble values and lowering the caros
current, jcorr. A similar effect is observed in the presence bbgphate ions, which
passivate the electrode. The concentration of wldogains relevance in the synthetic
wastewaters, which contain several anions. Therel® remains passive for a large

potential region and then eventually it suffersesevpitting corrosion at potentials
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dependent on the concentration of chlorides. Tlkakitown of the passive film and the
subsequent dissolution occur at high potentialsereshthe electrochemistry of

chromium might be involved with its dissolutionthre test solution.

The low content in chromium greatly influences #iectrochemical behaviour of the
AISI 420 electrode. Indeed, in NaCl solutions, bheakdown of the passive film occurs
at potential values lower than those observed tighAISI 310. In addition, the AISI

420 is susceptible to a severe form of localisadoston which gives rise to large, deep
pits on the electrode surface. Again, the presefdehibiting anions, such as sulfates
and phosphates, passivates the electrode. For éxamfhe sulfate-containing solution
a larger passive region and smaller pits are obsem comparison to the chloride-
containing solution. On the other hand, the el@grsurface does not show any
evidence of pits in the presence of phosphate ibns.effect of these inhibiting ions is
evident in the synthetic wastewaters, which alsotaia chlorides. The breakdown
potential, Ey,;, occurs at lower values due to the competitivaoacbf the anions.

Consequently, smaller pits develop on the electsulface.

The pure aluminium electrode is highly susceptibde pitting corrosion and the

occurrence of the breakdown of the passive filmagha significant dependence on the
concentration of chloride ions. For example, in ggtwte-containing solutions, the
electrode remains in a passive state. However, whkmide ions are also present in the

solution, pitting occurs.

The dependence on the chloride concentration isnrmsad for the Al-2Mg electrode.

Indeed, in chloride solutions it shows active diggon. Also in the presence of sulfate
ions, the electrode exhibits corrosion, althoughdhset of the pit initiation is retarded.
However, the inhibiting action of phosphate ionslearly evident in the form of a large
passive region. The corrosion of the Al-2Mg eled&ran the synthetic wastewaters is
very similar to that observed in chloride-contagisolutions. The electrode does not
exhibit any passive region, although the presemd¢beoinhibiting anions causes a shift
of the breakdown potential towards more noble \aled changes the morphology of

the pitting attack on the electrode surface.
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The electrochemical behaviour of the AI-3Zn-0.02in chloride solutions is
characterised by active dissolution with a unifadiepersion of the dissolution sites.
The dissolution of this alloy shows a low depend@eoc the chloride concentration and
a significant low corrosion potentidt.., even in low concentrated solutions. While in
the presence of sulfate ions the electrode exhgumtae signs of repassivation of its
surface, the inhibiting effect of phosphate ionsemarkably more evident. Indeed, a
broad passive region is observed. However, wherbthakdown of the passive film
occurs, the damage on the electrode surface byjidedadissolution is extensive. The
presence of a small concentration of chloride E#Ems to have a positive effect on the
passivity in phosphate-containing solutions. Anvactlissolution is also exhibited in
the synthetic wastewaters, although the corrosioterpials, Ecor, are shift towards
more noble values in the presence of the inhibittodfate and phosphate anions.
However, this alloy has the lowest corrosion pagntwhich denotes ease in the
dissolution process. The morphology of the attaxkni the form of small, evenly
dispersed pits in low content chloride solutionkeTelectrode suffers a more severe

attack in highly concentrated chloride solutions.
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5 Performance of the Electrodes in Synthetic

Wastewaters and a Screening Chemometric Study
on the Removal of Phosphates by AlSI 420 Electrode

5.1 Introduction

In Chapter 3 results on the removal of phosphataguAl-2Mg and AISI 420
electrodes were presented. The removal efficientythese two electrodes was
investigated by varying several operating pararseterch as the initial concentration of
phosphates, current density, initial pH and theceatration of sodium chloride. A
simplified model for the removal mechanism andkimetics of the phosphate removal
were discussed. In addition, the two alloys westetk to treat real samples from two
wastewater facilities in Co. Longford. The use luéde real samples revealed that the
removal efficiency depends on the electrochemigify each electrode and the
physico-chemical properties of the solution. As ansequence, the electrochemical
behaviour and the corrosion properties of sevdegt®de materials were studied and
these results were presented in Chapter 4. They st carried out in synthetic
wastewaters in order to obtain more realistic tesunl terms of the electrode behaviour

for potential applications in wastewater treatn@ants.

An extensive literature exists on the use of irod aluminium as electrode materials in
electrocoagulation processes [1]. Conversely, fawlies have been reported on iron
and aluminium alloys. As shown in Chapter 4, alhgyelements can enhance the rate of
dissolution of the electrodes or alter the natdrieewous and non-ferrous alloys. These
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features may result in better performances from plespectives of the removal

efficiency and the energy consumption.

In this chapter, results are presented and disdussehe performance of ferrous and
non-ferrous electrode materials in removing thrééemnt types of pollutants. The
efficiency of the electrodes, which is studiedhe synthetic wastewaters, is compared
and correlated to the electrochemistry of the ebelets studied in the same test
solutions, Chapter 4. As shown in Chapter 4, thkitism conductivity and the
concentration of chloride ions play a key role hie electrocoagulation performance of
the electrodes. Moreover, the composition of thestewsater in treatment plants is
typically complex and involves various ions. As winoin Chapter 4, these ions can act
as inhibitors or activators in electrocoagulatibrys affecting the removal performance
and the energy demand. In the present study, ieradm investigate the effect of
co-existing ions, electrocoagulation tests werei@arout in two synthetic wastewaters,
sww 1 and sww 2, which were formulated from the @E§ynthetic sewage [2] and
contained some of the ions most commonly presentastewater. The composition of
the two solutions is shown in Table 5.1 and differghe chloride ion concentration,
0.017 M insww 1 and 0.170 M in sww 2.

Three different pollutants were then added to #s¢ $olutions. Phosphate anions were
selected as a model of inorganic pollutants. Thesgganic pollutants are not
particularly toxic, however they are still a dangerthe environment because they are
used extensively as fertilisers [3] and are resiptmsfor the phenomenon of
eutrophication. A dye was used as a model of selaljanic pollutants. Although there
are a lot of soluble organic compounds, speciahétin is paid to dyes because of the
great amount discharged from industries [4]. Thesapounds usually have functional
groups and a high molecular weight. Furthermorey @re highly soluble in water and
persistent once discharged into the natural enment [5]. An azo dyeC.l. Acid
Orange 7or Orange Il, was used. Its structure is showB8eugtion 2.3.3.1. This dye is
widely used in textile industries for dyeing [5]daseveral studies on its removal by
electrocoagulation have already been reporteddritirature [6-10]. Finally, Zii ions
were selected as a model of metallic pollutantsc Z$ used mainly for galvanising iron
but it is also important in the preparation of agrtalloys, i.e. brass, and as a pigment,
i.e. ZnO [11].
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Table 5.1: Composition of the electrolyte solutions, sww 1 awdv 2, used in the electrocoagulation
tests. The pH was maintained at 5.0.

CaCl,.2H,0 MgS0,.7H,0 NacCl PO,-P Orange Il Zn? K
/gLt /gLt /gL /mgL* /mgL' /mgL' /msnit
sww 1 0.4 0.2 0.7 500.0 50.0 100.0 3.7
sww 2 0.4 0.2 7.0 500.0 50.0 100.0 14.4

The energy consumption of the electrocoagulatioocgss is also presented and
discussed in this chapter. Although quite attragtivfew companies use
electrocoagulation for treating wastewater, whishmainly due to the energy costs.
Some examples of companies involved in electrodaéign include Watertectonics
Inc., Kaselco Inc., Powell Water Systems Inc., Btoh Inc. and OilTrap
Environmental Products Inc. The major impedimenthe more widespread use of
electrocoagulation over conventional methods isutiheertainty about the energy costs.
Therefore, a study on the energy consumption is aindge most important steps in
developing a successful electrocoagulation unit.

In electrocoagulation many factors, such as the qirent density, composition and
concentration of the solution and conductivity eatfthe efficiency of the process. The
efficiency of a specific process may be increagmshwptimisation of these factors. As
mentioned in Section 2.3.7, the classical apprd@acloptimise a process involves
varying a single factor while keeping the othertdas fixed at a specific set of
conditions, ‘one-factor-a-time’ or OFAT [12]. Howa this method is time consuming
and may give rise to optimisation conditions thratfar from reality [12-14].

Recently, the use and the importance of the Daslidtxperiments, DoE, in agricultural
[15-17], industrial [12, 13, 18] and other sciemstihpplications [19, 20] have been well
documented. These techniques are an efficient edhaleveloping, improving and
optimising a process and can be used to determeectative significance of a number
of factors and their interactions [21]. In the mmisstudy, the DoE was used as a
preliminary screening step in order to identify then-relevant factors affecting the
efficiency of electrocoagulation in removing phosafas. Indeed, several studies have
reported that the current density and time are rtiest important factors in the

electrocoagulation efficiency. However, other fastthat might be relevant have not
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been considered or investigated. In this chaptee, results of a DoE screening
experiment are presented and discussed. The faetbish were likely to affect the
efficiency of the electrocoagulation removal of ppbates using stainless steel AlSI
420 electrode, were selected in order to determimeh were relevant for the process.

5.2 Iron system

Three iron-based alloys, namely pure iron, stamieel AISI 310 and stainless steel
AISI 420, were investigated as anodes in the eleotgulation tests. As outlined in
Section 4.1, the two stainless steel grades wédeeted as alternatives to the pure iron
electrode. Indeed, several authors [4, 22-32] tedasome limitations to the use of iron
electrodes in electrocoagulation, for example &éwesh colour of the effluent owing to
rust formation (Fg03). The presence of chromium in the stainless steagents the

formation of rust on the electrode surface.

Results are presented and discussed on the eleatrdation performance of the three
anode materials for removing phosphates, Orandgelland zinc from the two synthetic
wastewaters. The compositions of the two test goigtused are given in Table 5.1. A
comparison of the electrodes is shown and the tsesate correlated to the
electrochemical behaviour that has been present&hapter 4. Moreover, the energy
requirement for the process was calculated fothihee electrode materials. For all the
electrocoagulation experiments, the current dengitg 11.7 mA c, the ratio of the
surface area of the anode to the volume of solut®#/V, was 19.4 M and the
electrocoagulation time was 30 min. A plate ofrdtss steel AISI 310 was used as the
cathode. The composition of the electrode mateaatsthe full experimental details are
given in Sections 2.2.2 and 2.3.1.2.
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5.2.1 The electrode performance in removing threerepresentative

pollutants from synthetic wastewaters

5.2.1.1 The removal of phosphates

Iron is widely used as an electrode material irctebeoagulation applications [33]. In
particular, several studies have been reportedhenetectrocoagulation removal of
phosphates using iron as the anode material [34/A¥Joutlined in Section 3.3, it is
believed that the removal of phosphates is maiotpmplished through the adsorption
of phosphates on Eehydrolysis products. As a result, iron is a pramjselectrode
material for the removal of phosphates. Indefdemezet al. [35] obtained the
complete removal of phosphates using iron platetreldes with initial concentrations
of 25 and 50 mg £ PQ,-P after 20 min and a removal efficiency of 95% ZB&6 was
reached with 100 and 150 m@ IPO,-P, respectively. On the other hand, there are no
studies carried out on the electrocoagulation rexho¥/phosphates using stainless steel
electrodes. As detailed in Section 3.3, AISI 428ileits very good removal efficiencies
for the removal of phosphates. As a consequence, rémoval efficiencies of
phosphates are compared in this section for thogekased electrodes, pure iron, AlSI
310 and AISI 420.

The residual concentrations of 2B in the sww 1 solution, plotted as a functiorthef
electrocoagulation period, are compared for pumn,irAlSI 310 and AISI 420
electrodes in Figure 5.1. The corresponding daggeesented in Table 5.2. It is clearly
apparent from these data that, at the end of #h&retoagulation period, the removal
efficiency of the pure iron electrode is considéydbgher than that observed with the
other two materials. Indeed, the final concentratié phosphates is 40.7 mg' lfor
pure iron, which corresponds to a removal efficieraf 92%. A lower removal
efficiency of 86% was obtained with AISI 420, whilee removal efficiency of 38% for
AISI 310 was very poor. The results obtained forepwon and AlSI 420 compare well
with the findings reported in Section 3.3. Howeveis evident from the data presented

that the performance of AISI 310 is poor in terrhthe removal of phosphates.
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Figure 5.1: Residual concentrations of RO for ® pure iron,[0 AISI 310 andA AISI 420 electrodes
plotted as a function of the electrocoagulatioretiim sww 1 solution (Table 5.1). (Cathode = AISD31
pH = 5.0k = 3.7 mS rit, j = 11.7 mA cnif, SA/V = 19.4 rif).

Table 5.2: Residual concentrations of R® and removal efficiency for pure iron, AlISI 310daAlSI

420 electrodes in sww 1 solution. Each experimeas performed in triplicate (n = 3).

Time [PO,4-P] n
/ min /mgL? | %
Iron AlSI 420 AlSI 310 Iron AlSI 310 AISI 420

0 500.0 500.0 500.0 0 0 0
5 343 £15 477 +18 354 +£12 31+£3 4+4 29+4
10 200+ 12 433 +£13 267 £ 15 602 13+3 47 +£3
20 98 +7 361 +11 129 +13 80+1 28+2 74 +£3
30 40.7+4.4 313+11 70+8 91.9+0.9 37+2 +86

Figure 5.2 shows the residual concentrations of P@ the sww 2 solution, plotted as
a function of the electrocoagulation time, for pinen, AISI 310 and AISI 420. The
corresponding data are given in Table 5.3. As carsden, at the end of the 30 min
period, the concentrations recorded are 37, 292 @#dmg L', giving removal
efficiencies of 93%, 42% and 87%, for pure ironSAB10 and AISI 420, respectively.
Again, the highest removal efficiency is observedhwure iron and the AISI 420

electrodes. Clearly, the removal efficiencies toe electrodes are very similar to that
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observed in the sww 1 solution (Table 5.2). Thmiksirity observed in both solutions,
sww 1 and sww 2, which differ in the conductivigvel, suggests that, in removing
phosphates, the performance of the iron systeratiaffected by the conductivity or the
chloride content of the solution. However, it is i noting that the removal
efficiencies of AISI 310, recorded in sww 1 and s@wdo not entirely fall within the
limits of the experimental errors. This may indecat slight increase of the electrode

performance when the process is carried out imtbee conducting solution, sww 2.
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Figure 5.2: Residual concentrations of R® for ® iron, 0 AISI 310 andA AlSI 420 electrodes plotted
as a function of the electrocoagulation time in s@wsolution (Table 5.1). (Cathode = AISI 310,
pH = 5.0k = 14.4 mS i1, j = 11.7 mA cnif, SA/V = 19.4 ri1).

Table 5.3: Residual concentrations of R® and removal efficiency for pure iron, AlISI 310daAlSI

420 electrodes in sww 2 solution. Each experimeag performed in triplicate (n = 3).

Time [PO4P] 7l
/ min /mgL? | %
Iron AISI 420 AISI 310 Iron AISI 310 AISI 420

0 500.0 500.0 500.0 0 0 0
5 327 + 20 436 £ 20 353 +16 35+4 13+4 29+3
10 2097 403 +16 264 £ 10 58+1 19+3 47 £2
20 90+6 328+ 16 128 + 10 82+1 34+3 74 +2
30 37+4 292 +6 68+6 92.6+0.8 42 +1 86+1
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5.2.1.2 The removal of Orange Il dye

The treatment of textile dyes using the electrootagn technique has been reported
by a number of authors [1]. Two mechanisms, invajvron flocs, have been proposed.
These two mechanisms focus on either surface cowujd® or electrostatic attraction,
although secondary reactions may occur if the apadential is sufficiently high [38].
These reactions include direct oxidation of orgasm@mpounds present in the
wastewater. Rajeshwar and Ibanez [39] have condltid&t iron anodes remove azo
dyes by the additional mechanism of degradatiossipty due to the action of reducing
Fe?* ions [40], other than adsorption. However, ther@é general agreement on how
azo dyes are removed from wastewaters and onlyelininformation about the by-
products formed in the decolourisation process. &ample, Daneshvagt al. [7]
claimed that, in the electrocoagulation processhwibn electrodes, Orange Il dye
molecules can also be removed by a degradatiotigrad his theory was supported by
the UV, FT-IR and NMR spectra of the desorbed sas)phhich show the presence of
sulfanilic acid and 1l-amino-2-naphtol. The degramhatand the cleavage of the azo
bond is probably facilitated by the oxidation ofetogenerated Ee and/or
hypochlorite ions [41]. In contrast, Chadt al. [6] have shown that adsorption or
entrapment of the Orange 1l dye molecules is thevailing mechanism when iron
electrodes are used in electrocoagulation. Howentaractions between the iron flocs
and the dye molecules [9], could not be observeddmyparing X-ray diffractograms of
blank samples and dye-containing residues. Regardliethe main mechanism involved
in the removal of the dye, the studies reportedhmm literature [6, 7, 9] show the
effectiveness of iron electrodes in the treatmdénD@nge Il dye. On the other hand,
only a few studies have been focused on the elamdgulation removal of azo dyes
with stainless steel electrodes [42, 43]. Thesdistushowed excellent performances of
stainless steel electrodes. For example, ArsalateAkt al.[42] reported complete and
fast colour removal in just 5 min during electrogoktion of simulated reactive dye
bath effluent. It appears that the iron-based eddes are promising in the removal of

Orange II.

In Figure 5.3 the residual concentrations of Orahgdye recorded in the sww 1
solution as a function of the electrocoagulationquefor pure iron, AISI 310 and AISI
420 are presented. The corresponding data are showable 5.4. As evident from

Figure 5.3, after the electrocoagulation period@fmin, the removal efficiencies for
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pure iron and AISI 420 are similar, 98% and 99% toeddye was completely removed
at the end of the process. These results configh &fficiencies of iron and stainless
steel electrodes in the treatment of Orange Il. él@x, in contrast with the expected

results, the removal of the azo dye by the AISI 2l€ctrode is negligible, with an
efficiency of just 28%.
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Figure 5.3: Residual concentrations of Orange Il ®riron, OO AISI 310 andA AISI 420 electrodes
plotted as a function of the electrocoagulatioretiim sww 1 solution (Table 5.1). (Cathode = AISD31
pH=5.0,=3.7mS nt,j = 11.7 mA cnif, SA/V = 19.4 ).

Table 5.4: Residual concentrations of Orange Il and remoffaiency for pure iron, AISI 310 and AISI

420 electrodes in sww 1 solution. Each experimeag performed in triplicate (n = 3).

Time [Orange 1] 7l
/ min /mgL* !/ %
Iron AlSI 420 AlSI 310 Iron AlSI 310 AlSI 420

0 50.0 50.0 50.0 0 0 0
5 2714 47+3 26+3 45+7 7+5 48 +5
10 162 44 +2 12+2 68+4 12+4 76+5
20 3.3+0.8 41+3 3.6+£0.9 93+2 187 93+2
30 11+05 36+2 0.6+0.2 98+1 28+5 9884
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The residual concentrations of Orange 1l dye insivev 2 solution, plotted as a function
of the electrocoagulation time, are shown in Fidgarefor pure iron, AISI 310 and AISI
420 electrodes. The corresponding data are display&able 5.5. After 30 min, the
observed concentrations are 0.5, 34 and 0.7 thgflOrange Il for pure iron, AISI 310
and AISI 420, respectively. It is clearly evidenbrh these data that excellent
performances are achieved with pure iron and AI&) 4s the anode materials for
removing the dye. Conversely, the effectivenesAl8I 310 is quite low. Similar
results were observed for the electrocoagulatists tearried out in the sww 1 solution,
which contains a lower concentration of chloridasiolndeed, on comparing the data
displayed in Table 5.4 for sww 1 and Table 5.5dewv 2, it is apparent that the values

of the residual concentrations of Orange |l usimg three iron-based alloys are similar
in both sww 1 and sww 2.
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Figure 5.4: Residual concentrations of Orange Il ®riron, O AISI 310 andA AISI 420 electrodes
plotted as a function of the electrocoagulatioretiim sww 2 solution (Table 5.1). (Cathode = AISD31
pH = 5.0« = 14.4 mS i, j = 11.7 mA cnf, SA/V = 19.4 rif).
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Table 5.5: Residual concentrations of Orange Il and remoffadiency for pure iron, AISI 310 and AISI

420 electrodes in sww 2 solution. Each experimeag performed in triplicate (n = 3).

Time [Orange 1] 3
/ min /mgL* !/ %
Iron AlSI 420 AlSI 310 Iron AlSI 310 AlSI 420

0 50.0 50.0 50.0 0 0 0
5 23+3 48 +3 24 +3 54 +6 4+6 52+5
10 13+3 43.5+0.8 13+1 75+5 13+2 75+2
20 29+04 38+2 3.1+£0.7 93.6+0.8 24 +3 U
30 05+0.2 34+2 0.7+0.3 98.9+0.3 32+3 .6980.5

5.2.1.3 The removal of zinc ions

In electrocoagulation applications for the remosfametal ions, according to Adhoum
et al. [44], the formed flocs act as adsorbents or tfapshe metal ions, which are
subsequently removed from the solution. These nmeshms have been already
described in Chapter 3. However, the authors poimet that the increase in the
solution pH, which occurs during the electrocoatjolaperiod and reported by several
other authors and in Chapter 3, may induce theeoigitation of ZA" in the form of its
corresponding hydroxide species [45-47]. This mmiéaiion acts synergistically to
remove the metal ions from the solution. Althouglv studies have been reported in the
literature on the electrocoagulation removal of Zions using iron electrodes [48-50],
they all support the synergistic effect of the loydde precipitation. In particular, Al Aji
et al. [48] studied the effect of the initial pH on thenroval of some metal ions,
including zinc, with iron plate electrodes. For?Zrions, they found the maximum
removal at an initial pH of 9.0. The precipitatioh Zn(OH), begins at pH values
between 7.0 and 8.0 [51]. On the other hand, thexesery few reports in the literature
on the removal of zinc ions by stainless steel teddes. Kabdgdi et al. [52]
investigated the treatability of metal plating veasater containing complexed nickel
and zinc using stainless steel electrodes. Accgrdmm their results, the organic
complexing reagent used in the metal plating badhndt form complex species with
zinc. Consequently, their results can be extrapdldab zinc solutions which do not
contain any complexing agents. The*Zions were completely and rapidly removed at
different current densities [52]. This was ascribedhe hydroxide precipitation in the
pH range of 7.0 to 12.0 [52].
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The removal of zinc ions was studied using theegthiren electrodes in both the sww 1
and sww 2 solutions. The residual concentrationsZf® ions at the end of the
electrocoagulation period in the sww 1 solution fore iron, AISI 310 and AISI 420
are presented in Figure 5.5 and the corresponditey are displayed in Table 5.6. It is
clearly evident that the removal of Zrions is fully attained in 30 min for all the three
electrode materials. This result is in very goodeagment with the studies reported on
the electrocoagulation removal of zinc ions witlonir [44-48] or stainless steel
electrodes [52]. However, Figure 5.5 shows thatrémeoval proceeds faster with pure
iron and AISI 420, while it is somewhat slower ®ISI 310. Indeed, after 20 min the
measured concentrations were 0.4 and 2 rthgfar pure iron and AISI 420,

respectively, while for AISI 310 the concentratinfizinc was 8 mg L.
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Figure 5.5: Residual concentrations of Znions for ® iron, [I AISI 310 andA AISI 420 electrodes
plotted as a function of the electrocoagulatioretim sww 1 solution (Table 5.1). (Cathode = AISD31
pH=5.0,=3.7mS nt,j = 11.7 mA crif, SA/V = 19.4 ).
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Table 5.6: Residual concentrations of Zrions and removal efficiency for pure iron, AlSIBBand AISI

420 electrodes in sww 1 solution. Each experimeas performed in triplicate (n = 3).

Time [Zn?1 N
/ min /mgL* !/ %
Iron AlSI 420 AlSI 310 Iron AISI 310 AISI 420

0 100.0 100.0 100.0 0 0 0
5 233 51+3 35+1 773 49+3 65+2
10 40+1 26+ 2 11+2 96 +1 74 +£2 89+2
20 04+0.2 8+1 2+1 99.6 £0.2 92+1 98+1
30 BDL* 15+£04 05+04 BDL* 985+04 99.50t4

*BDL = Below Detection Limit (Section 2.3.3).

Figure 5.6 provides the residual concentrationZmf ions recorded in the sww 2
solution as a function of the electrocoagulatioriquefor pure iron, AISI 310 and AISI
420 electrodes. The corresponding data are showkrrior! Reference source not
found.. According to these data, Znions are readily removed from the solution using
pure iron and the AISI 420 electrodes, with ancefficy of 100% after 30 min.
Although somewhat lower, the AISI 310 electrodeoakhows a good removal
performance, with a final concentration of 1.8 mbZn**. By comparing the data
presented in Table 5.6 arkftror! Reference source not found, it is clear that the
removal performances of the three iron-based eléetr are very similar in the sww 1 and
sww 2 test solutions. It appears that the conctatraof chloride anions and the

conductivity of the solution have little effect tre removal of the Z ions.
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Figure 5.6: Residual concentrations of Znions for ® iron, [I AISI 310 andA AISI 420 electrodes
plotted as a function of the electrocoagulatioretiim sww 2 solution (Table 5.1). (Cathode = AISD31
pH = 5.0« = 14.4 mS i, j = 11.7 mA cnf, SA/V = 19.4 rif).

Table 5.7: Residual concentrations of Zrions and removal efficiency for pure iron, AlSIBBand AISI

420 electrodes in sww 2 solution. Each experimeag performed in triplicate (n = 3).

Time [Zn? N
/ min /mgL* !/ %
Iron AISI 420 AISI 310 Iron AISI 310 AISI 420

0 100.0 100.0 100.0 0 0 0
5 162 52+3 30+£4 84 +£2 48 £3 71+£4
10 3x1 302 7+2 97 1 702 93+2
20 0.1+0.1 7.7+0.8 0.7+0.6 99.9+0.1 923 & 99.3+0.6
30 BDL* 1.8+£0.8 BDL* BDL* 98.2+0.8 BDL*

*BDL = Below Detection Limit (Section 2.3.3).

5.2.2 The electrochemistry and the removal performace of the iron system

As shown in Section 5.2.1, the pure iron electraxl¢he most efficient iron-based
material for removing the three pollutants from #yathetic test solutions. The AISI
420 grade exhibits removal efficiencies similarthose observed with the pure iron,
although they are slightly lower in the case of ggtates removal. On the other hand,
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the high Cr content steel grade, AISI 310, resuitgpoor removal efficiencies for
phosphates and Orange Il dye. Good performanceesiead achieved for the removal of
Zn** ions. However, it is worth noting that the remowhthe three pollutants is brought
about through different mechanisms, as outlinefi@ntion 5.2.1. The phosphate anions
are mainly removed by charge neutralisation andratisn/sweep coagulation (Section
3.3), while the removal of Orange Il dye and zions has been ascribed to chemical
reactions involving the degradation of the molec{®®, 53] and to hydroxide
precipitation [44], respectively.

According to the results obtained in Section 4.2, pure iron electrode shows no
passive behaviour and general dissolution or cmnosccurs. Consequently, secondary
reactions at the anode are minimised as only lotei@ls are required to facilitate
dissolution. These findings are in very good agremwith the high removal
efficiencies obtained in the treatment of the twwotketic wastewaters. In addition,
similar removal efficiencies for the three polluanvere measured in both sww 1 and
sww 2 solutions. This suggests that the pure irmda behaves equally well in low and
high conductivity solutions. Indeed, the 10-foldr@ase in the chloride concentration,
from sww 1 to sww 2, shows little influence on thetentiodynamic polarisation

curves, as shown in Section 4.2.4.

On the other hand, the AISI 310 stainless steettrelde exhibits poor removal
efficiencies in the treatment of phosphates anch@gdl dye in both the sww 1 and
sww 2 solutions. This is not consistent with théstmng literature reported in Section
5.2. It is likely that the electrochemistry of thstainless steel is somehow involved.
Corrosion studies, performed in the sww 1 and swwoRitions and presented in
Section 4.3.4, have shown that the AISI 310 eleetroemains passive in both
electrolytes over a wide range of potentials. Tlasspe nature of this steel could
account for the results obtained in Section 5.&/hen a constant current is applied in
the electrocoagulation tests, the anode potentsgl assume high values to overcome
this passivity. This may give rise to secondaryctieas at the anode and to the
dissolution of chromium from steel. Secondary neast that do not result in the
dissolution of F& ions may decrease the current efficiency of thecgss and be
responsible for less electrogenerated’ f@ns and, consequently, lower amounts of the

iron flocs in the solution. The poor removal of ppbates may be due to the low
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production of flocs. Indeed, at the end of the teteoagulation tests performed with the
AISI 310, a relatively small number of flocs werkserved in the solution compared
with the pure iron electrode. The low amount otetegenerated E&ions is also likely
to be involved in the poor efficiency recorded tloe removal of Orange Il dye. Indeed,
as reported by Wilcoclet al. [40] the removal of azo dyes is also carried oyt b
chemical reactions resulting in the cleavage ofahe bond. The P& ions released
from the electrode may act as a reducing agenetpadle the dye. The occurrence of
concurrent reactions that compete with the eletsmdution of the anode results in less
Fe?* ions and, consequently, a lower rate of cleavddleeoazo bonds. These concurrent
reactions may also involve the release of Cr(\4)aleady postulated in Section 4.3.4.
Indeed, the presence of Cr(VI) was detected instraple treated with the AISI 310
grade steel. Figure 5.7 shows the UV-Vis spectrfia r@presentative sample. The two
characteristic absorption peaks for Cr(VI) at aidiagopH at around 260 nm and 370 nm
and a peak minimum at around 313 nm are clearlgegnifrom the spectrum [54-57].
The presence of chromium at the end of the elestirgualation tests is quite surprising,
since several studies have been reported on thémeat of wastewater containing
hexavalent chromium by electrocoagulation [58-@®le reduction of Cr(VI) to Cr(lll)

is facilitated by the electrolytically generatedréais ions, Eq. 5.1:

CrQ; +8H" + F&* - Cr" + Fe' +4H,0 Eq. 5.1

Due to the low concentration of £eions dissolved from the AISI 310 anode, the
hexavalent chromium, Cr(VI), was not removed frdra solution and was detected in
both synthetic wastewaters.
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Figure 5.7: UV-Vis spectrum of a representative sample atetie of the electrocoagulation experiment
in sww 2 solution with the AISI 310 anode, where #olution pH was acidified. (Anode/cathode = AlSI
310/AISI 310, pH = 5.0¢ = 14.4 mS rf, j = 11.7 mA cnif, SA/V = 19.4 ).

The slight increase in the efficiency for the remloaf phosphates and Orange Il in the
sww 2 solution may indicate that the side reactianshe anode are diminished and,
consequently, more Eeions are generated in the solution. This is sudoby the
findings from Section 4.3.4, where the breakdowreptial was observed at lower
potentials in the sww 2 solutions. On the otherdhdhe electrocoagulation removal of
Zn** ions with the AISI 310 electrode as the anode riatis fully attained in 30 min in
both test solutions. As mentioned previously, thessults are associated with the
alkaline pH values that the solutions exhibit dgrthe electrocoagulation process and

that can result in the precipitation of zinc hydoex

The performance of the AISI 420 electrode in theaeal of the Orange Il dye and Zn
ions is similar to that observed with the pure ieactrode. However, slightly lower
removal efficiencies were obtained in the removglmosphates. As mentioned earlier,
the removal of Orange Il and zinc is mainly attdirlerough other mechanisms other
than coagulation-flocculation. Consequently, theuleobserved for phosphates is likely
to be connected with the coagulant to pollutanioyawhich is a key factor in the
coagulation processes, as outlined in Chapterd&eld, as reported in Section 3.3.5, the

occurrence at the anode of secondary reactionghwdimpete with the dissolution of

242



CHAPTERS

iron, may result in lower coagulant dosage andiiin, lower removal efficiency. These
reactions occur at high anode potentials, whererstum dissolution may take place in
a similar manner to that observed with the AISI 3Hl6ctrode. However, UV-Vis
spectra at a neutral pH, recorded on the sampléseatnd of the electrocoagulation
tests, did not detect any absorption peaks chaistatefor Cr(V1). Figure 5.8 shows the
spectrum of a representative sample in the swwiiisn. Moreover, similarly to the
pure iron electrode, the removal efficiencies @& three pollutants were similar in both
test solutions using the AISI 420 grade as the anwodterial. Clearly, the solution
conductivity does not affect the removal mechanimimg the AISI 420 stainless steel
electrode. This is in good agreement with the paidgnamic polarisation tests and the
corrosion parameters reported in Section 4.4.4¢hvhre similar in both the sww 1 and

sww 2 solutions.
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Figure 5.8: UV-Vis spectrum of a representative sample atete of the electrocoagulation experiment
in sww 2 solution with the AISI 420 anode, where golution was acidified. (Anode/cathode = AISI
420/AIS| 310, pH = 5.0¢ = 14.4 mS rif, j = 11.7 mA crif, SA/V = 19.4 rif).
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5.2.3 Energy efficiency

It is widely recognised that the energy cost isrtt@n drawback when electrochemical
processes are applied to wastewater treatment gsese Therefore, the costs of the
electrocoagulation systems are critical before ththinique can be used and applied to
environmental problems [67]. The costs of an etectagulation system include the
operating costs due to the electrode materialsekbetrical energy, as well as labour,
maintenance and other fixed costs [68]. In thegrestudy, the energy consumption of
the iron-based anodes used in Section 5.2.1 t¢ tineatwo synthetic wastewaters is

taken into account.

When a current is applied between the anode andcdtieode of the cell, the cell
potential depends on four main terms, the equilibripotential differencefe, the
anode overpotentiak,, the cathode overpotentidd;, and the ohmic potential drop of
the solutionEr [69]. The anode overpotential includes the adivabverpotential/z,

and the concentration overpotentigl,, as well as the possible passive overpotential,
Nap due to the presence of a passive film at the ersadface, while the cathode
overpotential is mainly composed of the activatimerpotential /7. » and concentration

overpotentials/j. .

+

EceII = Eeq +l7aa +l7a,c +,7a,p + l7c,a ,70,0 + EIR Eq 5.2

The equilibrium potential differenc&., depends on the anode and cathode used in the
process and is related to the corrosion poterfigl;, Consequently, anodes with low
Ecorr in @ given solution require less electrical enefgy electrocoagulation. The
activation and concentration overpotentials inaeeagh the current density. However,
the concentration overpotential is mainly relatedhe mixing conditions, consequently,

it can be considered negligible if good mixing isimained during the process [70].
The ohmic potential drop of the solutidfg, is directly proportional to the electrode
spacingd, and inversely proportional to the solution cortdiiy, « [38].

The energy supplied to the system is usually espiebsn terms of specific electrical

energy consumption, SEEC, in Whnaccording to Eq. 5.3.
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SEEC(Whm™)= % Eq. 5.3

Here, Ec is the cell voltage in V vs. SCH, is the current in At is the
electrocoagulation time in h andis the volume of the solution treated irf.rn the

present study a constant current density was apphbile the average potential of the

cell, E,

«ai:fecorded during each experiment was used in Eqg. FuBthermore, the
energy consumption can be expressed simply as |dugrieal energy consumption,
EEC, in Wh, since the volume of the treated sohdgiwas constant in each experiment,

200 mL.

EEC(Wh)=E_,It Eq. 5.4

Figure 5.9 shows the energy consumption, in Whthaf three iron-based anode
materials required to treat the sww 1 and sww Qtgmis. It is clear from the figure that
the energy requirements of pure iron and the AR dlectrodes in sww 1 are similar,
at 1.35 and 1.41 Wh, respectively. The same tremmbserved in the sww 2 solution,
where 0.52 and 0.62 Wh are required for pure irod #e AISI 420 system,
respectively. On the other hand, considerably higlomsumption is exhibited by the
AISI 310 grade in both test solutions, with 2.1'd &97 Wh in the sww 1 and sww 2
solutions, respectively. The lower energy obseruedhe electrocoagulation tests
carried out in the sww 2 solution is due to thehkigconductivity of this solution, as
displayed in Table 5.1. Indeed, Eq. 5.2 shows tt@tR drop can be easily minimised
by increasing the conductivity of the solution. cdease of the IR drop term results in
a lower cell potentialEc and, consequently, a lower energy consumption, BEE{
5.4).
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Figure 5.9: Effect of anode material on the electrical energnsumption, EEC, fom pure iron,
stainless steel AISI 310 amistainless steel AISI 420 in sww 1 and sww 2 sohgi(Table 5.1).
(Cathode = AISI 310, pH = 5.p= 11.7 mA crif, SA/V = 19.4 ril).

As mentioned earlier, the cell potentiglg;, which determines the energy efficiency of
the electrocoagulation process, is connected toctmeosion potentialEcqr, of the
anode/cathode used. Provided that the same typatlbdde is used, anodes with low
Ecor in @ given solution are more efficient in termseofergy consumption. Table 5.8
shows theE.,, values recorded in the potentiodynamic polarisatests reported in
Section 4.10 for pure iron, stainless steel AISD 3nd stainless steel AISI 420
electrodes in the sww 1 and sww 2 solutions. Itlearly evident that the negative
values ofE.qr exhibited by the pure iron electrode result inhhénergy efficiency for
the electrocoagulation process. In addition, thieiles of Ecor for AISI 420 are only
about 60 mV higher giving similar energy consumptid these two systems, as shown
in Figure 5.9. However, th&g, values recorded for the AISI 310 electrode are
significantly higher. As a consequence, the enedgynand of this alloy for the
electrocoagulation tests is much higher.

Table 5.8: Corrosion potentialds.,,, for pure iron, AISI 310 and AISI 420 electrodesasured in sww 1
and sww 2 solutions (Section 4.10).

Electrode v \I/EjrSCE

sww 1 sww 2
Pure iron -0.704 -0.724
AISI 310 -0.448 -0.525
AISI 420 -0.641 -0.659
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5.3  Aluminium system

In this section results are presented on the elemaigulation removal and energy
efficiency performances of two aluminium-based ydlo Aluminium-magnesium,

Al-2Mg, and aluminium-zinc-indium, Al-3Zn-0.02Inll@ays were chosen in order to
minimise both the effects of passivation and pittborrosion of pure aluminium, which
are well-known drawbacks of the aluminium electrodelectrocoagulation [25, 33, 47,

71, 72], as already outlined in Section 4.1.

The same synthetic test solutions, which were ptesgein Table 5.1 and used for the
iron system, were employed to investigate the perémce of the two aluminium alloys
for the treatment of phosphates, Orange Il dye &nd ions. The removal and the
energy efficiencies of the two alloys were compardte electrocoagulation tests were
carried out with a current density of 11.7 mA gna ratio of the surface area of the
anode to the volume of solution, SA/V, of 19.4 and the electrocoagulation time was
maintained at 30 min. A plate of stainless ste€1/A310 was used as the cathode. The
composition of the electrode materials and the éxiberimental details are given in
Sections 2.2.2 and 2.3.1.2.

5.3.1 The electrode performance in removing threerepresentative

pollutants from synthetic wastewaters

5.3.1.1 The removal of phosphates

Aluminium and aluminium alloys have been used a®dan materials in the
electrocoagulation removal of phosphates from gmist[35, 73-77]. In Section 3.2,
results were presented on the removal of phospheieg the Al-2Mg electrode and
good removal efficiencies, which are consistenthwilhe existing literature, were
observed. For example, after 20 min the removatieffcy was 75%, 57% and 40.5%
for initial concentrations of phosphates of 20.0,06and 150.0 mgt, respectively.
Similarly to the electrocoagulation with iron elextes, the removal of phosphates with
aluminium electrodes is attained mainly through thechanism of adsorption on

aluminium flocs.
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In this section the performance of the Al-2Mg and3Z&n-0.02In electrodes in
removing phosphates from the sww 1 and sww 2 swiatare compared. Figure 5.10
shows the residual concentrations of,f/F0in the sww 1 solution plotted as a function
of the electrocoagulation time for the Al-2Mg antt3¥n-0.02In electrodes. In Table
5.9 the corresponding data are reported. At theoé3® min, the concentration of RO

P is 53 mg [* using the Al-2Mg electrode and 36 mg for the Al-3Zn-0.02In system.
It is apparent that the Al-3Zn-0.02In exhibits &at&eremoval performance than the
Al-2Mg anode.
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Figure 5.10: Residual concentrations of 2® for @ Al-2Mg andV Al-3Zn-0.02In electrodes plotted as
a function of the electrocoagulation time in swwdlution (Table 5.1). (Cathode = AISI 310, pH =,5.0
k=3.7mS i, j = 11.7 mA cnif, SA/V = 19.4 rif).
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Table 5.9: Residual concentrations of R® and removal efficiency for Al-2Mg and Al-3Zn-QId
electrodes in sww 1 solution. Each experiment wafopmed in triplicate (n = 3).

Time [PO4P] n
/ min /mgL* !/ %
Al-2Mg Al-3Zn-0.02In Al-2Mg Al-3Zn-0.02In

0 500.0 500.0 0 0
5 340+ 21 328+12 32+4 34+2
10 242 + 14 205+ 14 52+3 50+3
20 115+9 90+ 6 772 82+1
30 53+6 36+3 89+1 92.8+0.7

A 10-fold increase in the conductivity of the tesiution results in improved removal
efficiencies for both aluminium alloys. This is sfoin Figure 5.11, where the residual
concentrations of P&£P recorded in the sww 2 solution are plotted &sation of the
electrocoagulation period. The corresponding datach are displayed in Table 5.10,
show final concentrations of 35 md' for Al-2Mg and 24 mg L* for the Al-3Zn-0.02In
electrode. Clearly, better performances were aekiewm the sww 2 solution. This
improvement is probably due to the higher concéotreof chloride ions in the sww 2
solution. Indeed, as reported in Section 3.2.4ptlesence of NaCl in solution promotes
the coagulation of phosphates.
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Figure 5.11: Residual concentrations of R® for ¢ Al-2Mg andV Al-3Zn-0.02In electrodes plotted as
a function of the electrocoagulation time in sww@ution (Table 5.1). (Cathode = AISI 310, pH =,5.0
x=3.7mS i, j = 11.7 mA cnif, SA/V = 19.4 rif).
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Table 5.10: Residual concentrations of R® and removal efficiency for Al-2Mg and Al-3Zn-QI&

electrodes in sww 2 solution. Each experiment veafopmed in triplicate (n = 3).

Time [PO4P] n
/ min /mgL* !/ %
Al-2Mg Al-3Zn-0.02In Al-2Mg Al-3Zn-0.02In
0 500.0 500.0 0 0
5 3257 298 +17 35+1 40+ 4
10 2057 175+6 50+1 65+1
20 83+3 675 83.4+0.7 86+1
30 35+4 24+3 93.0+0.9 95.2+05

5.3.1.2 The removal of Orange Il dye

It has been shown that the iron system is moreieffi for the removal of azo dyes
compared to the aluminium system, ascribing thfemdince to the removal mechanisms
involved in the two systems [4, 24, 39, 40, 46,.38)r example, Chafet al. [6]
reported that higher currents are required by thesystem to achieve the same
efficiency as the Fe system. Adsorption was ideadifs the main removal mechanism
for the Fe system, while the degradation of theidi@ 2-naphtol was observed with the
Al system, suggesting a mechanism of electroreduatf the azo bond. Mollaét al.

[9] found an absorption band at 250 nm, which iasesl with the electrocoagulation
period using aluminium electrodes. They attributesl band to possible by-products of
Orange Il dye degradation. In addition, FT-IR spedid not reveal any trace of the
dye, suggesting a partial destruction of the dyéenute. However, the authors pointed
out that more research is needed in this direddione the detection of the dye in the
flocs is quite difficult due to dilution factors @rto the sensitivity constraint of the
FT-IR instrument. In contrast with these findingiher studies [39, 40, 53] indicate that
the removal mechanism of azo dyes with aluminiuettebdes is physical adsorption
rather than dye degradation.

In Figure 5.12 the residual concentrations of Oeahglye plotted as a function of the
electrocoagulation period for Al-2Mg and Al-3Zn-218 electrodes are shown. It is
clearly evident from this figure and from the cepending data displayed in Table 5.11
that the removal is not complete in 30 min. Thesue=l concentrations are 30 and 11 rifg L

for Al-2Mg and Al-3Zn-0.02In, respectively, corresuling to removal efficiencies of
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40% and 78%. Clearly, the removal performance & #&uminium-zinc alloy is
somewhat better at 78%, but these efficienciescansiderably lower than the values
calculated with the AISI 420 and pure iron elecemdThese results are in good
agreement with a better performance of the irotesysn removing azo dyes.
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Figure 5.12: Residual concentrations of Orange Il fér Al-2Mg and V Al-3Zn-0.02In electrodes
plotted as a function of the electrocoagulatioretiim sww 1 solution (Table 5.1). (Cathode = AISD31
pH=5.0,=3.7mS nt,j = 11.7 mA cnif, SA/V = 19.4 ).

Table 5.11:Residual concentrations of Orange 1l and remoffaiency for Al-2Mg and Al-3Zn-0.02In
electrodes in sww 1 solution. Each experiment wafopmed in triplicate (n = 3).

Time [Orange I1] n
/ min /mgL* | %
Al-2Mg Al-3Zn-0.02In Al-2Mg Al-3Zn-0.02In

0 50.0 50.0 0 0

5 46 £ 1 43 +3 8+3 14+7
10 41+4 28+3 18+8 4317
20 35+3 19+3 305 63+5
30 302 11+2 41+4 78 +4
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The results obtained in the sww 2 solution are showFigure 5.13 and Table 5.12. In
particular, Figure 5.13 illustrates the residuataantrations of Orange Il dye plotted as
a function of the electrocoagulation period for 2\Mg and Al-3Zn-0.02In. Again it is
evident that the AI-3Zn-0.02In electrode is mordicefnt in removing the dye,
particularly at longer electrocoagulation timeseTemoval of the dye appears to reach
a limiting value after about 15-20 min min for the2Mg electrode. The corresponding
data are displayed in Table 5.12. As can be obdefv@m these data, the final
concentration of Orange Il is 29 and 9 mg using the Al-2Mg and Al-3Zn-0.02In
electrodes, respectively. On comparing these valaehose obtained in the sww 1
solution (Table 5.11), it is evident that the remloefficiencies are similar in both
solutions. Clearly, there is no evidence of anyease in the removal efficiency on
increasing the chloride concentration or the cotiditg of the solution.
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Figure 5.13: Residual concentrations of Orange Il fér Al-2Mg and V Al-3Zn-0.02In electrodes
plotted as a function of the electrocoagulatioretiim sww 2 solution (Table 5.1). (Cathode = AISD31
pH=5.0,=3.7mS nl,j = 11.7 mA crif, SA/V = 19.4 ).
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Table 5.12:Residual concentrations of Orange Il and remoffaiency for Al-2Mg and Al-3Zn-0.02In

electrodes in sww 2 solution. Each experiment veafopmed in triplicate (n = 3).

Time [Orange 1] n
/ min /mgL* !/ %
Al-2Mg Al-3Zn-0.02In Al-2Mg Al-3Zn-0.02In

0 50.0 50.0 0 0
5 45+3 36+2 10£5 27 %4
10 40+3 30+3 19+5 40+5
20 33x1 15+3 34+2 70+£6
30 29+1 9+1 42 +2 83+3

5.3.1.3 The removal of zinc ions

Several studies have been reported in the litexabar the removal of zinc ions from
solution using aluminium electrodes [38, 44, 78, A@ain in these studies, similar to
that found with the iron system (Section 5.2.1t8¢, coprecipitation of Zn(OH)xpecies
plays a dominant role in the removal mechanisnpdrticular, an extensive study on
the electrocoagulation removal of Zn(ll), Cu(I)i(NW, Ag(l) and Cr(VI) was presented
by Heidmann and Calmano [79]. The authors concluthed metallic cations are
removed through several mechanisms. However, the machanism for the removal
of Zn** ions is the precipitation as hydroxide species. Témaoval rate for zinc was
independent of its initial concentrations and wagdred by the presence of other metal
ions, which were removed similarly, because ofdbmpetition for OHions produced
at the cathode. According to these studies, ithentexpected that the use of an
aluminium alloy, such as the Al-2Mg or Al-3Zn-0.02¢lectrodes, may result in an

efficient removal of zinc ions from the solution.

Figure 5.14 shows the residual concentrations 6f #ms plotted as a function of the
electrocoagulation time for Al-2Mg and AI-3Zn-0.02lelectrodes in the sww 1
solution. The corresponding data are given in T&hl&. These data show very good
efficiencies in removing zinc ions, although thefpemance of Al-2Mg is somewhat
lower. In 30 min the residual concentration of Zions is reduced to 1.4 mg'ifor the
Al-2Mg electrode, while complete removal is achéwvéath Al-3Zn-0.02In.
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Figure 5.14: Residual concentrations of Znions for @ Al-2Mg and ¥V Al-3Zn-0.02In electrodes
plotted as a function of the electrocoagulatioretim sww 1 solution (Table 5.1). (Cathode = AISD31
pH=5.0,=3.7mS nl,j = 11.7 mA crif, SA/V = 19.4 ).

Table 5.13:Residual concentrations of Zrions and removal efficiency for Al-2Mg and Al-3Zn92In

electrodes in sww 1 solution. Each experiment wafopmed in triplicate (n = 3).

Time [Zn?1 n
/ min /mgL* !/ %
Al-2Mg Al-3Zn-0.02In Al-2Mg Al-3Zn-0.02In

0 100.0 100.0 0 0
5 48 £ 2 27+3 52+2 73+3
10 24 £2 7+2 76 £2 93+2
20 4+£2 0.8+0.5 96+ 1 99.2+0.5
30 1.4+05 BDL* 98.6 + 0.5 BDL*

*BDL = Below Detection Limit (Section 2.3.3).

The removal performances of Al-2Mg and Al-3Zn-0O®Zlectrodes in the sww 2
solutions are similar to those observed in the dwselution. In Figure 5.15 the residual
concentrations of Z ions in the sww 2 solution are presented as atiumof the

electrocoagulation period for the two aluminiumogd. Table 5.14 provides the
corresponding data. The efficiency measured instvey 2 solution (Table 5.14) is

similar to that observed in the sww 1 solution (€ab.13). This is particularly
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noticeable in the case of Al-2Mg. The concentratinZn’* ions at the end of the
electrocoagulation period is 0.9 mg',Lwhich is within the experimental error if
compared with the value of 1.4 mg' Iobserved in the sww 1 solution. However, it is
clear from the data presented in Table 5.14 thatoderate increase of the removal
performance occurs in the sww 2 solution for the3Zh-0.02In electrode. Although at
the end of the process Zrions are completely removed from both solutioriteral0
min of the electrocoagulation time the residualasmrations of zinc ions are 7.0 and

3.2 mg L in the sww 1 and sww 2 solutions, respectively.
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Figure 5.15: Residual concentrations of Znions for @ Al-2Mg and ¥V Al-3Zn-0.02In electrodes
plotted as a function of the electrocoagulatioretiim sww 2 solution (Table 5.1). (Cathode = AISD31
pH = 5.0k = 3.7 mS rit, j = 11.7 mA cnif, SA/V = 19.4 rif).
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Table 5.14:Residual concentrations of Zrions and removal efficiency for Al-2Mg and Al-3Zn92In

electrodes in sww 2 solution. Each experiment veafopmed in triplicate (n = 3).

Time [Zn?1 n
/ min /mgL* !/ %
Al-2Mg Al-3Zn-0.02In Al-2Mg Al-3Zn-0.02In

0 100.0 100.0 0 0
5 41 +2 19+£3 59+2 81+3
10 192 3.2+£0.6 812 96.8 £ 0.6
20 4+2 0.2+0.3 96 +2 99.8+0.3
30 0.9+0.3 BDL* 99.8+0.3 BDL*

*BDL = Below Detection Limit (Section 2.3.3).

As reported in the literature on the electrocoaiparemoval of ZA" ions with Al
electrodes [38, 44, 78, 79], these results aregmeeanent with a removal attained
mainly through precipitation of zinc hydroxide sggscowing to the alkaline pH of the
solution treated by electrocoagulation. In Secah3, it was shown that the final pH
of the solutions treated with Al-2Mg electrode vilashe range of 9.0 to 10.0, when the
initial pH was 5.0. At these pH valuese. 9.0 to 10.0, the aluminium hydroxide
precipitate dissolves to form the monomeric aniohydroxyaluminium species,
Al(OH),4, as reported in Section 3.2.3, and in the speciatiagrams of aluminium in
Section 1.3.2.2, Fig. 1.5(a). The anionic hydrouga@hium species is soluble in
solution. Consequently, the high removal efficiesodf Zii* ions observed for Al-2Mg
and Al-3Zn-0.02In is due to a mechanism differaminf adsorption. The speciation
diagram for aqueous zinc solutions, displayed iguFf@ 5.16, shows that the
predominant species in the pH range of 8.5 to 19€.2n(OH), [38, 44, 78, 79],
therefore its removal is accomplished primarilyotigh hydroxide precipitation due to
the alkaline pH of the solution during the electragulation process.
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Figure 5.16: Speciation diagram of zinc in agueous solutionse Tiagram was calculated with the
MEDUSA software developed by Puigdomenech [80hatKTH Royal Institute of Technology, Sweden
and based on the SOLGASWATER algorithm [81].

5.3.2 The electrochemistry and the removal performace of the aluminium
system

According to the results presented in Section 514 Al-3Zn-0.02In electrode shows
better removal performance than the Al-2Mg elearfmd the three pollutants contained
in the synthetic wastewaters. However, both allexkibit moderately good efficiency
for the removal of the Orange Il dye. As in theecakthe iron system, it is worth noting
that the three pollutants are removed through miffemechanisms, with the removal of
phosphates depending mainly on the floc produciimhZrf* ions on the alkaline pH of
the solution and the formation and precipitatiortred hydroxide species. On the other
hand, the removal of the Orange Il dye in the afuamh system is attained by
adsorption or degradation, as outlined in Secti@ml=32.

As reported in Section 4.6.4, the electrochemiediaviour of the Al-2Mg electrode in
the sww 1 and sww 2 solutions is determined byptt@sence of chloride, which, even
in small concentration, has a positive influencetiba dissolution of the alloy. The
potentiodynamic polarisation curves, do not exhény passive region. This behaviour
is connected to the good removal performance obdefar phosphates, which are

removed through a mechanism involving the generaifoAl**, as shown in Section 3.2.
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On the other hand, the Orange Il dye is not remaefficiently as the phosphate
anions. In some studies carried out with aluminielectrodes, the removal of dyes is
attributed to the electroreduction of the azo bi#)®] as higher currents are required to
obtain the same decolourisation efficiency obseiwnetthe iron system [6]. In contrast,
other studies have shown that the lower efficiembgerved with the aluminium
electrodes for removing azo dyes is due to the roenue of a single removal
mechanism, based on adsorption on the flocs, rafiaer a combination of adsorption
and molecule degradation which occurs with the sgstem [39, 40, 53]. The results
presented in Section 5.3.1.2 show similar remoffadiencies in the sww 1 and sww 2
solutions, which have different conductivities. Asported in Section 3.3.5, the
coagulant dosage, &lions, is higher in more conducting solutions beeathe low
potentials exhibited by the anode do not promageditcurrence of secondary reactions,
which compete with the dissolution of aluminium.nSequently, a removal mechanism
of Orange II, which involves only the Elions and, in turn, adsorption on the flocs, is
unlikely as the removal efficiency is similar ireteww 1 and sww 2 solutions. It seems
that the removal of the Orange Il dye using the2lMg electrode as the anode material
is more complex and depends on a combination oforpisn and molecule

degradation.

As shown in Section 4.7.4, the electrochemical Wigla of Al-3Zn-0.02In is consistent
with active dissolution with an absence of a passagion and low corrosion potentials,
even in solutions containing low concentrationscbforide anions. As a result, the
removal performance of this alloy is considerabiyhler than the Al-2Mg, as shown in
Section 5.3.1. The excellent results obtainedHerremoval of phosphates are probably
due to the ease of the dissolution process of th8ZA-0.02In electrode. Higher
efficiencies are obtained in the more conductinigittam, sww 2, suggesting a higher
rate of AF* dissolution, in good agreement with the polareatcurves shown in
Section 4.7.4. On the other hand, the similar reshefficiency recorded in the sww 1
and sww 2 solutions for the Orange Il dye suggéiséd mechanisms other than
adsorption, probably concerning the degradatiothefdye, are involved in the removal

of the Orange Il dye.
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5.3.3 Energy efficiency

As detailed earlier, the energy consumption is irtgpd in the development and
applications of the electrocoagulation systemshis section, results are presented on
the energy consumption of the AlI-2Mg and AI-3ZnZr0 electrodes in the
electrocoagulation tests described in Section 5f8rltreating the two synthetic
wastewaters. The energy requirements for each retectwere expressed as the

electrical energy consumption, EEC, in Wh, and agteg according to Eq. 5.4.

Figure 5.17 shows the energy consumption, in Whthef two aluminium alloys

required in the treatment of the sww 1 and sww [Rtems. It is apparent from this

figure that the Al-3Zn-0.02In electrode is congistg more efficient in terms of energy
in both test solutions. Indeed, the energy consiampg 0.51 and 0.26 Wh in the sww 1
and sww 2 solutions, respectively. On the otherdhdmgher energy consumption is
exhibited by the Al-2Mg electrode, with 1.53 Whaww 1 and 0.61 Wh in the sww 2
solution. As already observed for the iron syst&ac(ion 5.2.3), the energy demand
diminishes considerably in the sww 2 solution, whias a higher conductivity. This
effect is expected since the solution conductiwtys one of the terms affecting the cell

voltage,Ec.y, as indicated in Eq. 5.2.

18

EEC
1.6 - Electrode
/ Wh
1.4 4
sww 1 sww 2
1.2 4
S 10 Al-2Mg 1.53 0.51
E 08 Al-3Zn-0.02In 0.61 0.26
0.6
0.4
0.2
0.0
sww 1 sww 2

Figure 5.17: Effect of anode material on the electrical energpsumption, EEC, fom Al-2Mg and
Al-3Zn-0.02In in sww 1 and sww 2 solutions (Tabl&)5
(Cathode = AISI 310, pH = 5.p= 11.7 mA cnf, SA/V = 19.4 ).
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The cell potential, Ecey, depends on the type of electrodes employed in the
electrocoagulation tests. In addition, it is coriaddo the corrosion potentidt:, of

the anode, as mentioned in Section 5.2.3. Consdguematerials which adopt low
values ofE¢,r result in greater energy efficiency for the electragulation process. The
Ecor Values for the Al-2Mg and Al-3Zn-0.02In electrodase shown in Table 5.15.
They were measured from the potentiodynamic p@aas tests carried out in the sww

1 and sww 2 solutions and are presented in Seclid®. As expected, the
Al-3Zn-0.02In electrode exhibits more negative eslwfE.,, and, as a result, requires

lower energy, as shown in Figure 5.17.

Table 5.15:Corrosion potential€k,,,, for Al-2Mg and Al-3Zn-0.02In electrodes measumedww 1 and

sww 2 solutions (Section 4.10).

Ecorr
Electrode
/V vs. SCE
sww 1 sww 2
Al-2Mg -0.598 -0.670
Al-3Zn-0.02In -0.798 -0.857

5.4  Screening chemometric study

The two main applications of the Design of Expenise DoE, are screening and
optimisation [13]. In screening, the factors thaistnaffect the process are identified,
while optimisation consists in determining the ol settings or conditions for the
process. Firstly, a screening design is used ariddas all the controllable factors that
may possibly influence the experiment. Once thetnmoportant factors have been

identified, an experimental optimisation desigoasried out.

As described in Section 2.3.7, full factorial desigare usually used as screening
designs. They are indicated d5sdesigns, where the base 2 stands for the number of
factor levels and n the number of factors, each wihigh and low values. The lower
level is indicated with a ‘-’ sign, while the high&evel with a ‘+’ sign. Fractional
factorial designs are good alternatives to a adkdrial design. Indeed, if the number of
factors is considerably high, the number of expenta to be performed in a full

factorial design becomes prohibitive. A fractiodakign is a representative subset of a
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full factorial design, where the number of expenseis reduced by a number p,

according to a'? design, wheré is the number of factors investigated.

In the present study, & 2fractional factorial design with two replicates apidcking
was employed as a screening design for the elecgudation removal of phosphates
using stainless steel AISI 420 as the anode mét&ch block was performed on a
different day. In total, 32 experiments were caroait in four days. Five factors were
studied: current density (A), electrocoagulationdior EC time (B), surface area of the
electrode to the volume of the solution ratio or"&AC), flocculation time or floc time
(D) and settlement time or settl time (E). As detiiin Chapter 3, the current density
and the electrocoagulation time are important e in the electrocoagulation
process. The electrode surface area to the volwiodian ratio has been reported by
Holt et al. [82] as a key factor in electrocoagulation expenis. In addition, the
flocculation time and settlement time were includedhe study. The flocculation time
was taken as the time period between the end adxperiment and the cessation of the
solution stirring, and the settlement time was ieieed as the time between the stop of
the solution stirring and the analysis of the samplable 5.16 shows the investigated
factors and the corresponding levels that wereietudFull experimental details,

including the design matrix, are given in Sectidr&1.4 and 2.3.7.

The choice of blocking the fractional factorial dgscame from the observation that it
was not possible to perform all the 32 experimemider homogeneous conditions. For
example, fresh solutions of phosphates and sodhloride were prepared every day.
Moreover, although carefully cleaned before eagieement and every day, the state of
the electrode surface was not exactly reproduchilecking is a design technique used
to reduce or eliminate the variability that arif®sn nuisance factors, that is factors that
may influence the process but that are not thectibbgs of the investigation [12]. In the
present study, blocking was used to test the raksstof the electrocoagulation process
and assess whether blocking or not is necessarfytione designs. The implications of
blocking on the fractional factorial design and ttwresponding design matrix are

given in Section 2.3.7.
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Table 5.16: Factors investigated in the2fractional factorial design and their correspondiavels
(Anode/Cathode = AISI 420/AISI 310, [R®] = 15.0 mg L}, pH = 5.0).

Levels
Factors
(-) low (+) high

current density / mA cih A 2 5.5
EC time / min B 5 60
SANV [ m* C 9.1 13.7
floc time / min D 2 30
settl time / min E 10 60

5.4.1 Estimating factor effects and forming the iitial model

As reported in Section 2.3.7, the first step in @aEDanalysis is to determine the
significance of the coefficients. The simplest agah is to consider the magnitude of
the coefficients. However, a statistical indicaterusually employed. For example,
Student’s t-test and F-test can be performed. lalg convenient to present the
coefficients graphically and a classical approashoi plot the effects on a normal
probability plot [12]. In this case, the effectatlare negligible are normally distributed
and fall along a straight line on the plot, whilgrgficant effects do not lie along the

straight line.

The normal probability plot of the effects obtainfet the 2 fractional design is
displayed in Figure 5.18. All the effects that dil®ng the line are negligible, whereas
the large effects are far from the line. The imaotteffects that emerge from this
analysis are the current density (A), electrocoatguh time (B), SA/V (C), settlement
time (E) and the interaction current density-SAAC].
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Figure 5.18:Normal probability plot of the effects for th&Zfractional factorial design.

The main effects of A (current density), B (electragulation time), C (SA/V) and E
(settlement time) are plotted in Figure 5.19. THeats of A, B and C are negative.
Consequently, considering only these main effdbtis,electrocoagulation tests would
be run at the high level to minimise the residuahaentration of phosphates. On the
other hand, the main effect E is positive indiagtthat the residual concentration of
phosphates increases on increasing the settlementThis may be due to a desorption
process of phosphates from the flocs. The mainceffd and C are involved in
interactions. This interaction is plotted in Fig&.€0. From the figure it is apparent that
the current density effect is negligible when tg\5ratio is at the high level, whereas
it is larger when the ratio is at the low leveltlwihe best results obtained with low
SA/V and high current density. Consequently, wherals SA/V ratios are used in
electrocoagulation tests, a higher current densayld give better results in terms of

removal efficiencies.
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Figure 5.19:Main effects plot for the? fractional factorial design.
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Figure 5.20:Interaction plot for the 2 fractional factorial desigr® C = 9.1 nt, A C = 13.7 .
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The parameters in the effect model were estimatethé least square method using
Design-Expeft Version 8.0.7.1 by Stat-Ease, Inc. and are shovyi 5.5:

[PO4-P] = 25.36 — 2.11 current density — 0.19 EC tin@e89 SA/V + 0.03 floc time

. Eg. 5.5
+ 0.12 current density-SA/V

Again, this equation shows that the coefficientlo# current density is the largest at

2.11, while the SA/V ratio is also significant.

5.4.2 Performing statistical tests

The significance and the adequacy of the model weaéuated by analysis of variance,
ANOVA, and the corresponding data are presentddhble 5.17. The Fisher’s variance
test (F-test) and the coefficient of determinati@tween the experimental and predicted
values were used to test the significance. Accgrtbnthe data in Table 5.17,Rvhich

is defined as the mean of squares of the moddletontean of squares of the error ratio,
MSwmode/MSerror IS higher than the tabulated F-value (2.640 &t 3bgnificance). In
addition, thep-value, which is lower than 0.0001 confirms that tegression model is
statistically significant. Furthermore, a value0o®813 was obtained as the adjustéd R
value. This indicates that the model explains al®@% of the variability observed in
the data.

It is also interesting to determine if blockingnscessary in future experiments. For this
purpose, the ratio of M.k to MS.ror IS considered. From Table 5.17, this ratio can be
computed as 2.33. This value is relatively low amdicates that the blocking factor
does not have a significant effect. This also hgiité the robustness of the
electrocoagulation process carried out on diffedays. As a consequence, blocking is

not necessary in future DoE analyses.
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Table 5.17:Analysis of variance for the model presented inE§.

Source Analysis of variance
s§ dof® MS® Fo p-value
Model 1018.54 5 203.71 470.56 < 0.0001
Block 3.00 3 1.00
Error 9.96 23 0.43

& Sum of squares.
® Degrees of freedom.
¢ Mean square.

Before conclusions from the analysis of variance adopted, the adequacy of the
model should be checked. An important diagnostat ie® the residual analysis [83].
Residuals, the difference between experimentalpaedicted responses, are considered
as unexplained variations in the model and occesedban a normal distribution, if the
model is a good predictor. The normal probabilityt @f the residuals for the present
2> fractional factorial design is shown in Figure §&). A moderate departure from
normality is evident from both sides of the pleoidicating the tendency of the normal
probability plot to bend down slightly on both rigéind left sides. However, it can be
concluded that the points lie reasonably close straght line. Figure 5.21(b) presents
the residuals plotted as a function of the predictglues. The residuals are distributed
well and randomly on both sides of the plot. Howetlgis plot indicates a tendency for
the variance of the residuals to increase as theettration of phosphates is halfway.
The residual analysis supports the conclusion that (current density), B
(electrocoagulation time), C (SA/V ratio), E (settlent time) and AC (the current
density-SA/V ratio) are the only significant effe@nd that the underlying assumptions

of the analysis are satisfied.
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Figure 5.21:(a) Normal probability plot of residuals and (b)tpof residuals versus predicted values.

5.5 Summary

The subject of the present chapter is the perfocamar iron and aluminium electrode
materials in removing three different types of ptahts from synthetic wastewaters.
Pure iron and AI-3Zn-0.02In electrodes appear asnming, effective materials in

terms of both removal efficiency and energy constionp

It has been reported in the literature that thedhpollutants, which were added to the
test solutions, are removed through different meigmas. The removal of phosphates
depends mainly on adsorption, while the removaZif ions depends on the alkaline
pH of the solution and the consequent precipitabbithe hydroxide species. On the
other hand, the removal of the Orange Il dye igiadid by chemical degradation of the
molecule in the iron system and by a more compleocgss, probably involving

adsorption or degradation, in the aluminium system.

For the iron system, the pure iron is the mostcigffit material for removing

phosphates, Orange Il and zinc ions. Moreoverpat$ormance is not affected by the
conductivity of the solutions. The absence of patysand the general-like corrosion of
the pure iron electrode, observed in the polansatests in Section 4.2 account for
these results. Stainless steel AISI 420 shows aimirformance to that observed with
the pure iron electrodes. However, slightly lowemoval efficiencies are obtained in

the removal of phosphates and are attributed tovarl coagulant dosage due to higher

267



CHAPTERS

potentials exhibited by the anode, as shown ini@e@&.3.5. The very good removal
efficiencies exhibited by AISI 420, however, costravith the extensive and severe
damage of the electrode surface caused by pigmghown in Section 4.4.4. It has been
reported in Section 4.1 that an uneven consumpifotine electrode might adversely
affect the electrocoagulation process. The poororaefficiency and, above all, the
leaching of hexavalent chromium, Cr(VI), from thaisless steel AISI 310 make this

material not suitable for electrocoagulation apgimns.

As regards the aluminium system, the Al-3Zn-0.0sHows better removal performance
than the Al-2Mg electrode. It would appear that tuod results obtained with the
Al-3Zn-0.02In are related to the ease of the etelgrdissolution, as highlighted in
Section 4.7.4. However, both alloys exhibit modasagood efficiency for the removal
of the Orange Il dye. This is associated with teaval mechanism of the azo dye,
which, in the case of the aluminium system, appaars complex process depending on

a combination of adsorption and molecule degradatio

The energy consumption in electrocoagulation iseddpnt on the potential of the cell,
Ecen, Which, in turn, is related to the corrosion pd&n Ecr, of the anode. By
comparing theée.,,r values measured in the potentiodynamic polarisaests, reported
in Chapter 4 for the iron and aluminium alloyshds been observed that materials
which adopt low values ofE.,r result in greater energy efficiency for the
electrocoagulation process. As a result, pure @t Al-3Zn-0.02In are more efficient

in terms of energy in the electrocoagulation preces

A chemometric technique, Design of Experiments oEPwas used to identify the most
relevant factors affecting the electrocoagulatiemoval of phosphates using stainless
steel AISI 420 as the anode. According to this esureg experimental design, the
current density and the ratio of the surface affethe electrode to the volume of the
solution, SA/V, are the most relevant variabletuficing the removal efficiency of the
process. On the other hand, the effect of perfagntie electrocoagulation tests under
non homogeneous conditions, e.g., test solutiondemg daily or non reproducible
electrode surfaces, was negligible.
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Conclusions

6.1 General conclusions

In this work, electrocoagulation was shown to beobust, effective and reliable
technology as a wastewater treatment. As a fiegt, 5t was used for the removal of
phosphates using an iron and an aluminium alloythes anode material. Since
electrocoagulation involves the electrolytic oxidatof the anode, it was important to
understand how the electrode corroded. Consequestiyeral materials were
investigated in terms of their electrochemical et and corrosion properties, which
were then correlated to the efficiency and eneggyopmance for the electrocoagulation

removal of three pollutants from synthetic wastesst

The feasibility of the electrocoagulation technigneemoving phosphates was studied
using an aluminium-magnesium and a stainless sfeetrode, namely Al-2Mg and
AISI 420, under different operating conditions. Batlloys showed excellent removal
efficiencies. However, the Al-2Mg electrode was eafficient than the AISI 420
electrode. Indeed, using the same settings, daft@s of 95.9% and 79.7% were
observed for the Al-2Mg and the AISI 420, respesiiywith an initial concentration of
phosphates of 150 mg’Land an initial pH of 5.0. Other initial concenioais were
used and, for both the Al and Fe systems, a dezrgathe removal efficiency was

found on increasing the initial concentration obgphates.
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As expected, the efficiency of the process was mreth on increasing the current
density applied to the electrodes. For the Al-2Megci&ode, as the current density
increased from 5.3 to 11.0 mA &@nthe removal efficiency increased accordingly from
77% to 91%. On the other hand, an increase from #6%9% was observed with

current densities of 2.6 and 11.0 mAtumsing the AISI 420 electrode.

The electrocoagulation process was highly dependenthe initial pH values of the
solution, in good agreement with several studigented in the literature [1-3]. In the
present study, the highest efficiency for phosphmateoval was achieved at an acidic
initial pH of 3.0, for both Al and Fe systems. Tae®sults are consistent with the
findings ofirdemezet al.[4, 5] on the removal of phosphates using alunmmand iron
electrodes. However, there is no general agreemnettie literature on the optimal
initial pH for the electrocoagulation removal ofgsphates. This is probably due to the
fact that the electrocoagulation performance alspedds on the final pH of the
solution. Indeed, in the present study and in tralable literature [4-7], the maximum
removal was observed when the final pH was arou@drégardless of the initial pH.
This was attributed to the nature of the hydrolyspdcies of the At and F&* ions
which are present in solution. According to Carezsat al.[8] and Jiméneet al.[9], at
this neutral pH the main Al and F&" species are the hydroxide precipitates. On
increasing the pH, the aluminium precipitate digeslto form monomeric anionic
hydroxyaluminium species, which are soluble andatiegly charged. Although the
iron precipitate is still the main hydrolysis speciat alkaline pH values [9], the large
guantity of hydroxyl ions competes with the phogphans for adsorption on the iron
precipitates.

The performance of the Al-2Mg electrode was notatiyeaffected by the variation of
the concentration of chloride ions or the solubmmductivity. A 10-fold increase in the
chloride concentration, from 4.2 x i@ 44.0 x 15 M, resulted in a slight increase of
the removal efficiency from 85.2% to 88.8%. On titleer hand, the performance of the
AISI 420 electrode was reduced in low chloride-eamitg solutions. Indeed, as the
concentration of chloride varied from 2.8 x%11® 44.0 x 1G M, the removal efficiency
increased from 76.5% to 89.3%. This was ascribettheéohigh potentials exhibited by
the AISI 420 anode during the process. Potentillesaas high as 4.7 V vs. SCE, were

recorded during the electrocoagulation test witbracentration of chloride of 2.8 x T0M.
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At these potentials concurrent reactions occuhatanode, which compete with the
dissolution of iron, reducing the current efficignand, consequently, the amount of
Fe* generated. Low potential values were observed g Al-2Mg electrode,
consistent with the literature [10].

Using rotating disk voltammetry, RDV, it was shotimat Fe(ll) ions were generated at
a pH of 5.0 and at a current density of 11.0 mAZcom oxidation of the AISI 420
electrode.

The kinetics of the phosphate removal were studratl it was found that the rate law
followed a pseudo first-order model, with the obser rate constank,,s values of
0.0525 and 0.0263 miinfor the Al-2Mg and the AISI 420 electrodes, regjwety. The
Kobs Was dependent on the concentration of phosphategying from 0.1531 to
0.0525 mirt for the Al-2Mg electrode and 0.0600 and 0.0263 hfior the AISI 420
electrode with initial concentrations of phosphai&£0 and 150 mgt, respectively.
The kops Values were computed at different current densdiges it was concluded that
they increased on increasing the current densitygdod agreement with the data
reported by Mameriet al. [11]. The dependence d{,,s on the concentration of
phosphates was attributed to the degree of desttioh attained in solution. A small
degree of destabilisation, which occurs in solgiavith high initial concentrations of
phosphates, results in less efficient collisionsl @ggregations of the destabilised
particles. This step was identified from the litera as the rate-determining step and is

in good agreement with the kinetic analyses.

Adsorption isotherm studies were carried out texeine whether adsorption was the
primary mechanism for the removal of phosphateseunide conditions used in the
present study. It was found that the Freundlich ehoghve a better fit for both
aluminium and iron alloys, in agreement with a rgalomechanism involving
processes other than simple adsorption [12]. Howekie Al-2Mg electrode showed a
greater affinity for the adsorption of phosphatempared to the AISI 420 electrode.
Indeed, the values & and n were computed as 146 and 17 (ifg(g mg?), and 2.2
and 3.1 for the Al-2Mg and the AISI 420 electrodespectively.
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The electrocoagulation tests were performed on seaiples containing phosphates.
Although the Al-2Mg electrode exhibited good remiosfficiencies, the performance of
the AISI 420 electrode was low in removing phosphdrom a sample with a low
conductivity. This was related to the passive reatfrthe material. It was concluded
that the removal efficiency was dependent on tkeetelchemistry of the electrode and
the physico-chemical properties of the solution.tte light of these findings, an
extensive study on the electrochemical propertiesanious electrode materials was
carried out, using classical corrosion techniquassh as polarisation and cyclic

polarisation tests.

Pure iron, two stainless steel grades, AISI 310A&d 420, and two aluminium alloys,
Al-2Mg and Al-3Zn-0.02In, were used as the anodeenms in the corrosion studies.
In order to obtain more realistic results, thesedists were performed in simple
chloride, sulfate and phosphate solutions and mthgfic wastewaters containing a
mixture of the most common ions and with differeahductivity levels. Pitting attack
was observed for the pure iron electrode in sinspleride solutions. The pits ranged in
size from 2 to 2%um depending on the concentration of the chloriderem However,
this passive behaviour was reduced in the presainpbosphate anions and no passive
behaviour, and more general-like dissolution ora@sion, was observed in the synthetic
wastewaters. The AISI 310 and AISI 420 electrodssained passive in the synthetic
wastewaters, however at a sufficiently high apppetential, breakdown of the passive
film occurred and the alloys suffered severe |@ealicorrosion in the form of pits. Very
different results were obtained with the aluminiatioys. In the presence of chloride
anions, activation of the surface of the Al-2Mgaotlede was observed, giving rise to
dissolution. In the multicomponent wastewater soiytthe corrosion behaviour of
Al-2Mg was affected mainly by the presence of dderions, facilitating the
dissolution of the alloy with no evidence of anysgiae region. Similar results were
obtained with the Al-3Zn-0.02In alloy. Activatiorf the electrode, manifest by low
corrosion potentials and the absence of a passpiern, was observed in the chloride-
containing solutions. In general, it was concludleat an efficient electrode material
corrodes uniformly, has a low corrosion potentiatl @xhibits a small or no passive
region, making the pure iron, Al-2Mg and Al-3Zn-RI0 electrodes attractive in the

electrocoagulation experiments.
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The corrosion properties of the materials were tb@melated to their efficiencies for
the removal of three pollutants, phosphates, andysoand zinc ions. For the iron
system, the pure iron electrode was the most efficin terms of the removal of the
three pollutants and energy consumption. An efficieof 92.6%, 99.0% and 100% was
observed for the removal of phosphates, azo dyezemdons, respectively, while 0.52
Wh was required for the process. These resultscansistent with the general-like

dissolution of iron in low and high conductivitylsbons.

The AISI 420 electrode exhibited similar removdioééncies and energy demand to
those observed for the pure iron, with 86.4%, 98&% 100% for the removal of
phosphates, azo dye and zinc ions, respectivelyaarahergy consumption of 0.62 Wh.
However, a lower efficiency was achieved for themogal of phosphates compared to
the pure iron electrode, which was 92.6%. This atasbuted to the fact that phosphate
ions are removed mainly through a mechanism of ratiso on hydrolysed iron
species. The high potential values exhibited byathede during the electrocoagulation
process, which facilitated the occurrence of coremnir reactions, reduced the
dissolution of the iron and, consequently, decrédlse concentration of the hydrolysed
species in solution. However, the AlISI 420 eleatradhs characterised by a severe form
of localised corrosion in terms of large, deep pitswing on its surface. This form of
corrosion is considered detrimental in electroctetgan applications [13].

Poor energy and removal performance was obseniad tie AISI 310 stainless steel
as the anode material. This is in good agreemeht e passive characteristics of this
anode. Good efficiencies, 98.2%, were achieved famlyhe removal of zinc ions, since
their removal is related to the pH of the solutaord the formation and precipitation of
the corresponding hydroxide species. At the enthefelectrocoagulation tests Cr(VI)
was detected in the solutions. Accordingly the A330 stainless steel is not suitable in
the treatment of water by electrocoagulation.

As regards the aluminium system, both alloys shoaexllent removal efficiencies for
the removal of phosphates and zinc ions, with th&Mg showing efficiencies of
93.0% and 99.1%, and the Al-3Zn-0.02In giving etyuligh efficiencies of 95.2% and
100% for the removal of phosphates and zinc iomspectively. In addition, the

Al-3Zn-0.02In electrode showed a consistent lowrasion potential,Ecor. AS a
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consequence, it also exhibited low energy consump.26 Wh compared to 0.51 Wh
for the AI-2Mg electrode, making this alloy intelieg in electrocoagulation
applications. However, due to a complex mechani$memoving dyes, involving a
combination of adsorption and degradation, thedmowas not removed in an efficient

way.

Some operating conditions of the electrocoagulagimperiments were investigated to
identify the most relevant factors affecting thefpenance of the process. A screening
design of experiment, DoE, was used for this pugpmsd the current density and the
ratio of the surface area of the electrode to tbkinae of the solution, SA/V, were

determined as the most influencing factors fordleetrocoagulation process.

6.2 Future works

The findings and the conclusions of this work pdavibasis for future research in

several areas.

- A study on the parameters affecting the eledagalation performance of the
aluminium-zinc-indium electrode would be valuablgince this electrode
material showed excellent properties in terms ofthbemoval and energy
efficiencies. The effect of some other parameteraddition to those presented
in this research, such as the temperature andypleedf supporting electrolyte
should also be evaluated.

- An investigation of the parasitic reactions weimg at the anode during
electrocoagulation. In particular, the study woutdkamine the negative
difference effect, NDE, at the surface of the ahiomn electrode and its effect at
different current densities.

- An understanding of the buffer capacity obsdrdaring the electrocoagulation
reactions and an estimation of the final pH valsng Faraday’'s law of
electrolysis. This would help on evaluating theafipH of the treated solution,
which is generally regulated by law.

- An economic comparison of electrocoagulatiod anemical coagulation costs.
The comparison would also evaluate power demardk, dhnemical costs and

the costs related to the electrode manufacturingtarifecycle.
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6.3

6.4

Following the screening chemometric study, a glete design of experiment
would be applied in order to optimise the electegrdation process in terms of
removal efficiency and energy consumption.

An application of the technique to the treatmeinteal samples and a possible

scale-up of the system.
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Appendix

In this appendix some corrosion parameters areepted for pure iron, stainless steel
310, stainless steel 420, pure aluminium, alumirmagnesium and aluminium-zinc-
indium electrodes in several electrolytes. The patars were evaluated from the
potentiodynamic polarisation scans shown in Chaptender the assumptions listed in
Section 2.3.1.3 and were: (i) the corrosion po&nk.or; (ii) the corrosion current
density, jcorr; (iii) the breakdown potentiaky; (iv) the extent of the passive range,
AEpass (V) the anodic Tafel slopgs; (vi) and the cathodic Tafel slopg,

Table 1: Corrosion parameters for the pure iron electrode.

Pure iron (Fe 99.99%)

Parameter
Solution Ecor jcorr Eyr AE poss B B

Vvs.SCE Acm? Vvs.SCE V mV dec’ mV dec’
0.017 M NaCl -0.359 9.29x 10 -0.091  0.267 270.4 -123.5
0.170 M NaCl -0.463 3.04xf0 -0288  0.179 210.3 -120.8
0.017 M NaCl +
8.1 x 10 M NasSO, -0.319 1.90x1®  -0.162  0.157 139.7 -121.2
0.016 M KHPO, -0.722 3.07 x 18 - - 94.2 -118.2
sww 1 -0.704 3.18 x 1D - - 67.2 -117.5
SWw 2 -0.724 2.91x 10 - - 64.1 -122.1
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Table 2: Corrosion parameters for the stainless steel 3ddrelde.

AISI 310 (Fe/Cr25/Ni20)

Parameter
Solution Ecor jcorr Eyr AE s B B

Vvs.SCE Acm? Vvs.SCE V mV dec’ mV dec’
0.017 M NacCl -0.382 223xf0  0.102 0.484 921.8 -134.9
0.170 M NacCl -0.421 2.03 x f0 0.054 0.475 964.7 -127.8
0.017 M NaCl +
8.1 x 10° M N&SO -0.370 2.62x 16 0.131 0.501 1358.4 -135.6
0.016 M KH,PO, -0.384 2.28 x 16 - - 834.5 -173.7
sww 1 -0.448 1.09 x 10 - - 648.7 -143.2
sww 2 -0.525 1.41 x 10 0.145 0.671 634.0 -139.9

Table 3: Corrosion parameters for the stainless steel 42tirelde.
AISI 420 (Fe86.7/Cr13.0/C0.3)
Parameter
Solution Ecorr joorr Eor AE o B B

Vvs.SCE Acm? Vvs.SCE V mV dec® mV dec?
0.017 M NacCl -0.339 6.25 x 10 -0.005 0.333 153.3 -120.0
0.170 M NacCl -0.343 6.63x 170  -0.180 0.163 478.1 -115.1
0.017 M NaCl +
8.1 x 10 M N&SO, -0.277 8.3% 10’ 0.172 0.449 453.49 -183.8
0.016 M KHPO, -0.648 6.82 x 16 - - 221.49 -116.6
sww 1 -0.641 7.17 x 10 0.112 0.753 227.38 -132.3
sww 2 -0.659 1.01 x 10 -0.088 0.571 228.88 -126.1
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Table 4: Corrosion parameters for the pure aluminium elefgtro

Pure aluminium (Al 99.999%)

Parameter
Solution Eoorr jcorr Ebr AEpass ﬁa ﬁc
Vvs.SCE Acm? Vvs.SCE V mV dec’ mV dec!

0.10 M NacCl -0.828 2.21x 10 -0.744 0.084 111.3 -111.9
0.10 M NaCl -0.950 3.79x 10 -0.775 0.176 96.0 -209.3
0.10 M NaCl -1.153 2.43 x 10 -0.657 0.895 116.4 -73.1
0.10 M NacCl -0.935 2.61x 10 -0.734 0.200 167.3 -211.4
0.10 M NacCl

) -1.378 2.95x 18 -0.794 0.584 122.3 -125.2
(chemical pre-treatment)
0.10 M NaCl

) -1.347 2.68 x 18 -0.811 0.536 126.2 -127.4
(chemical pre-treatment)
0.10 M NacCl

) -1.306 1.98 x 18 -0.785 0.521 128.3 -126.3
(chemical pre-treatment)
0.10 M NaCl

) -1.343 2.77 x 18 -0.821 0.522 128.5 -128.0
(chemical pre-treatment)
0.005 M NacCl

) -1.209 253 x 16 -0.557 0.652 121.4 -130.6
(chemical pre-treatment)
0.01 M NaCl

) -1.272 3.52x 18 -0.620 0.652 139.9 -127.6
(chemical pre-treatment)
0.10 M NacCl

) -1.364 2.28 x 16 -0.829 0.535 121.6 -124.4
(chemical pre-treatment)
0.25 M NaCl

) -1.333 3.90 x 18 -0.906 0.427 129.3 -138.2
(chemical pre-treatment)
0.50 M NaCl

) -1.290 3.34x 18 -0.961 0.330 132.1 -126.8
(chemical pre-treatment)
6.5 x 10° M KH,PO, +

-0.864 1.04 x 10 0.276 1.140 262.7 -

5.0 x 10' M NaCl
6.5 x 10° M KH,PO, -0.869 1.40 x 10 - - 314.6 -
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Table 5: Corrosion parameters for the aluminium-magnesilentsde.

Al-2Mg
Parameter
Solution Ecor jcorr Eyr AE s B B

Vvs.SCE Acm? Vvs.SCE V mV dec’ mV dec?
0.017 M NacCl -0.554 1.09 x o -0.530 0.024 20.0 -398.9
0.170 M NacCl -0.664 1.27 x o -0.636 0.028 26.1 -382.0
0.017 M NaCl +
8.1 x 10° M N&SO -0.508 7.13x 10 -0.464 0.044 24.3 -389.1
0.016 M KHPO, -0.484 8.54 x 10 0.103 0.587 241.9 -168.7
sww 1 -0.598 5.61 x 10 -0.587 0.011 40.4 -406.2
sww 2 -0.670 7.21 x 10 -0.661 0.009 21.3 -349.5

Table 6: Corrosion parameters for the aluminium-zinc-indiel@ctrode.

Al-3Zn-0.02In
Parameter
Solution Ecor Jeorr Eyr AE s B B
Vvs.SCE Acm? Vvs.SCE V mV dec® mV dec’

0.017 M NacCl -0.912 8.96 x 10 -0.879 0.034 30.5 -292.3
0.170 M NacCl -1.075 240xf0  -1.055 0.020 27.2 -318.9
0.017 M NaCl +

8.1 x 10' M N&SO; -1.015 1.40 x 16 -0.858 0.156 80.1 -399.2
0.016 M KHPO, -0.680 1.41 x 18 -0.233 0.447 477.8 -165.7
sww 1 -0.798 1.48 x 10 -0.784 0.014 59.1 -453.2
sww 2 -0.857 1.11x 10 -0.848 0.009 13.6 -484.5
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