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Abstract

Chemical coagulation is commonly used in raw water and wastewater treatment
plants for the destabilisation of pollutants so that they can be removed in the sub-
sequent separation processes. The most commonly used coagulation chemicals
are aluminium and iron metal salts. Electrocoagulation technology has also been
proposed for the treatment of raw waters and wastewaters. With this technology,
metal cations are produced on the electrodes via electrolysis and these cations
form various hydroxides in the water depending on the water pH. In addition to this
main reaction, several side reactions, such as hydrogen bubble formation and the
reduction of metals on cathodes, also take place in the cell. In this research, the
applications of electrocoagulation were investigated in raw water treatment and
wastewater applications.

The surface water used in this research contained high concentrations of natu-
ral organic matter (NOM). The effect of the main parameters — current density,
initial pH, electric charge per volume, temperature and electrolysis cell construc-
tion — on NOM removal were investigated. In the wastewater treatment studies,
the removal of malodorous sulphides and toxic compounds from the wastewaters
and debarking effluents were studied. Also, the main parameters of the treatment,
such as initial pH and current density, were investigated. Aluminium electrodes
were selected for the raw water treatment, whereas wastewaters and debarking
effluent were treated with iron electrodes.

According to results of this study, aluminium is more suitable electrode material
for electrocoagulation applications because it produces Al(lll) species. Metal ions
and hydroxides produced by iron electrodes are less effective in the destabilisation
of pollutants because iron electrodes produce more soluble and less charged
Fe(ll) species. However, Fe(ll) can be effective in some special applications, such
as sulphide removal. The resulting metal concentration is the main parameter
affecting destabilisation of pollutants. Current density, treatment time, temperature
and electrolysis cell construction affect the dissolution of electrodes and hence
also the removal of pollutants. However, it seems that these parameters have
minimal significance in the destabilization of the pollutants besides this effect (in
the studied range of parameters). Initial pH and final pH have an effect on the
dissolution of electrodes, but they also define what aluminium or iron species are
formed in the solution and have an effect on the {-potential of all charged species
in the solution. According to the results of this study, destabilisation mechanisms
of pollutants by electrocoagulation and chemical coagulation are similar.



Optimum DOC removal and low residual aluminium can be obtained simultane-
ously with electrocoagulation, which may be a significant benefit of electrocoagula-
tion in surface water treatment compared to chemical coagulation. Surface water
treatment with electrocoagulation can produce high quality water, which could be
used as potable water or fresh water for industrial applications. In wastewater
treatment applications, electrocoagulation can be used to precipitate malodorous
sulphides to prevent their release into air. Technology seems to be able to remove
some toxic pollutants from wastewater and could be used as pretreatment prior to
treatment at a biological wastewater treatment plant. However, a thorough eco-
nomic and ecological comparison of chemical coagulation and electrocoagulation
is recommended, because these methods seem to be similar in pollutant destabilisa-
tion mechanisms, metal consumption and removal efficiency in most applications.

Keywords Electrocoagulation, water treatment, wastewater treatment
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1. Introduction

There is a growth in demand for new water treatment technologies as the world’s
population increases and fresh water sources are polluted. Waterborne diseases
are still common in developing countries due to the lack of funding or appropriate
know-how for water purification. Industry also uses these limited water sources
and has to acquiesce to lower quality raw water as a higher proportion of fresh
water is required for human consumption. Wastewater treatment technologies
used in both municipal and industrial applications have to be further developed in
order to reduce the pollution of receiving water bodies.

Chemical coagulation and flocculation are commonly used as a part of the wa-
ter purification systems for the removal of pollutants from raw waters and
wastewaters. Their main function is to enhance particle separation in the subse-
quent processes, such as filtration, sedimentation or flotation. In order to under-
stand destabilisation of particles by coagulants and flocculants, it is crucial to
understand the mechanisms which stabilise particles in aqueous solutions. Chem-
ical coagulation and flocculation are used in both industrial and municipal raw
water and wastewater treatment systems. They can enhance the removal of sev-
eral types of pollutants from the water streams. Typical examples of pollutants to
be removed are nutrients, toxic heavy metals and natural organic matter (NOM).
The most commonly used coagulants are aluminium or iron salts, such as sul-
phates and chlorides. These metal salts form various hydrolysis products in the
water depending on water chemistry, such as pH and the concentration of anions.
Metal cations and hydroxides destabilise colloid pollutants in water by reducing
repulsion forces between the colloids and by entrapping particles in the sludge.

Electrocoagulation (EC) has been suggested as an advanced alternative to
chemical coagulation in pollutant removal from raw waters and wastewaters. In
this technology, metal cations are released into water through dissolving metal
electrodes. Simultaneously, beneficial side reactions can remove flocculated ma-
terial from the water. However, there are also adverse side reactions, such as
deposition of salts on the electrode surface, which may cause deterioration of
removal efficiency after long operation. As in the case of chemical coagulation with
metal salts, aluminium or iron cations and hydroxides are the active compounds in
EC. Chemical coagulation and EC have fundamentally similar destabilisation
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1. Introduction

mechanisms and it is therefore important to go through the theory of colloid desta-
bilisation with metal salt coagulants, because chemical coagulation has been
studied more extensively than EC.

1.1 Basic concepts and theory of coagulation and
flocculation with hydrolysing metal salts

Pollutants in raw waters and wastewaters are typically colloidal particles, which
are not easily removed with typical filtration sedimentation or flotation due to their
stability in water. These particles have special properties due to their small size
and large total surface area. The properties of the interface of colloidal particles
and the stabilisation of colloidal particles by hydrolysing metal salts are discussed
in the first section of this work.

1.1.1 Interface of colloidal particles

Colloid is a microscopic particle, typically having at least one dimension in the
range of 1 nm to 10 um, which is dispersed throughout the other substance [1].
This medium where particles are dispersed can be gas, liquid or solid. The com-
bined surface area of colloids in dispersions is large due to their small size and
therefore surface properties play an important role in their characteristics. Natural
waters and typical wastewaters are heterodispersions, having a wide variety of
particles with different particles sizes [2].

Stability and destabilisation of colloids in solutions is the result of their surface
charge. Surface immersed into a solution can attain a charge by ionisation of
surface groups, by ion adsorption, by dissolution of ionic solids or by isomorphous
substitution [1]. Many surfaces contain ionisable functional groups, such as —OH,
—COOH or —NH,. Surface charge therefore depends on the ionisation of these
functional groups and consequently on the pH of the solution [3]. Isomorphous
substitution occurs when lattice imperfection occurs at the crystal due to the re-
placement of some atom in the crystal by another ion that has a different amount
of electrons, which results in a charged surface. This occurs for example in clay
particles. Adsorption of ions has an impact on surface charge of the particles.
Dissolution of ionic solids can cause a charge on the surface if the dissolution of
anions and cations from the solid is unequal.

When a charge forms on the surface it also affects the ions in the surrounding
solution. The ions of opposite charge are attracted towards the surface, whereas
the ions of the same charge are repelled from the surface. This separation of
charges on the particle surface results in the formation of electrical double layer
(EDL) presented in Fig. 1 [1-4].

14



1. Introduction
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Figure 1. Conceptual representation of the electrical double layer (reprinted from
[2] with permission from John Wiley & Sons).

The interface of a charged surface has been explained by the models of Helm-
holtz, Gouy and Chapman [4]. Stern later combined these models and further
developed the model of the electrical double layer. In this model there is an inner
region (Stern layer or Helmholtz layer) and an outer diffusion region (Gouy-
Chapman layer). In inner layer ions are tightly bound to the surface whereas in the
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1. Introduction

outer layer they move about under the influence of diffusion. According to Gouy-
Chapman model, the potential distribution in a flat double layer can be described
by Eqg. 1:

@y _ _p
£ &)

where y is the potential at a point in the diffuse layer versus infinity at the bulk
solution, p is the charge density at the same point and € is permittivity. In Eq. 1 the
charge density at the potential y is described by Eq. 2. The number of positive
and negative ions in the diffuse layer is distributed according to the Maxwell-
Boltzmann distribution (Eq. 3 for cations and Eg. 4 for anions):

p=ze(n, —n_.) (2
n, = ng * exp (%) ()
n_ =ng * exp (—%) (4)

where n. and n. are the respective numbers of positive and negative ions per unit
volume at the point where potential is y. ng is the concentration of ions at the
infinity (bulk solution). z is the valency of the ions, e is the charge of electron, k is
Boltzmann's constant and T is temperature. The potential of the particle surface
versus bulk solution is called Nernst potential (o). Between the inner layer and
the outer layer is the Outer Helmholtz plane (OHP), which has potential, w¢,versus
bulk solution. However, this potential cannot be directly measured and therefore a
common parameter, which depicts the surface charge of the colloid, is {-potential
(wm), which is the electrical potential between the plane of shear and the bulk
solution. The diffuse part of the double layer is analogous to the plate condenser.
Even though in reality the double layer extends to infinity, the Debye-Huckel
length, K, is used to describe the thickness of the double layer.

1.1.2 Stability of colloids in aqueous solutions

Colloids are said to be stable in aqueous solutions when their aggregation or sed-
imentation is so slow that they make virtually stable dispersions. This is important
when considering raw water or wastewater treatments because these particles
cannot be removed by sedimentation in a reasonable period of time.

Stability (or destability) of colloids in water is a balance between the repulsive
electrostatic force and attractive, London-van der Waals force. The theory of Der-
jaguin-Landau-Verwey-Overbeek (DLVO) estimates these energies of attraction
and repulsion [5, 6]. The London-van der Waals forces of attraction, caused by the
permanent or induced dipoles, are important at very short distances. The repulsion
force is caused by the overlapping of the electrical double layers, which leads to
higher counterion concentration and hence to repulsion between the particles. The
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1. Introduction

repulsion force is an exponential function of the distance between the particles
with a range of the order of the thickness of the electrical double layer, whereas
the attraction force decreases as an inverse power of the distance between the
particles.

There are two minimums in the summation of attraction and repulsion forces
between the particles having similar charges. The primary minimum, at a close
distance between the particles, is where particles reside after coagulation. There
is also a secondary minimum at longer distance and this is the energy minimum of
flocculation. Potential energy at the primary minimum is significantly smaller than
at the secondary minimum and hence the particles at the primary minimum are
more tightly attached. Between the primary and secondary potential energy mini-
mums, an energy barrier exists which the particles have to overcome with their
kinetic energy before coagulation can take place. Detailed calculations of attrac-
tion and repulsion forces have been discussed in the articles of Overbeek [7] and
Verwey and Overbeek [6].

lonic strength affects the thickness of double layer. The double layer com-
presses when ionic strength increases according to Eg. 5. In addition to ionic
strength, the valence of the ions also affects the thickness of the EDL. Multivalent
counterions are concentrated in the double layer more than monovalent ions ac-
cording to Eqg. 3 and 4. According to the Schulze-Hardy rule, the optimum concen-
tration for coagulation for tri-, di- and monovalent cations is 800:12:1. However,
the required ion concentration of multivalent ions is often less than the Schultze-
Hardy rule predicts [2].

200032NA1]_1/2
ggokT

1 _ 1010 [
P 10 (5)
where 1/K is Debye length, Na is Avogadro’s number, 1 is ionic strength and € is
permittivity in vacuum.

1.1.3 Destabilisation mechanisms of colloids

As discussed in Section 1.1.2, colloids can be stable in water due to electrostatic
repulsions between the particles. In coagulation and flocculation technologies,
particles are destabilised with the addition of inorganic or organic chemicals which
have an effect on the properties of EDL. Coagulants are chemicals which reduce
the repulsive energy between the particles (energy barrier). Therefore particles
can more easily agglomerate at the primary minimum of potential energy. Floccu-
lation occurs when these agglomerated particles attach to each other with a weak
bond (the secondary minimum of potential energy). Flocculation aids improve floc
properties, such as settleability and filterability.
Mechanisms which can destabilise colloidal particles in water are [2, 3]:

e Compression of electrical double layer. The increase of the concentra-
tion of ions in bulk solution compresses EDL and particles come together
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1. Introduction

more easily as the length of EDL decreases. Optimum destabilisation is
achieved when -potential is close to 0 mV. Excess salt concentration does
not lead to restabilisation of the particles. This mechanism is not employed
in water treatment because very high salt concentrations are required for
destabilisation.

e Adsorption destabilisation. This occurs when oppositely charged ions or
polymers are adsorbed on the surfaces of particles. They reduce surface
charge and thus repulsive force between the particles. Destabilisation oc-
curs typically at {-potential values close to 0 mV. Too high a coagulant
dose can lead to the restabilisation of the particles because the charge is
reversed.

e Inter-particle bridging. Polymerised metal coagulants or organic chemi-
cals can form bridges between the particles. Polymer can adsorb on the
particle surface by several mechanisms, such as charge-charge interac-
tions, dipole interactions, hydrogen bonding or van der Waals interaction.
When one polymer chain adsorbs on multiple particles, bridging occurs and
molecular weight increases. Bridging is a typical mechanism with long-
chained, high molecular weight organic polymers. The -potential of the
particles which are destabilised by bridging mechanism is not typically
close to zero. Restabilisation can occur when the surface is completely
covered by the polymer.

e Precipitation and enmeshment mechanism. This destabilisation mecha-
nism is typical with the high concentrations of metal salts in near neutral pH.
In this pH, metal salts, such as alum or ferric sulphate, form insoluble hy-
drolysis products and polymerise. Colloidal particles can then be en-
meshed into these sweep flocs. The required dosage of coagulant is virtu-
ally independent of the type and concentration of colloids in the solution.

Adsorption destabilisation and inter-particle bridging mechanisms are susceptible
to restabilisation when excess coagulant is added. In the bridging mechanism,
restabilisation occurs when the adsorption sites of the particles are occupied and no
further bridging can occur. In the overcharging phenomenon the inner part of the
EDL carries more countercharge than exists on the surface of the particle [8, 9]. In
this case, potentials y; and yn are reversed from negative values to positive ones
in typical colloids existing in raw water and wastewaters. However, double layer
compression and precipitation mechanisms can again destabilise particles when
even higher coagulant concentrations are used.

In typical coagulation processes of raw water and wastewater treatment plants
there are several mixing stages. At the point of coagulation, fast mixing is required
to properly disperse chemicals into the water stream and promote particle colli-
sions. After this short fast mixing stage, water goes into slow mixing stage (floccu-
lation) where induced velocity gradients provide particles opportunities for contact

18



1. Introduction

and further patrticle size growth. However, if the water velocity in the flocculation is
too high it may cause floc breakdown. There are several types of mixers for fast
and slow mixing stages and required conditions depend, e.g., pollutants to be
removed and primary mechanism of destabilisation. Detailed description can
foundin [2, 3].

1.1.4 Commonly used metal salt coagulants

Aluminium and iron metal salts are used in raw water and wastewater treatment.
Both metals can form multivalent ions, AI**, Fe*" and Fe*', and various hydrolysis
products [10]. Fe(ll) is poor coagulant itself and is typically oxidised to Fe(lll) form
during the coagulation process to obtain higher efficiency. The most commonly
used metals salts are simple aluminium and iron sulphates and chlorides. Metal
cations go through a series of hydrolytic reactions depending on the pH of the
solution and mononuclear (Fig. 2 and Eq. 6) and polynuclear hydroxides form in
the solution. Neutral amorphous metal hydroxides, Al(OH); and Fe(OH)s, are
poorly soluble species. Distribution of mononuclear species of metals can be pre-
sented as solubility diagrams.

Me3*(aq) + nH,0 & Me(OH)3™™ + nH*(aq) (6)
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1. Introduction
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Figure 2. Concentrations of soluble monomeric hydrolysis products of Fe(lll) and
Al(I1) in equilibrium with the amorphous hydroxides at zero ionic strength and
25 °C (reprinted from [10] with permission from Elsevier).

Polynuclear species, e.g., Aliz [AlO4Al12(OH) 2] are effective in destabilisation of
colloids due to their large size and high positive charge [10, 11]. In prehydrolysed
metal coagulants, such as polyaluminium chloride (PACI) and polyferric chloride
(PICI), these polymerised species are preformed by partially neutralising metal salt
solution to different basicity ratios. These coagulants have less temperature or pH
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1. Introduction

dependence and their alkalinity consumption is lower. Recently new types of co-
agulants have been developed where prehydrolysed aluminium or iron coagulants
are supplemented with silicates or organic polymers [12]. Commonly used and
recently studied metal and composite coagulants are presented in Table 1. A more
detailed description of these coagulants can be found in our review article [12].
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Table 1. Overview of the metal salt and composite coagulants used in recent research studies [12].

Coagulant

Features

Positive

Negative

Ref.

Alum,
Aluminium
chloride

Ferric
chloride,
Ferric
sulphate

PACI

Trivalent aluminium ions are re-
leased into a solution from the
respective salt. They are hydro-
lysed and form soluble complexes
possessing high positive charges.
Coagulation efficiency depends
on, e.g., coagulant dose, mixing,
pH, temperature, particle and
NOM properties. During coagula-
tion, the most effective range of
pH is suggested to be 5.0-6.5.

Ferric salts hydrolyse similarly as
aluminium salts when added to
water and form different hydrolysis
products. Effectiveness of coagu-
lation depends on the same fac-
tors as during alum salt coagula-
tion. The most effective range of
pH is suggested to be pH 4.5-6.0.

Made by partially neutralised
(prehydrolysed) aluminium chlo-
ride. Enhanced amounts of high-
charged, moderate-molar-mass
hydrolysis species, e.g., Alys.

Stable, easily handled, readily
soluble. Better turbidity removal than
with ferric salts in many cases. Can
be more effective than ferric in low
doses. Higher colour removal
efficiency.

Ferric salts have been noted to be
better at removing NOM than alu-
minium salts in many investigations.
Especially, the removal of middle
size NOM fractions is noted to be
more efficient. Not as sensitive to
temperature changes as alum.

Less temperature and pH dependent
than alum salts. Lower alkalinity
consumption. Better NOM removal
capacity than alum in many cases.
Lower dose requirement and less
sludge produced. Lower residual
aluminium in treated water.

Relatively high coagulant residuals in the
finished water in some cases. Possible link
with Alzheimer's disease. Ferric salts have
been noted to be better at removing NOM
than aluminium salts in many investiga-
tions. High alkalinity consumption. Sul-
phate and/or chloride in finished water
increases corrosivity.

Ferric-based coagulant acid strength and
associated optimised flocculation pH
ranges can produce purified water with
less buffering capacity and require greater
chemical addition for stabilisation and
corrosion control. High alkalinity consump-
tion. Sulphate and/or chloride in finished
water increases corrosivity.

The effectiveness of coagulant is signifi-
cantly affected by coagulant hydrolysis
species speciation. Preformed Al species
are stable and cannot be further hydro-
lysed during coagulation. Might not be so
efficient at removing HMM and highly
hydrophobic NOM.

[11,
13-26]

[15, 16,
20, 25,
27-29]

[11, 26,
30-33]
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PICI, PFC

PFS

PASIC,
PAF-SIC,
PFSIS, PSF

HPAC

PFC-
PDADMAC

Made by partially neutralised
(prehydrolysed) ferric chloride.
Enhanced amounts of high-
charged, moderate-molar-mass
hydrolysis species.

Made by partially neutralised
(prehydrolysed) ferric sulphate.
Enhanced amounts of high-
charged, moderate-molar-mass
hydrolysis species.

Combination of aluminium and/or
ferric-based polymeric flocculants
with polysilicate.

Composition of organic polymer
(PDADMAC) and inorganic poly-
meric coagulant (PACI) with addi-
tives such as active silicates.

Composition of organic polymer
(PDADMAC) and inorganic poly-
meric coagulant (PFC). High
content of Fey, hydrolysis species.

Wider pH range, lower sensitivity to
temperature, reduced amounts of
coagulants, lower residual iron
concentration. Less corrosive than
ferric chloride.

Wider pH range, lower sensitivity to
temperature, reduced amounts of
coagulants, lower residual iron
concentration. Less corrosive than
ferric chloride.

Enhancement of bridging ability of
coagulant. Flocs formed are relative-
ly large. More resistant to pH varia-
tions. Wider pH range.

Effective in waters with high alkalini-
ty or pH. Wider working pH range.

Stronger charge neutralisation and
hence efficient DOC, SUVA and
turbidity removal capacity.

More at development stage. Not so widely
used.

Hydrolysis conditions have major impact
on speciation of hydrolysis/polymeric
species. More at development stage. Not
so widely used.

Although flocs are large, they are non-
settleable, thus creating high turbidity
values with overly low dosages. More at
development stage (especially ferric-based
coagulants).

Flocs formed can be small or incompact,
thus not favourable to sedimentation,
although flotation is much more efficient.

More at development stage. Not so widely
used.

[34, 35]

[36, 37]

[31,
38-45]

[26, 38,
46, 47

35,
48-51]
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1. Introduction

In addition to pH, competing anions also have an influence on the composition of
metal hydroxides. The effect of anion depends on its electronegativity and tenden-
cy to react with metal ion or the positively charged sites of metal hydroxide precipi-
tates [3]. Sulphate ions are weakly basic and strongly coordinated with metal ions.
They broaden the pH zone of destabilisation to acidic side. Phosphates shift the
optimum pH of destabilisation to the acidic side. Chlorides and nitrates have only a
slight effect in high concentrations.

1.1.5 Applications of metal salt coagulants in industrial raw water and
wastewater treatment

Metal salt coagulants are used in industrial raw water treatment processes and
wastewater treatment plants to remove various pollutants. Typical contaminants in
surface waters that can be removed by coagulation are for example NOM, mineral
substances and microorganisms. The variety of pollutants found in industrial
wastewaters is enormous and only some examples of applications could be given
in this study.

NOM is one of the most important pollutants found in surface waters. Basically,
NOM is a complex mixture of different organic materials, such as bacteria, viruses,
humic acids, fulvic acids, polysaccharides and proteins. NOM can be divided into
hydrophilic and hydrophobic fractions [52, 53]. The hydrophilic fraction of NOM is
composed mostly of aliphatic carbon and nitrogenous compounds, such as car-
boxylic acids, carbohydrates and proteins, whereas the hydrophobic NOM primari-
ly consists of humic (Fig. 3) and fulvic acids [54]. Humic substances are highly
heterodisperse macromolecules with high molecular weights.

Aliphatic
dicarboxylic
Hydroxyacid acid
. M _coH
~—CO;H /Qi
—~—CH
HO.C o, CO,H
HO,C Cli‘i phe”gﬁmup
: -
Afonfalic At ~
dicarboxylic
acid

CHg —CH,— COgH
Aliphatic
acid

Aromatic
acid

Figure 3. Hypothetical molecular structure of humic acid (reprinted from [10] with
permission from Elsevier).

24



1. Introduction

High molecular weight hydrophobic NOM fractions are more easily destabilised
than low molecular weight hydrophilic fractions [3, 52, 53, 55]. Hydrophilic frac-
tions can be partially removed when sufficiently high coagulant concentrations are
used at low pH. In these conditions, metal ions form complexes with ionogenic
groups of the hydrophilic colloid and electroneutral precipitate forms. Hydrophobic
NOM contains more aromatic compounds than hydrophilic fractions and has a
higher level of charge due to ionisable groups, such as carboxylic and phenolic
groups. Humic substances can also be classified as humus coal, fulvic acids,
hymatomelanic acids and humic acids. Humus coal is an insoluble fraction,
whereas others are soluble in neutral water. Molecular weights of the soluble
fractions of humic substances in order of decreasing molecular weight are humic
acid > hymatomelanic acid > fulvic acids. Humic acid fraction is more hydrophobic
than fulvic acid fraction and is therefore more easily destabilised by coagulation.

Industrial wastewaters often contain colloidal suspensions which can be desta-
bilised by the addition of chemical coagulants [56]. Coagulant technologies can be
used before biological wastewater treatment to remove toxic substances from the
wastewater stream that could affect the survival of microbes at biological
wastewater treatment plants [57]. Coagulant chemicals can be added into primary
clarifiers to reduce the load on biological processes. With coagulation technology it
is common to achieve high removals of pollutants; 95% total suspended solids
(TSS), 65% chemical oxygen demand (COD) and 50% biological oxygen demand
(BOD). Chemical coagulation can also be used after the biological wastewater
treatment plant to remove residual phosphorus from the water stream. Phospho-
rus causes eutrophication in the receiving wastewaters and therefore, discharges
of wastewater treatment plants have to be minimised. Chemical precipitation can
be used to remove orthophosphates and particulate phosphorus species [3]. The
stoichiometric of Alagged:Premoved has been reported to vary from 1.4 to 4.3. The
stoichiometric relationship is valid at high phosphorus concentrations and higher
doses are required when concentration decreases. Typically optimum phosphorus
removal occurs within the pH range of 5.5 to 6.0.

Iron (I1) and iron (Ill) salts are also used in wastewater treatment plants or long
pipeline systems to precipitate dissolved sulphides present in the wastewater.
Hydrogen sulphide (H2S) has a low odour threshold and besides common odour
problems, hydrogen sulphide also has adverse effects on human health and caus-
es corrosion of the sewers and other equipment [58—62]. Precipitation of dissolved
sulphides is normally performed using iron salts, such as ferric chloride or ferrous
sulphate [63-65]. Iron salts can be added prior to sulphide formation or into
wastewater already containing sulphides. A higher concentration of iron salt is
required if dosing is conducted before sulphide formation, because iron hydroxides
and carbonates are formed, and iron cations only partially react with dissolved
sulphide ions. Sulphides form black ferrous sulphide (FeS) according to Eq. 7 in
the presence of Fe(ll). Fe(lll) can remove sulphides by chemically oxidising them
to elemental sulphur (Eq. 8), while the Fe(ll) formed during the reaction can sub-
sequently produce FeS (Eq. 7). According to Firer et al. [64], the stoichiometry of
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the reaction with Fe(ll) is approximately 1.3 mole of Fe** per 1 mole of S* re-
moved, and with Fe(lll) 0.9 mole is required per 1 mole of S* removed.

Fe?*(aq) + HS(aq) — FeS(s) + H* @)

2Fe3*(aq) + HS™ (aqg)—2Fe?* (ag)+S°(s)+H* (8)

Common issues that arise when iron chemicals are used include the corrosion of
equipment and a localised decrease in pH at the feeding point, which can release
hydrogen sulphide into the sewer atmosphere. Due to the corrosive nature of the
chemicals, special materials, such as titanium, are used in the tanks and piping,
increasing capital costs of the equipment [66].

1.2 Theory of electrocoagulation

EC has a long history: the first plant was built in London in 1889 for the treatment
of sewage [67, 68]. Despite some promising results, the success of this technolo-
gy has been limited. However, there has been renewed scientific, economic and
environmental interest in this technology in recent years due to demand of alterna-
tive water treatment technologies. EC understandably has several similarities with
the chemical coagulation but also significant differences, such as side reactions,
which are discussed in this section.

In the EC system there are multiple electrochemical reactions occurring simul-
taneously at the anodes and cathodes. These mechanisms can be divided into the
main mechanisms that cause destabilisation of pollutants, and side reactions, such
as hydrogen formation. The most important reactions are summarised in Fig. 4.
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Figure 4. Schematic representation of typical reactions during the EC treatment.

1.2.1 Main reactions

Electrodes which produce coagulants into water are made from either iron or alu-
minium. In addition, there can be inert electrodes, typically cathodes, which are
sometimes used as counter-electrodes in the system. Iron and aluminium cations
dissolve from the anodes according to Egs. 9 and 10.

Fe(s) - Fe™*(aq) + ne~ 9)

Al(s) - AP*(aq) + 3e~ (10)
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In typical aqueous environments and conditions of the EC process, iron can dis-
solve in divalent Fe(ll) and trivalent Fe(lll) forms, whereas aluminium dissolves
only in trivalent form Al(lll). Fe(ll) can further oxidise to Fe(lll) (Eq. 11) if oxidation-
reduction potential (ORP) and pH conditions are suitable. Oxygen has to present
and pH has to be neutral or alkaline to achieve a reasonable reaction rate [69].
Thermodynamically stable forms of iron and aluminium in different ORP and pH
conditions can be estimated using E-pH diagrams (Fig. 5).

4Fe?*(aq) + 10H,0 + 0,(aq) » 4Fe(OH);(s) + 8H* (11)

A)
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2.0
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Figure 5. E-pH diagrams of a) iron and b) aluminium at 25 °C, 1 bar and 10-6 M.

Moreno et al. [67] studied the electrochemical reactions of iron electrodes in EC
system. According to their results and the thermodynamical data they presented,
the potential of the iron anode in an EC system is in the region where Fe(lll) iron is
produced. However, some authors suggest that the potential of the cathode is in
the region where Fe(lll) is reduced to Fe(ll) form and therefore, both forms exists
in the EC system [70, 71]. Iron is produced on the anodes mainly in Fe(ll) form
[72]. In low pH the chemical dissolution of iron can be significant and total iron
concentration can be higher than would be theoretically expected. Sasson et al.
also studied oxidation of produced Fe(ll). According to their results, no significant
oxidation occurred at pH 5, oxidation rate was moderate at pH 6 and very rapid
oxidation occurred at pH 7-9.

The amount of metal cations dissolved during the reactions at the anode can be
calculated according to Faraday’s law (Eq. 12).

_ ItMy,
m=— (12)

where | is the current, t is the operation time (s), My, is molecular weight of the
substance (g/mol), F is Faraday’'s constant (96485 C/mol), z is the number of
electrons involved in the reaction (2 for Fe** and 3 for Fe** and AI**) and m is the
quantity of metal dissolved (g). Several studies have reported current yields higher
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than 100% for the dissolving of aluminium electrodes [73]. It seems that aluminium
also dissolves from the cathodes. This occurs when pH on the surface of the cath-
ode decreases due to the formation of HO™ (Eq. 13) or by the consumption of
hydronium ions/protons (Eq. 14).

2H,0 + 2e~ - H,(g) + 2HO (aq) (13)

2H*(aq) + 2e~ - H,(g) (14)

At high pH, aluminium dissolves as aluminate (Eq. 15).
2AI(s) + 6H,0 + 2HO™ (aq) - 2[Al(OH),]"(aq) + 3H,(g) (15)

Picard et al. [73] studied cathodic dissolution during the EC process. They com-
pared hydrogen evolution from the stainless steel cathodes and aluminium cath-
odes. Hydrogen produced at the stainless steel cathodes followed Faraday’s law.
In tests with the aluminium cathodes, hydrogen production was higher due to the
chemical dissolution of aluminium according to Eq. 15. Hydrogen formation and
aluminium dissolved from the cathodes increased exponentially with the current
intensities.

When aluminium ion, aluminate or iron ions are produced on the electrodes
they experience hydrolysis or dehydrolysis reactions in the solution. Green rust is
formed when iron electrodes are used [67]. Green rust contains both Fe(ll) and
Fe(lll) hydroxides and anions, such as CI', COs* and SO4*. Other metal cations,
such as Cu(ll) and Ni(ll), can also substitute Fe(ll) in green rust if they exist in the
solution [74, 75]. In an EC system, green rust and hydrogen are formed according
to Eq. 16.

6Fe(s) + (12 + x)H,0 - ¥2(12 — x)H, (g) + xFe(OH); - (6 — x)Fe(OH),(s) (16)

Mononuclear hydrolysis products of Fe(lll) and Al(Ill) were presented in Fig. 2 as a
function of pH. It is probable that similar polynuclear species are formed in EC and
chemical coagulation. However, this has not been verified by experimental stud-
ies.

1.2.2 Side reactions
In addition to dissolving of aluminium and iron production, other electrochemical
reactions can also take place in the EC system. They are:

¢ hydrogen formation at the cathodes due to Egs. 13-15

¢ increase of pH due to the formation of hydroxyl ions or the consumption of
hydronium ions/protons (Egs. 13 and 14)

* reduction of metal ions on the cathodes.
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Some articles have also speculated that oxygen is also produced on the anodes
[76, 77]. However, it seems that this does not take place in typical conditions
(electrochemical potential) of EC systems as dissolution of anodes follows Fara-
day’s law [72, 78]. However, at alkaline pH, dissolution of iron anodes is lower
than calculated according to Faraday’s law, which indicates that other electro-
chemical reactions are taking place in these conditions.

There is technology called electroflotation (EF), which can be used to produce
bubbles that can effectively separate particles from the solution [79-81]. In electro-
flotation technology, oxygen bubbles are produced on the anodes and hydrogen
bubbles on the cathodes, whereas in EC technology only hydrogen bubbles are
produced on the cathodes. The efficiency of the flotation in EC and EF technolo-
gies depends on the size of the bubbles. Smaller bubbles can provide a larger
surface area for particle attachment. EF produces smaller diameter bubbles than
commonly used dissolved air flotation (DAF) technology. The mean diameter of
the hydrogen and oxygen bubbles generated in EF range from 17 to 50 pm,
whereas in DAF the typical mean diameter of the bubbles range from 48 to 60 pm
[80]. Usually, the diameters of the electrolytically generated bubbles obey log-
normal distribution.

Electrode material, current density and pH affect bubble size. The smallest hy-
drogen bubbles are produced at neutral or acidic pH [80]. Stainless steel plates
have been found to produce the smallest bubbles. There has been some contro-
versy in the reported effects of current density on the bubble size. Sarkar et al.
[82] studied the effect of current density and electrode on bubble size produced on
the cathodes. They discovered that a significant proportion of hydrogen produced
on the cathodes can be dissolved in the solution. According to their results, bubble
size diameter is a function of hydrogen production rate, bubble nucleation rate and
dissolved gas concentration field.

In contrast to chemical coagulation, EC treatment increases the pH of the solu-
tion when it is in an acidic, neutral or slightly alkaline region and decreases when it
is highly alkaline. This change of pH during the EC treatment affects the speciation
of aluminium and iron hydroxides. At highly acidic pH (pH 2) the alkalinity pro-
duced during the EC is not sufficient to increase the pH of the solution, whereas at
pH 3 and higher initial pH values pH rises during the treatment [78]. This is easily
understandable, as concentration of hydronium ions increases by factor 10 when
pH decreases from pH 3 to pH 2. When initial pH is significantly alkaline (pH > 9),
pH probably decreases due to the formation of aluminate [AI(OH)4], which is an
alkalinity consumer [83, 84]. It seems that the pH change rate and final steady-
state pH depends on the concentration of anions in the solution. According to
Trompette and Vergnes [85], pH increases more in sulphate solution than in chlo-
ride solution. As mentioned in Section 1.1.4 sulphates can replace hydroxyl ions in
the hydroxide precipitates and therefore less hydroxyl ions are bound to hydrox-
ides.

Because electrochemical reactions occur at the surface of the electrodes, the
concentration of reaction products is highest at the electrode surface and the
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concentration gradient exists from the surface towards the bulk solution. There-
fore, pH decreases at the vicinity of the anodes and vice versa at the cathode
surface. This can lead to precipitation of inorganic salts on the electrode surface if
their solubility changes as a function of pH, e.g., precipitation of calcium carbonate
on the cathodes [86].

If electrochemical potential at the cathodes is in the right region, the direct elec-
trochemical reduction of metal cations may occur at the cathode surface (Eq. 17).

Me™* (aq) + ne™ - Me°(s) 17)

There are several studies where the removal of metals from wastewaters has
been studied, as discussed later in Section 1.3.2. Results indicate that metals are
mostly removed by coagulation and co-precipitation. However, the reduction of
metal ions may have some effect on removal efficiency even if they are not re-
duced to the metallic state. Heidmann and Calmano [87] studied the removal of
Zn(11), Cu(ll, Ni(I), Ag(l) and Cr(VI) from aqueous solution by EC. They proposed
that Zn(l1), Cu(ll), Ni(ll) and Ag(l) were removed from the solution by hydrolysation
and co-precipitation, whereas Cr(VI) was reduced first to Cr(lll), after which it was
precipitated as hydroxide. It is probable that dissolving of aluminium at the cath-
odes prevents plating of the cathode with other metals. With iron or inert cathodes,
some plating could be expected at least with some metal ions, e.g., Ni(ll) and
Cu(ll). It is possible that plating is a slow reaction in typical concentrations and re-
moval occurs mainly by coagulation co-precipitation due to these kinetic reasons.

1.2.3 Properties of the sludge

The properties of produced sludge are important because sludge treatment and
disposal are one of the major cost factors in water and wastewater treatment,
especially when sludge has been produced by chemicals. The dried EC sludge
produced by different combination electrodes during arsenic removal has been
characterized by FTIR, PXRD, XPS, SEM-EDS and M&ssbauer spectroscopy [71].
Dried sludge formed by Al-Al electrodes contained amorphous aluminium hydrox-
ide and/or aluminium oxyhydroxide. Fe-Fe electrodes produced crystalline phases,
such as magnetite, and poorly crystalline phases, such as iron oxyhydroxides and
lepidocrocite. Sludge produced by combined Fe-Al electrodes contained the
aforementioned products as well as mansfeldite, diaspore and iron oxide. Crystal-
linity of iron species decreased, possibly due to the substitution of iron by alumini-
um. Emamjomeh and Sivakumar studied the sludge produced during the fluoride
removal by EC using XRD [88]. Identified products were aluminium fluoride hy-
droxide complexes and aluminium hydroxide. Shafael et al. [89] identified amor-
phous manganese and aluminium species in sludge produced by EC during Mn(ll)
removal.

The settleability of sludge produced by EC during paper mill [90] and textile
wastewater treatment has been studied [91]. When paper mill wastewater was
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treated, the sludge volume index (SVI) was 0.207-0.310 L/g and 0.081-0.091 L/g
for aluminium and iron electrodes, respectively. The sludge formed by iron elec-
trodes was heavier and produced a more compact layer. The authors observed
similar results with textile wastewaters. Hydrogen produced during the EC induces
flotation of particles and decreases settling velocity. As discussed in Section 1.2.2,
the operating parameters of EC affect the properties of hydrogen bubbles. Lai and
Lin [92] treated chemical mechanic polishing wastewater by Al-Fe electrodes and
studied settling properties of produced sludge. They concluded that complex mod-
els of third or fourth order described the sludge settling data.

The heat value of the sludge produced by EC has been measured using a
bomb calorimeter [93]. Heat value was 5.3 MJ/kg and authors concluded that it
could be used as a fuel in the furnaces and the produced ash could be blended
with the cementitious mixtures. It is probable that sludge produced during the
treatment of other wastewaters containing high organic matter also has a high
heat value. The combination of EC and electrodewatering has been studied for the
reduction of water content in sewage sludge [94]. The combination of EC and
electrodewatering reduced water content of the sludge to 55%, whereas water
content in sludge treated with only pressure filtration was 78%.

1.2.4 Treatment parameters

There are various parameters which have an effect on the efficiency of the EC in
removing the pollutants from water. Parameters which are known to have an effect
are:

« Material of the electrodes can be iron, aluminium and/or inert material
(typically cathodes). Iron and aluminium ions and hydroxides have different
chemistries and applications.

¢ pH of the solution has an effect on the speciation of metal hydroxides in
the solution and also on the -potential of the colloidal particles. It also af-
fects the dissolution of aluminium cathodes.

¢ Current density is proportional to the amount of electrochemical reactions
taking place on the electrode surface.

¢ Treatment time or electric charge added per volume is proportional to the
amount of coagulants produced in the EC system and other reactions tak-
ing place in the system.

¢ Electrode potential defines which reactions occur on the electrode surface.

¢ Concentration of the pollutants affects the removal efficiency because
coagulation does not follow zeroth-order reaction kinetics but rather pseudo
second or first-order kinetics.

33



1. Introduction

¢ Concentration of anions, such as sulphate or fluoride, affects the composition
of hydroxides because they can replace hydroxide ions in the precipitates.

« Temperature affects floc formation, reaction rates and conductivity. De-
pending on the pollutant, increasing temperature can have a negative or a
positive effect on removal efficiency.

¢ Other parameters, such as hydrodynamical conditions and inter-electrode
distance, may have effect on efficiency of the treatment and electricity con-
sumption. However, these parameters have not been widely studied or
they have a negligible effect on the removal efficiency.

Electrode materials

Electrode material defines which electrochemical reactions take place in the EC
system. Aluminium and iron electrodes have both been used successfully in EC
systems. Aluminium dissolves in all cases as Al(lll) whereas there is some contro-
versy as to whether iron dissolves as Fe(ll) or Fe(lll) [67, 72]. Most results indicate
that iron dissolves as Fe(ll), such as [72, 95, 96], and is oxidised in bulk solution to
Fe(lll) if there are oxidants, such as oxygen, present in sufficient concentration
and pH is alkaline (Fig. 5a, see p. 28). Fe(ll) is a poor coagulant compared to
Fe(lll) due to higher solubility of hydroxides and lower positive charge, which ex-
plains some poor results obtained with iron electrodes, such as in the study of
Bagga et al. [96]. Optimal material selection depends on the pollutants to be re-
moved and the chemical properties of the electrolyte. In general, aluminium seems
to be superior compared to iron in most cases when only the efficiency of the
treatment is considered. However, it should be noted that aluminium is more ex-
pensive than iron.

Inert electrodes, such as metal oxide coated titanium, are used as cathodes in
some constructions. When water has significant amounts of calcium or magnesi-
um ions, the inert cathode material is recommended [76]. There are also some
studies where combinations of aluminium and iron electrodes have been used.
Linares-Hernandez et al. [95] obtained high removal of colour with aluminium
electrodes, while iron was more effective than aluminium in reducing COD from
industrial wastewater. A combination of iron and aluminium removes both colour
(71%) and COD (69%) with high efficiency. Similar results were obtained when
paper mill wastewaters were treated with various aluminium and iron electrode
combinations [97]. Aluminium electrodes were most effective in removing colour of
the wastewater, whereas iron electrodes removed COD and phenol from the
wastewater more effectively than aluminium electrodes. A combination of alumini-
um and iron electrodes removed colour, COD and phenol with high efficiency.
Combination electrodes have been studied for arsenic removal from groundwater
[71]. Iron electrodes and a combination of iron and aluminium electrodes gave the
highest arsenic removal efficiencies. Similar results were obtained for copper,
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chromium and nickel removal from metal plating wastewater [98]. Fe-Al pair has
been most effective in removing indium from water [99].

pH of the solution

One key parameters of EC treatment is the pH of the solution to be treated. It has
an effect on the conductivity of the solution, dissolution of the electrodes, specia-
tion of hydroxides and C-potential of colloidal particles. As discussed in Sections
1.1.3 and 1.1.4, aluminium and iron cations and hydroxides cause destabilisation
of colloids. Effective coagulant species are formed in acidic, neutral and slightly
alkaline pH. In highly alkaline pH AI(OH)," and Fe(OH), ions are formed and these
ions have poor coagulation performance. As can be seen in Fig. 2 (see p. 20),
Fe(lll) is effective in a wider pH area than Al(lll) and works also in slightly alkaline
pH. It is also known that competing anions have an effect on the optimum pH of
the coagulation. The effect of water pH on the efficiency of pollutant removal can
mostly be explained by the aforementioned mechanisms. However, as discussed
in Section 1.2.3, pH increases during the EC treatment, making it a constantly
changing parameter; therefore mechanistic studies of EC systems are difficult to
conduct.

In pHs lower than 3, the release rate of aluminium during electrolysis with a
constant charge per volume was lower than in pHs above 3 [78]. Chemical disso-
lution of aluminium cathodes occurs because pH increases to a level where alu-
minate is formed. It is probable that acidic bulk solution inhibits this reaction be-
cause produced hydroxyl ions are consumed by the acid in the solution. In acidic
pH the dissolution of iron electrodes was significant even without electricity,
whereas oxidation of Fe(ll) to Fe(lll) occurs only at pHs above 5 [72]. The dissolu-
tion rate decreases at high pH, which is understandable as the corrosion rate of
iron decreases in alkaline pH in the presence of oxygen because a passive layer
forms on the surface. It has been suggested that initial pH is key parameter when
either chemical coagulation or EC is selected for the water treatment [100]. EC is
more suitable when higher pH is desired (acidic solutions), whereas chemical
coagulation is preferred when pH should decrease before discharge.

There are also some pollutants which have specific optimum pHs of treatment,
such as phosphorus and metal cations. The effect of initial pH on phosphate re-
moval from wastewater by EC with iron electrodes has been studied [101]. The
highest removal efficiency was observed at the lowest tested initial pH (pH 3).
Wastewater pH increased to a highly alkaline level (pH 10-12) during the long
treatment, probably due to partial replacement of HO™ by PO,*. In high pH the
removal rate was poor due to the formation of Fe(OH),s and higher solubility of
FePO.. In higher pH there are more HO ions to compete with PO,> and therefore
less FePO, is formed. Other researchers have had similar results with iron elec-
trodes when they studied the removal of phosphorus from secondary effluent
[102]. According to Janpoor et al., phosphorus removal from laundry wastewater
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with aluminium electrodes was poor when initial pH was lower than 6 or higher
than 8 [103].

As with aluminium and iron, other metal cations can also form hydroxides in
water. Most non-ionic hydroxides have low solubility in water and can be removed
by precipitation and co-precipitation with EC systems. Hanay and Hasar [104]
studied removal of Cu(ll), Mn(ll) and Zn(ll) by aluminium electrodes. Removal
efficiency increased when initial pH of the wastewater increased. Similar results
have been obtained for the removal of Co(ll) [105], As(V) [106], Cu, Cr and Ni [98],
Cu(ll), Pb(ll) and Cd(ll) [107], Cu(ll), Ni(ll), Zn(ll) and Mn(ll) [108], In(lll) [99],
Mn(Il) [89] and Cr(lll) [109]. Hg(ll) removal was not significantly affected by initial
pH in the range of 3—7 [110].

Current density and treatment time

Current density is directly proportional to the rate of electrochemical reactions
taking place on the electrode surface and it also has an influence on the electrode
potential, which defines the reactions taking place on the electrode surface. It
seems that on iron and aluminium anodes, dissolution reaction is the primary
reaction, and the proportion of other reactions is insignificant at the typical current
densities and electrode potentials when pH is neutral or acidic [72, 78]. At alkaline
pH the dissolution rate of iron anodes can be lower than the value calculated by
Faraday's law, which indicates that there can be other reactions at the anode in
these conditions [72].

Coagulant produced by electrolysis can usually be calculated according to Far-
aday’s law when current and treatment times are known (Eq. 12). Coagulant con-
centration produced by electrolysis on anodes is typically directly proportional to
the electric charge added per volume (coulombs per litre). However, the total
amount of coagulant dissolved also includes chemical dissolution of the electrodes
in low pH and the dissolution of aluminium cathodes. Current density probably has
some influence on the chemical dissolution of aluminium cathodes, as it affects
the rate of hydroxyl ion production at the cathodes. Mouedhen et al. [78] studied
aluminium dissolution from the cathodes with an electrochemical cell constructed
of platinised titanium anode and aluminium cathode. They used constant charge
per volume (540 C/L) and various current densities. According to their results, as
the current density decreases the amount of aluminium generated increases.
These results indicate that even low current density (< 1 A/dm?) initiates the dis-
solving reaction on the cathodes if solution pH is not highly acidic and therefore
the produced amount of aluminium on the cathodes depends more on the treat-
ment time than the electric charge added per volume.
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Concentration of anions

Concentration of anions in the solution affects the stability of passive layer of the
aluminium electrodes. Sulphate anions are passivating agents and therefore re-
duce the production of metal cations [111]. Chloride, on the other hand, induces
the breakdown of the passive layer and pitting corrosion. The effect of supporting
electrolytes on the efficiency of an EC system has been studied by treating un-
skimmed milk samples and a cutting oil emulsion by aluminium electrodes in the
presence of NaCl, Na;SO4, NH4Cl and (NH4)>.SO4 [85]. According to results, sul-
phate anions increase electrical consumption and have a negative effect on EC
efficiency. Ratio of [CI]/[SO4*] should be 0.1 or higher to ensure breakdown of the
passive film. Mouedhen et al. [78] reported that optimum concentration of CI” ions
was 61 mg/l. In addition to the effect on the passive layer, some salts can precipi-
tate on the cathodes if the concentration of salts in water is sufficiently high [86].
This insulating layer increases power consumption significantly [76].

As discussed in Section 1.1.4, competing anions can replace hydroxyl anions in
the precipitate, which has an effect on the properties of hydroxide and therefore,
also on efficiency and optimum conditions of coagulation processes. Competing
anions can also have a direct influence if the pollutant is anion e.g. fluoride or
phosphate. Hu et al. [112] studied fluoride removal in the presence of chloride,
nitrate and sulphate anions. They obtained the best results in the absence of
these anions. Sulphate ion concentration had a significant effect on the removal
efficiency of the fluoride, probably because it can compete with fluoride ions from
Al(I). According to Vasudevan et al. [113] fluoride and arsenate compete with
phosphate ion and reduce its removal by EC.

Temperature

The effect of temperature on the removal of pollutants through EC has been stud-
ied in a few articles. The effect of solution temperature on boron removal by EC
has been studied in the range of 293-333 K [114]. When temperature increased
from 293 K to 333 K, the boron removal efficiency increased from 84% to 96%.
The opposite effect has been reported when paper mill wastewater was treated at
temperatures between 293 and 333 K [97]. Removal of colour, COD and phenol
decreased by 10-20% when temperature increased from 293 K to 333 K. The
effect of temperature on phosphate removal from wastewater by EC has been
studied in the range of 293-333 K [113]. Removal efficiency was 29% lower at 293
K than in higher temperatures. Authors concluded that at low temperatures the
dissolution of anode occurs at a lower rate. However, they did not present any
results, such as concentrations of aluminium dissolved from electrodes, which
would support this conclusion.

It has been suggested that when temperature is too high, there is a shrinkage
of large pores of the Al(OH)3 gel, which causes the formation of dense flocs that
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are more likely to deposit on the electrode surface [76]. Increasing temperature
also enhances the solubility of aluminium. However, it seems that increasing tem-
perature can have positive and negative effects on the removal efficiency. It is
possible that the effect of temperature on removal efficiency depends on the re-
moval mechanism of pollutants.

1.2.5 Comparison of electrocoagulation and chemical coagulation

There are only a few published studies in which chemical coagulation and EC
have been compared. However, these technologies can be considered competing
technologies and therefore, the comparisons of treatment efficiencies are im-
portant. As previously mentioned, reliable comparisons are difficult to conduct due
to the dynamic nature of the EC process.

Change of pH during the EC and its effect on aluminium species formed has
been studied [100]. The formation of monomeric and polymeric aluminium hydrox-
ides were compared when aluminium was added as AICl; or by EC. According to
results, there are no significant differences in the speciation of aluminium obtained
by these two methods. Authors concluded that both processes are similar in terms
of removing the pollutants from the wastewater under the same dynamic condi-
tions, doses of aluminium and steady-state pHs.

EC and chemical coagulation have been compared in the treatment of ultrafine
quartz suspensions [115], the removal of Cr(VI) [116] and as a pretreatment be-
fore microfiltration membranes [96, 117]. Kili¢ et al. [115] compared chemical
coagulation and EC and the effect of initial pH and aluminium dosage on the re-
moval efficiency of a model pollutant (ultrafine quartz particles). They used alumin-
ium anodes and stainless steel cathodes. The optimum pH for the removal of
particles was 9 for EC and 6-9 for chemical coagulation. Wider optimum coagula-
tion pH with chemical coagulant was probably a result of higher sulphate concen-
tration because aluminium sulphate was used as a chemical coagulant. The effect
of aluminium dosage on the destabilisation of pollutants and optimum aluminium
dosages were similar with both technologies. Both technologies removed turbidity
equally well. Researchers suggested, based on the {-potential measurements,
that destabilisation mechanisms are similar with both technologies.

EC was more effective (42%) than chemical coagulation (approximately 11.5%)
at removing Cr(VI) from aqueous solution [116]. Some Cr(VI) was removed by
deposition on the cathode. Alum and aluminium sulphate showed poor Cr(VI)
removal, which was probably due to competitive adsorption of sulphate ions on the
sludge matrix. Zhu et al. [117] compared EC and chemical coagulation pretreat-
ment for enhanced virus removal using microfiltration membranes. Both technolo-
gies improved virus removal but EC outperformed chemical coagulation in removal
efficiency. The researchers suggested that the enhanced removal by EC was due
to electrophoretic movement of viruses on electrodes. However, the effect of elec-
trophoresis on removal efficiency in EC has not been reliably verified by experi-
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mental studies. Somewhat opposite results were obtained when chemical coagu-
lation and EC were compared at pretreatment for surface water microfiltration [96].
Chemical coagulation with ferric chloride was superior compared to EC with iron
anode and stainless steel cathode. Iron dissolved in Fe(ll) form which had higher
solubility and poor coagulation performance compared to Fe(lll) in ferric chloride.
NOM can prevent oxidation of Fe(ll) to more effective Fe(lll) form [118]. Zhu et al.
[117] used synthetic freshwaters which did not include NOM in their studies, which
may explain better performance of EC in their research.

According to studies in which EC and chemical coagulation have been com-
pared, it seems that these technologies have similar destabilisation mechanisms.
However, a chemical coagulant is added together with anion, such as sulphate or
chloride, which may have some influence on the efficiency of the process. In some
cases, side reactions, such as reduction on the cathode surface, may play an
important role in the destabilisation of pollutants. Iron is dissolved from the iron
electrodes in Fe(ll) form and hence oxidation to more effective Fe(lll) form is im-
portant in order to obtain high removal efficiency. Therefore, it would be more
descriptive to compare Fe(ll) coagulants, such as ferrous sulphate, and EC with
iron electrodes.

1.3 Practical considerations of electrocoagulation

1.3.1 Constructions of electrocoagulation systems

EC systems are typically constructed of plate electrodes and water flows through
the space between the electrodes [76]. There are several methods how electrodes
can be arranged in the EC system. Flow between the electrodes can follow a
vertical or horizontal direction. Electrodes can be monopolar or bipolar. In the
monopolar systems (Fig. 6a) all anodes are connected to each other and similarly
all cathodes are also connected to each other. In the bipolar systems (Fig. 6b) the
outermost electrodes are connected to a power source and current passes
through the other electrodes, thus polarising them. In the bipolar systems the side
of the electrode facing the anode is negatively polarised and vice versa on the
other side facing the cathode.
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Figure 6. Connections and electrode polarity in a) bipolar and b) monopolar EC
systems.

The pollutant removal efficiencies and operating costs of monopolar and bipolar
configurations have been compared in several studies [119-124]. Slaughterhouse
wastewaters have been treated with mild steel and aluminium electrodes arranged
in bipolar or monopolar configurations [123]. The best performance was obtained
using mild steel electrodes in bipolar configuration. Economic calculations were
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made based on the results but electrode consumption was calculated according to
Faraday's law which gives false results, especially when aluminium electrodes are
used. Golder et al. [119] studied Cr®" removal with EC by mild steel electrodes.
Current efficiency for the dissolving of the mild steel electrodes was lower when
electrodes were in bipolar configuration (64.5%) than when they were in monopo-
lar configuration (91.7%). This is probably due to the higher electrode potential of
the electrodes in bipolar arrangement and competing reactions taking place on the
electrodes. A complete removal of Cr** was obtained when electrodes were in the
bipolar arrangement. However, treatment cost was lower with a monopolar ar-
rangement when the treatment was continued to the discharge limit. Similar re-
sults were reported when EC was used for the removal of fluoride from drinking
water [120]. The bipolar connection removed fluoride more effectively but operat-
ing costs of the treatment were higher with this configuration. Monopolar configu-
ration has been reported to be better in the treatment of laundry wastewater [121],
oily bilge water [122] and textile wastewater [124]. Results of the aforementioned
studies could be summarised so that monopolar configuration has lower operating
cost but in some cases higher removal of pollutants can be achieved with bipolar
configuration, possibly due to additional side reactions.

Typically, direct current (DC) has been used in EC systems. However, there are
a few studies in which alternating current (AC) has been tested. Vasudevan et al.
[125] studied the removal of fluoride from water with DC and AC EC systems.
They observed similar removal efficiencies with both technologies. However, en-
ergy consumption was slightly lower with AC technology. Eyvaz et al. [126] used
alternating pulsed current in their study. Alternating pulsed current enhanced re-
moval efficiency compared to DC current. Pollutant removal decreases over the
course of time with DC systems, possibly due to passivation of electrodes, where-
as in an alternating pulse current system this was not observed. Polarity reversal
has also been suggested by other authors to reduce passivation of electrodes
[127].

In addition to actual coagulation procedure, some sludge removal process has
to follow EC. As with chemical coagulation, these can be flotation, sedimentation
or filtration. Due to hydrogen bubble production, flotation is often the preferred
choice. These separation technologies are discussed in detail in books such as [1,
3, 127].

1.3.2 Applications of electrocoagulation

Most of the articles published on EC concentrate on the removal of some specific
pollutant or pollutants from synthetic or real solutions. The majority of these appli-
cation studies can be divided into the following categories:

e Removal of metal ions and/or hydroxides from synthetic solutions,
groundwaters or wastewaters (Table 2). Typically high or complete removal
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could be obtained when treatment parameters are optimised. Aluminium,
iron and combination electrodes can be used in EC system.

e Removal of organic material from wastewaters or synthetic solutions
(Table 3). High removal (> 70%) is typically obtained with optimum parame-
ters. Aluminium, iron and combination electrodes can be used. In general,
iron electrodes give higher organic matter removal, whereas higher colour
removal is obtained with aluminium electrodes.

e Purification of surface waters from natural organic matter, inorganic pol-
lutants or microbes (Table 4). Typically high removal of pollutants (> 90%).
Aluminium electrodes are more commonly used than iron electrodes in
these applications.

Tables 2—4 review relevant and recent publications in these categories. There is
also a review article where most of the applications have been discussed [128].
Practically all articles report a higher removal percentage when higher current
density and/or treatment times are used. Therefore, this finding was not included
in Tables 2—4. This result is easily understandable as produced coagulant concentra-
tion in solution increases as a function of electric charge added as discussed in
Section 1.2.4.
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Table 2. Recent studies in which EC has been used to remove metal pollutants from water.

Pollutants Matrix Electrode Studied parameters Optimum conditions and notes References
material

Arsenic Synthetic solutions, Fe, Aland Initial pH, initial concentration, current density, Can obtain practically total removal of As. Optimum [70, 71, 106,

as As(VI) groundwater combination treatment time, electrochemical cell designs removal with modified flow or airlift reactor and neutral to ~ 129-131]

or As(lll) electrodes alkaline pH. Oxidation of As(lll) to As(VI) can take place.

Chromium Synthetic solutions,  Al, Fe and Initial pH, current density, electrolyte concen- Practically complete removal of Cr possible. Reduction of  [70, 87, 98,

as Cr(VI) wastewaters combination tration, electrode material, conductivity, treat- Cr(V1) to Cr(lll) can take place during EC. 109, 116, 119,

or Cr(lll) electrodes ment time 132-136]

Cobalt Synthetic solutions Al electrodes Current density, initial pH, conductivity, initial Initial pH has significant effect on removal efficiency. [105]

as Co(ll) concentration, treatment time Higher removal efficiency in neutral or alkaline initial pH.

Iron as Fe(ll) added intotap Al electrodes Current density, initial concentration, treatment  Practically complete removal with long treatment time [137]

Fe(ll) water time, inter-electrode distance and/or high current density.

Mercury Synthetic solutions, Al and Current density, initial pH, treatment time, inter-  Practically complete removal of mercury. Higher efficien- ~ [110]

as Hg(ll) surface water Fe electrodes electrode distance, electrode material cy of treatment with iron electrodes.

Indium Synthetic solutions Al, Fe and Initial concentration, supporting electrolytes, Highest removal efficiency with Fe-Al electrodes. Kinetics  [99]

as In(ll) combination electrode material, initial concentration, applied  of indium removal follows pseudo-second order mecha-
electrodes voltage nism.

Manganese  Synthetic solutions Al electrodes Initial pH, current density, treatment time, Improved removal in neutral and alkaline pH. Possible [89, 104]

as Mn(ll) anions, conductivity, initial concentration. direct reduction at the cathode surface.

Mixed metal ~ Synthetic solutions, A, Fe and Electrode material, current density, initial pH, Generally improved removal at neutral or alkaline pH. [70, 87, 98,

wastewaters ~ wastewaters combination conductivity, treatment time, anions, flow rate, Iron or combination electrodes may give improved results 104, 107,
electrodes, initial concentration compared to aluminium. Reduction of metals can take 134-136, 138]

stainless steel

place.
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Table 3. Recent studies in which EC has been used to remove organic pollutants from wastewaters.

Pollutants Matrix Electrode Studied parameters Optimum conditions and notes References
material
Dyes, textile  Synthetic Al, Fe and Pulsed current frequency, power supply  Alternating pulsed current gives improved results compared to DC (pas- [124, 126,
wastewater solutions, stainless steel type, initial pH, current density, treat- sivation prevention). High removal efficiency (> 90%) obtained with 139-142]
wastewaters  electrodes ment time, electrode potential, dye optimal parameters. Na2COs causes adverse effects. Colour and COD [70, 71, 106,
auxiliary chemicals abatement followed pseudo-first order kinetics. 129-131]
Slaughter- Wastewaters Al and Fe Treatment time, current density, initial Over 70% removal of COD, colour and oil-grease obtained. Highest [143, 144]
house electrodes pH, supporting electrolyte, electrode removal efficiency in acid or neutral pH. Al electrodes are more effective in
wastewaters, material removing COD and colour, whereas iron is more effective in removing oil-
manure grease.
Tannery Wastewaters Al and Fe Current density, initial pH, conductivity, Fe electrodes are more effective for the removal of COD and sulphide [145-149]
wastewaters electrodes, initial concentration, treatment time, than compared with aluminium electrodes. Better treatment efficiency
stainless steel electrode configuration obtained when initial pH was acidic. Typically high removal of COD, BOD,
cathodes TSS, sulphide, oil-grease, Cr, Fe and turbidity (80-100%) obtained.
Kinetics follows pseudo first or second-order kinetics.
Pulp and Wastewaters, Al and Fe Electrode material, initial pH, current Al is more effective. Slightly acidic or neutral initial pH gives higher re- [90, 97,
paper waste electrodes and density, treatment time, supporting movals. Increasing rotation speed and electrode distance increases 150-154]
wastewaters  streams combinations electrolyte, stirrer speed, electrode removal of pollutants. Increasing temperature from 20 °C to 60 °C de-
and streams distance, temperature creases efficiency. Typically 70-100% removal of COD, BOD, polyphe-
nols and colour. Combination electrode gives high efficiency.
Olive mill Wastewaters Al and Fe Current density, initial pH, treatment Typically over 70% removal of COD, polyphenols, turbidity, SS and colour.  [155-157]
wastewaters electrodes time, supporting electrolyte, supporting Significantly decreases toxicity of wastewater. Highest removal obtained
oxidants and coagulants when initial pH is neutral or slightly acidic. Fe can give higher removal
efficiency than Al. Oxidants and other coagulants can improve removal.
Oily waters, ~ Wastewaters  Al, Fe and Electrode configuration, treatment time,  Typically > 90% removal of BODs, oil and grease, petroleum hydrocar- [122, 158,
petroleum stainless steel electrode material, initial pH, initial bons, TSS, turbidity and sulphate obtained. High removal when initial pH 159]
refinery electrodes concentration, supporting electrolyte, is acidic, neutral or slightly alkaline. Fe electrodes can be more efficient
wastewaters temperature than Al. Removal increases at lower temperatures.

uononpoaul ‘T



14

Table 4. Recent studies in which EC has been used to remove pollutants from surface waters or groundwaters and nutrients from

wastewaters.
Pollutants Matrix Electrode Studied parameters Optimum conditions and notes References
material
Surface water, Synthetic Aland Fe Initial pH, current density, applied Slightly acidic initial pH gives optimum results by preventing for- [160-165]
natural organic solutions, electrodes voltage, supporting electrolytes, initial mation of gel layer on the electrode surface. NaCl or Na2SOs are
matter surface waters concentration, treatment time, inter- favourable supporting electrolytes. Simultaneous removal of mi-
electrode distance crobes obtained.
Boron Geothermal Al electrodes Initial pH, current density, temperature,  High boron removal efficiency (96%) obtained. Increasing temperature [114]
waters treatment time increases removal efficiency. Optimal pH is slightly alkaline (pH 8).
Fluoride Synthetic Al electrodes Anions, current density, initial concen-  Fluoride competes with other anions. Sulphate inhibits localised [88, 112, 166]
solutions tration, initial pH, flow rate, residence corrosion of the electrodes. Chloride and nitrate prevent the effect of
time sulphate and enhance corrosion. Neutral pH is optimum. Practically
complete removal of fluoride possible.
Microorganisms Synthetic Al, Fe and Current density, treatment time, Al electrodes were slightly more effective than Fe or stainless steel. [165, 167,
solution stainless steel electrode material, initial pH, treatment ~ Complete removal of microorganisms is possible. Efficiency of the 168]
electrodes time, salinity treatment increases with increasing temperature.
Nitrate Synthetic Aland Fe Initial pH, treatment time, current Optimal removal at alkaline pH (pH 10-11). Nitrate removal follows [169, 170]
solutions electrodes density, initial concentration first-order reaction kinetics. Current density did not affect removal
when same dose of coagulant was added during EC. Over 90%
removal can be obtained.
Phosphates and Wastewaters, Aland Fe Electrode material, treatment time, Practically complete removal of phosphate is possible. The adsorp- [101-103,
phosphorus synthetic electrodes, initial pH, controlled pH, current tion process follows second-order kinetics. Competing anions affect 113, 171,
solutions stainless steel density, temperature, anions, initial removal efficiency. Very low temperature decreases removal efficien- ~ 172]
cathodes concentration, inter-electrode distance,  cy. Al more efficient than Fe. High efficiency in acidic initial pH.

conductivity, supporting electrolyte
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1.3.3 Combinations of electrocoagulation and other water treatment
technologies

Besides the sludge separation technologies, filtration, flotation and sedimentation,
other water treatment technologies have also been combined with EC. EC has
been combined with chemical coagulants [173], Fenton-oxidation [174], hydrogen
peroxide [175, 176], ozone [177], photocatalysis [178—180] and biofiltration [102].

The addition of oxidants such as hydrogen peroxide or ozone increases the
removal of organic material from wastewaters. Kabdasli et al. [174] studied the
removal of organic matter and heavy metals from metal plating effluents using a
combined EC-Fenton process. Stainless steel electrodes were used as anodes
and cathodes. The combined process increased the removal of organic matter
compared to EC only. The optimal dose of hydrogen peroxide was 15-30 mM.
Roa-Morales et al. [176] treated wastewater from pasta and biscuit processing
with aluminium EC combined with peroxide additions. Hydrogen peroxide addi-
tions slightly increased COD removal compared to pure EC. Ozonation of effluent
after EC can further decrease the concentration of organic matter in the effluent
[177]. Higher removal efficiencies could be obtained when iron electrodes are
used instead of aluminium because the presence of Fe(ll) catalyses the decompo-
sition of oxidants to hydroxyl radicals, which can mineralise organic pollutants.
Residual organic matter after EC can be also removed with photocatalysis accord-
ing to our study [180] and Boroski et al. [178, 179].

Can et al. [173] combined EC with chemical coagulants PACI and alum. The
addition of chemical coagulants decreases pH, whereas EC increases it and with
a combination system, the final pH can be stabilised to neutral region. EC com-
bined with PACI gave higher COD removals than combination with alum. PACI has
more prepolymerised species, which can be more efficient in pollutant removal and it
also contains chlorides which increase localised corrosion of electrodes and reduce
energy consumption. Yu et al. [102] combined EC with biofiltration. Combining EC to
biofiltration increased the removal of COD and phosphorus from 69.1% and 9.6% to
76.6—-83.7% and 70.7-93.0%, respectively.

1.3.4 Economical and ecological considerations

Operating cost calculations have been made in a few articles. Calculations typical-
ly include the cost of chemicals, electrodes and energy. It should be noted that the
price of materials and energy changes over the course of time and therefore,
operating costs are only rough estimates. Cost calculations do not typically include
investment costs, which may be significant including, for example power supplies,
electrochemical cell vessels and sludge separation systems.

The treatment cost of dye polluted wastewaters has been estimated by Eyvaz
et al. [126]. The estimated operating cost was USD 1.3-3.4 per kg TOC removed
depending on parameters, such as treatment time. Sridhar et al. [151] carried out
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an economic analysis of the operating cost of EC treatment of pulp and paper
industry bleaching effluents. Operating costs varied from USD 1.52 per m® to 1.72
per m®. Olmez [133] estimated the cost of Cr(VI) removal from wastewaters. The
total cost of the EC process was about two-fold compared to the conventional
process because of higher electricity consumption. Meunier et al. [135] compared
the cost of electrochemical and chemical precipitation with calcium hydroxide or
sodium hydroxide. EC was up to five times cheaper than chemical precipitation.
Emamjomeh et al. [88] estimated operating costs of fluoride removal from water.
Operating cost was AUD 0.36-0.61 per m*® when initial fluoride concentration was
5 mg/l. Kobya et al. [181] have published their operating cost calculations on the
treatment of waste metal cutting fluids using EC. The operating cost was USD
0.025-0.90 per m® and USD 0.01-0.79 per m® with iron and aluminium electrodes,
respectively. Espinoza-Quifiones et al. [149] made operational cost calculations
for tannery wastewater treatment with EC. They estimated that a 60 min treatment
(high removal of pollutants) costs USD 1.64 per m® which was less than with
conventional coagulants. According to Bayramoglu et al. [124], the operating cost
of chemical treatment of textile wastewater by chemical coagulation was 3.2 times
as high as that of EC.

It can be noticed that there are few articles where the costs of chemical coagu-
lation and EC have been compared. It might be difficult to obtain reasonable in-
formation on the price of common coagulants. Some chemical coagulants, such as
aluminium sulphate and ferric chloride, are bulk chemicals and have a low price,
whereas prehydrolysed metal coagulants are more expensive. The price of chemi-
cals naturally depends on the amount that is required in the process and therefore,
major consumers, such as pulp and paper mills or municipal water treatment
plants, pay less for their chemicals than small users. However, iron and aluminium
are typically more expensive in their metallic state than as metal salts because
production of metals is energy consuming. Coagulation chemicals are produced
from the minerals and are not transformed into the metallic state during this pro-
cess. For example, aluminium sulphate is manufactured through the reaction of
aluminium trihydrate and sulphuric acid. Aluminium trihydrate is made from baux-
ite mineral by purification. Also the ecological effects of EC are somewhat un-
known. As mentioned earlier, production of metallic aluminium and iron consume
high amounts of energy [182]. It has been estimated that aluminium production
consumes 5% of the electricity generated in the USA. Typically, aluminium is
recycled and this process requires significantly less energy than the production of
pristine metal. The ecological effect of water purification with EC and chemical
coagulants should be compared, taking energy and material consumption into
account during the manufacture of metals or chemicals.
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2. Objectives and structure of the work

2.1 Surface water treatment by electrocoagulation

The objective in Publications I-lll was to study the parameters affecting NOM
removal by EC. The effect of current density, treatment time, electric charge add-
ed per volume, temperature, initial pH and electrochemical cell structure on the
removal efficiency of NOM were investigated. Relevant water quality parameters
were measured before and after treatment to evaluate the performance of the
treatment. In Publication I, one objective of the study was to investigate whether
chemical coagulation and EC could be used in combination. Statistical design of
experiments (DOE) and models were used in Publication Il to interpret the
effect of treatment parameters and their combinations on NOM removal and to
optimise parameters of EC.

2.2 Wastewater treatment by electrocoagulation

The objective in Publications IV and V was to investigate two specific applications
of EC in wastewater treatment; the removal of sulphides in Publication 1V and the
removal of toxic pollutants in Publication V. In both papers, the main parameters
affecting removal efficiency were studied. Wastewaters and effluents used in the
studies were collected from pulp and paper mills. Synthetic pollutants were also
used in Publication V in order to study the removal of single pollutants using EC
treatment. Statistical methods were used in Publication V to interpret the results
and to optimise the treatment parameters.

48



3. Materials and methods

3.1 Water samples and chemicals

Surface water samples (I-11l) were collected from a water treatment plant of a Finn-
ish paper mill. In the mill, water passed through a mechanical sieve that removed
coarse material from water but concentrations of colloidal and dissolved material
were not affected. The water was typical Nordic surface water that contained high
concentrations of NOM and was highly coloured but had low turbidity (Table 5). The
water was neutral (pH 6.2—6.5) and it had low conductivity (2.8—-3.6 mS/m).

Table 5. Initial quality of surface waters used in the studies.

Publ. Il Publ. Il
Turbidity (NTU) 0.34 0.51
Apparent colour (mg/L PtCo) 102 83.7
TOC (mg/L) 18.29 16.41
SUVA [L/(m mg)] 4.52 3.51
C-potential (mV) -15.2 -17.1
Residual Al (mg/L) 0.315 0.257
Residual Fe (mg/L) 0.884 0.348
Residual Mn (mg/L) 0.121

Wastewaters and effluents were also collected from pulp and paper mills (Table 6).
Wastewater used in the sulphide experiments (IV) contained high amount of or-
ganic matter and sulphurous anions. Before the experiments, wastewater was
filtered through a coarse filter and gently stirred at 40 °C to promote the growth of
sulphate reducing bacteria (SRB) which converted sulphates to sulphides. Debark-
ing effluent used in the toxicity removal tests (V) was highly coloured and con-
tained high concentrations of organic matter. Debarking effluents are known to
contain tannins and resin acids which are both toxic to microorganisms and also to
animals, such as fish [183-189]. Debarking effluent was also filtered through a
coarse filter prior to the experiments.
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Table 6. Initial parameters of the wastewaters and debarking effluents used in the

studies.

Wastewater (1V)

Debarking effluent (V)

Turbidity (NTU)

pH

Conductivity (mS/cm)
ORP (mV vs. SCE)
Apparent colour (mg/L PtCo)
TOC (mg/L)

DOC (mg/L)

COD,, (mg/L)

¢-potential (mV)

Sulphate (mg/L)
Dissolved oxygen (mg/L)
Dissolved sulphide (mg/L)
Phosphorus (mg/L)

Toxicity

(ECso)

-300-(-200)

6.5-7.1
1.4-3.0

300-450
800-1500

600
0.5-2.0
7.5-9.5
1.3-1.5

216
521
0.86

1910.00
575.00
437.00

-18.5

7.6

Synthetic resin solutions were used in the toxicity removal tests in order to analyti-
cally study the removal of resin acids and metal pollutants and their toxicity by EC
(V). Solutions were prepared using Polish wood rosin (Hercules Corporation, USA)
and copper nitrate Cu(NO3)2. The composition of Polish wood rosin is presented in
Table 7. Additional tests were conducted using pure dehydroabietic acid (DHAA)
and isopimaric acid (IPA) (99%, Helix Biotechnologies, Canada). Lake water was
used to dilute solutions to obtain a realistic background for EC tests.

Table 7. Breakdown of resin acids content of the Polish wood rosin (Hercules
Corporation, USA).

Resin acid % (wiw)
Pimaric acid 8.0
Sandaracopimaric acid 1.7
Isopimaric acid 3.1
Palustric acid 20.7
Dehydroabietic acid 30.6
Abietic acid 22.4
Neoabietic acid 5.3
Levopimaric acid 8.2
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3. Materials and methods

Water pH was adjusted (I-ll, V) to the desired level using sulphuric acid and sodium
hydroxide solutions. Auxiliary electrolytes, sodium chloride (NaCl) (I) and sodium
sulphate (Na;SO.) (V), were used in some studies to acquire reasonable conduc-
tivity. A chemical coagulant, PACI, was used in tests of combined EC and chemical
coagulation (). All inorganic salts and pH adjustment chemicals used in this study
were of analytical grade except PACI, which was typical commercial grade used in
the water treatment plant of a paper mill.

3.2 Water treatment procedure

Possible auxiliary chemicals were added into the water prior to electrochemical
treatment. Electrochemical treatments were conducted in regular glass beakers.
During the treatment, water was stirred with a standard magnetic stirrer. The elec-
trochemical cell was constructed of either aluminium (I-lIl), iron (IV, V) or combi-
nations of aluminium and inert electrodes (II). Combinations of aluminium and inert
electrodes were constructed so that either anode (Cell A) or cathode (Cell C) or
both electrodes (Cell T) were made of aluminium. In the Cell A and Cell C other
electrodes were made of inert material which does not dissolve in these condi-
tions. In all tests, electrodes were in a monopolar configuration. Electrode assem-
bly was constructed of 70 mm * 120 mm (I) or 50 mm * 70 mm (lI-V) plate elec-
trodes. In total, four (I, 1V, V) or 6 (ll, 1ll) electrode plates were used (half anodes
and other half cathodes). The distance between the electrode plates was 5 mm
(IV) or 10 mm (I-Il, V). Electrochemical cells was constructed using plastic nuts
and bolts to prevent short-circuiting of electrode plates. Standard laboratory power
supplies were used in the experiments. Electrolysis parameters are presented in
Table 8.

Table 8. Electrolysis parameters of this study.

Cur. density (mA/cm®)  Electric charge (C/L)  Voltage (V)

Surface water (I-111) 0.36-1.79 0-150 3-32
Wastewater (V) 3.6-17.9 0-4500 2-11
Debarking effluent (V) 7.1-21.4 0-2700 8-25

In some of the studies, samples were transferred into a programmable stirrer (1) or
an overhead stirrer (Il, 1ll) to promote flocculation. Sedimentation was used (I- 11, V)
to enhance removal of coagulated material from the electrochemically treated
water. Filtration through filter paper (I, 1ll, IV) (Whatman or VWR) or GF/C glass
fibre filter (Whatman) (II, V) was used in most of the studies for the separation of
coagulated material from the treated water. In few tests, samples were conveyed
by pipette from the glass beakers from the centre of the beaker after sedimenta-
tion or flotation (I). Flocculation, sedimentation and filtration steps were used to
simulate particle separation in full-scale water treatment plants by filtration, sedi-
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mentation or flotation. In addition, a few flotation tests were conducted using the
bench-scale DAF system (1).

Temperature adjustment (lll) during the tests was undertaken at 295 K using
heating plate, at 285 K using water flow and at 275 K with an ice bath. According
to measurements, temperature was maintained within a +1 K range of the set
temperature throughout all stages. Oxidation of sulphide was prevented during the
sulphide precipitation tests (IV) by adding nitrogen into the sample bottle. Samples
were pumped into the beakers to further ensure that mixing with air was mini-
mised. After electrochemical treatment, the electrodes were washed with 4-10%
HCI solution and distilled water.

3.3 Analytical methods

3.3.1 Chemical analysis

Water samples were stored, after filtration, in the cold, except sulphide samples
which were measured right after the experiment because sulphides oxidise to
sulphates when they come into contact with air. Water pH, conductivity, ORP and
dissolved oxygen were measured using standard laboratory devices and sensors.
The turbidity of samples was measured with Spectroquant NOVA60 (Merck) (I) or
Model 2100P ISO turbidimeter (Hach) (ll, Ill, V). Apparent colour was measured
using a photometer 2100AN (I) or DR 2800 (Hach Lange) (ll, 1, V) according to
standard EN ISO 7887:1994. Absorbance of the samples at 254 nm wavelength
was measured with a Lambda 45 UV/Vis spectrophotometer (11-11).

The organic matter content of surface water and wastewater samples was in-
vestigated by analysing permanganate index (1), COD (IV), TOC (Il, lll, V) or DOC
(IV, V). The permanganate index was measured as stated in standard EN 1SO
8467:1995 using a 2100AN (Hach) photometer. COD was measured according to
standard SFS 5504:1998. TOC was measured using a TOC analyser (Shimadzu)
and DOC was measured with the same analyser after the samples were filtered
through a 0.45 pm pore size membrane.

Absorbance at 254 nm wavelength was measured to study the composition of
residual NOM. Specific UV absorbance (SUVA) is absorbance at 254 nm divided
by DOC concentration. When long-chained humic acids are present in water,
SUVA values is high [3]. When SUVA value is 4-5 L/(m mg) the water is com-
posed of hydrophobic material which is high in aromatic structures. When SUVA is
less than 3 L/(m mg) the water is composed mainly of hydrophilic material. SUVA
values were measured during the temperature and cell construction tests (Il, 111).

The concentration of metals was measured from acidified samples (0.2 ml 37%
HNO3 to 10 ml sample) using iCAP 6000 series ICP-OES (Thermo Electron) (1I-V)
or photometric method (I). Residual metal concentrations were measured after
filtration, whereas metals dissolved from the electrodes were measured from the
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samples which were taken during or directly after the treatment. The ¢-potential of
the samples was measured using a Zetasizer Nano ZS analyser (Malvern). Resin
acids were measured according to the method described by Soimasuo et al. [190]
using the HP 6890 GC-MS system (Hewlett-Packard) with HP-5 capillary column.
Sulphate, sulphide and phosphorus concentrations of the samples were measured
using photometric methods (Lange). Dissolved sulphide and phosphorus concen-
trations were measured after passing the samples through a 0.45 um pore size
membranes.

3.3.2 Toxicity analysis

Bacterial toxicity was measured using a Microtox-Flash assay based on the biolu-
minescence of the marine bacterium Vibrio fischeri. Toxic substances affect the
metabolism of the cells and break their structure, thus reducing bioluminence.
Bacterial toxicity tests were conducted according to the BioTox™ method
(Aboatox, BO1243-500), standard draft ISO CD 2006b and the method developed
by Lappalainen et al. [191] using a Sirius luminometer. 2% NaCl solution was used
as negative control, whereas K,Cr,O7 was used as a positive reference chemical.
In addition to bacterial toxicity, toxicity of samples to algae was also measured.
Analysis was carried out according to standard ISO 8692:2004. The sample size
was reduced to fit 48-well microplates (Greiner bio-one GmbH). The average algal
cell concentration prior to exposure to wastewaters was measured using a micro-
scope (Olympus BX40) and cytometer (Assistant). Fluorescence after 0 hrs, 24
hrs, 48 hrs and 72 hrs exposure was measured using Fluoroscan Ascent fluorom-
eter (Labsystems). Negative control solutions contained nutrients, whereas
K2Cr207 was used as the positive reference substance.

3.4 Statistical methods

Statistical design of experiments (DOE) and statistical models were used to study
the effect of treatment parameters (factors) and their interaction terms on pollutant
removal. Either full factorial design containing all possible variations (ll, IIl) or
central composite face (CCF) (V) design was used. The factors range and levels
are presented in Tables 9-11. Full factorial design (Table 9) was conducted sepa-
rately for all three electrolysis design cells when the effect of cell construction on
NOM removal was studied (I1).
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Table 9. Factor range and levels used in electrolysis cell construction studies (l1).

Factor range and levels

Variable -1 0 1
X3, Electric charge (C/L) 48 96 144
X,, Initial pH 3 4 5

Table 10. Factor range and levels used in temperature studies (l11).

Factor range and levels

Variable -1 0 1
Xy, Electric charge (C/L) 48 96 144
X5, Initial pH 4 5 6
X3, Temperature (K) 275.15  285.15  295.15

Table 11. Factor range and levels used in debarking effluent studies (V).

Factor range and levels

Variable -1 0 1
X1, Current (A) 1 2 3
Xa, Time (s) 60 210 360
X3, Initial pH 4 6 8

Statistical models were made of the results using MODDE software (Umetrics)
with either partial least squares regression (PLS) (Il, V) or multiple linear regres-
sion (MLR) (Ill). Both are commonly used statistical methods which are used to
interpret the effect of variables (factors) to responses. In MLR and PLS the coeffi-
cients of the model are computed to minimise the sum of squares of residuals, i.e.
the variance not explained by the model. MLR assumes responses to be inde-
pendent, whereas in PLS the covariances of responses are taken into account.
These methods are described in detail elsewhere, such as [192]. An equation
describing the relationship between the response variable and predictor variables
(factors) is obtained. The general form of the regression equation including single
terms, square terms and interaction terms is presented in Eq. 18:

<i
Y =by+ Y bX; + Xl byX? + X X by XX, (18)

single terms square terms m
where Y is the response variable, b represents the coefficients of the model, and X
represents the factor variables. Both MLR and PLS models consider the effects of

linear, quadratic and interaction terms on responses. The quality of regression
equation can be evaluated using analysis of variance (ANOVA). R? is the amount
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of variance explained by the model, whereas Q” is an estimate of the predictive
ability of the model. Q? is calculated using the results of cross-validation. Detailed
descriptions of model quality terms are given elsewhere [192].
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4.1 Quality of the statistical models

Variation of TOC, DOC, final pH, aluminium added, UV2s4:m absorbance, water
colour (PtCo), toxicity and residual aluminium and iron concentrations were ex-
plained with high accuracy (R? = 0.8) by the model terms (11, Ill, V). R* was moder-
ate (1) or good (l1, V) for the {-potential of the samples. Moderate C-potential was
due to pure error of the measurements according to reproducibility values. Iron
concentration and toxicity of the debarking effluents had low Q? values, thus indi-
cating poor results in cross-validation and therefore low predictability of these
responses by the model. According to ANOVA, this was mainly related to model
error. Turbidity of the samples had moderate R? for the model of Cell C (l1). Cell C
had low predictability (Q*< 0.5) for turbidity, apparent colour, TOC, aluminium
added and residual concentrations of iron and manganese. This was due to both
model error and replicate error. In general, model qualities for different cell con-
structions were in order of Cell C < Cell T < Cell A, which could be explained by
the different dissolution mechanisms. Dissolution of aluminium in Cell A depended
linearly on electric charge added per volume, whereas in Cell C and Cell T the
dissolution rate of cathode changed over the course of time. As most of the water
quality parameters depended on aluminium added to the solution, the linear be-
haviour of Cell A was more easily explained by the model. Therefore, it is also
recommended that aluminium added is used as factor in possible future studies.

4.2 Dissolving of electrodes

Dissolving of aluminium and iron electrodes was studied in various conditions.
Dissolving of both electrode materials followed or were higher than estimated
according to Faraday’'s law. The effect of current density on electrode dissolution
was not studied because highest removal of NOM per electric charge was ob-
tained with lowest current densities (I) and therefore low current densities were
selected for the further studies. The effect of current density on dissolution of
aluminium has been studied by [78].
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Aluminium electrodes were selected for NOM removal studies because alumin-
ium does not significantly increase the colour of water, even when there is some
residual concentration, and were therefore more suitable for surface water treat-
ment when water should be used as industrial fresh water. Iron electrodes were
selected for the wastewater treatment studies because iron is known to react with
sulphides more effectively than aluminium [148] and aluminium may have some
toxicity towards microorganisms [193].

4.2.1 Aluminium electrodes

Water temperature had a significant effect on the dissolving speed of the alumini-
um electrodes (lll). First, the effect of temperature on the dissolving rate of alumin-
ium electrodes was studied in preliminary tests, in which the treatment time was
short (low electric charge per volume). Longer tests were made according to DOE
(Fig. 7). The dissolving rate of aluminium was 0.13-0.30 mgAl/C in long tests,
whereas the theoretical dissolution rate calculated according to Faraday’s law is
0.093 mgAl/C. According to both tests, the dissolving rate obtained at 275.15 K
was significantly lower than at 295.15 K, especially when electric charge per vol-
ume increased. The dissolving rate was close to theoretical values at the begin-
ning of the treatment and increased over the course of time. The dissolution of
anodes followed Faraday’s law [78] and it is not expected that temperature has a
significant effect on this electrochemical dissolution mechanism because current
passing through the cell was directly proportional to the dissolution rate, and the
current did not fluctuate during the test (galvanostatic test). According to the re-
sults, the chemical dissolution of aluminium cathodes was affected by tempera-
ture. At low temperatures, chemical dissolution initiated more slowly than at higher
temperatures. However, the test duration was short and therefore it is not known
when and where the dissolution rate stabilised and if there was any difference in
the dissolution rates at different temperatures when the reaction rate had stabi-
lised.
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Figure 7. Dissolving of aluminium electrodes in various temperatures when initial
pH was 6 (111). The dotted line represents the theoretical aluminium dissolution rate
calculated according to Faraday’s law.

Increased removal of pollutants at high temperatures has been obtained by [114]
and [113], whereas Katal and Pahlavanzedah [97] and El-Naas et al. [159] report-
ed the opposite effect in their studies. Studies of other researchers have been
made at 293-333 K, whereas this study was made at the lower temperatures of
275-295 K. According to results of this study, in temperature range 275-295 K,
increasing temperature increased the dissolving of cathodes but possible negative
effects of increasing temperature on organic matter removal were not significant at
this range, as discussed later in Section 4.4.1. At temperatures above 295 K,
negative effects seems to be possible, depending on the pollutant to be removed,
which might be due to the different removal mechanisms of inorganic pollutants,
such as boron and phosphate, and organic matter. However, the results are not
fully comparable, because coagulant concentrations have not been presented in
other studies.

The effect of initial water pH on dissolving of aluminium electrodes was studied
at initial pHs 3-5 (1) and 46 (Ill). When both electrodes were made of aluminium,
the dissolution rate was affected by the initial pH (Fig. 8). At low electric charges
per volume there was no significant difference in dissolution rates and they were
close to theoretical values. However, when electric charge per volume increased,
there was some difference in dissolving rates. As with temperature, initial pH also
affected the dissolution rate of aluminium cathodes. At 144 C/L the dissolution
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rates were in the order of pH 6 >pH 4 >pH 5. This order was the same at all
tested temperatures.
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Figure 8. Dissolution of aluminium electrodes in various initial pHs at 285 K (lIl).
The dotted line represents a theoretical aluminium dissolution rate calculated
according to Faraday’s law.

The effect of initial pH on the dissolution rates of aluminium anodes and cathodes
was studied with different cell constructions (I1). Dissolution of Cell A was close to
the theoretical values calculated according to Faraday’s law at the tested initial
pHs. According to this, the proportion of side reactions on anode, such as the
production of oxygen or chlorine, was low or negligible in the tested conditions.
Mouedhen et al. [78] obtained similar results in their tests with aluminium electrodes.

The results of Cell C indicated that there was short time lag at acidic initial pH
(pH 3 and pH 4) before the chemical dissolution of cathodes initiated. Mouedhen
et al. [78] reported that in pHs lower than 3, the released amount of aluminium
during the electrolysis with constant charge per volume was significantly lower
than in pHs above 3. Acidic pH seemed to inhibit or decrease the dissolution rate
of cathodes depending on the pH.

The highest aluminium concentrations per added electric charge were measured
for Cell T but it should be noted that aluminium concentrations of Cell T were not the
sum of concentrations measured from samples treated with Cell A and Cell C. There
was some variation in dissolved aluminium concentrations in temperature tests
(1) and cell construction tests (ll), even when initial pH and temperature were the
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same in both tests (initial pH 5 and temperature 295.15 K). Variation in initial water
quality in these tests, such as different amount of salts in water, might have
caused this effect. It is known that chlorides and sulphates have a significant effect
on the dissolution rate of electrodes during EC [85].

4.2.2 Iron electrodes

Dissolution of iron electrodes was studied in various current densities during the
sulphide treatment (IV). According to the results, current density did not have a
significant effect on the dissolution rate in the studied range (3.6-17.9 mA/cm?)
(Fig. 9). Iron dissolved at the rate of 0.27 mgFe/C, while the theoretical value for
dissolution of Fe(ll) is 0.29 mgFe/C. It can be concluded that iron dissolved in
Fe(ll) form and dissolution followed Faraday’s law. This was consistent with the
results of other researchers [72, 95, 96]. This result was significant because it is
known that Fe(ll) is a poor coagulant and should be oxidised to Fe(lll) form before
it can be used to remove organic matter [3]. However, Fe(ll) can form precipitates
with sulphides according to Eq. 7. The proportion of other electrochemical reac-
tions on anodes was low in the tested conditions. Water pH does not have signifi-
cant effect on the dissolution of iron electrodes in near neutral pHs [72].

m 3.6 mAlcm’
110, @ 10.7 mA/cm’
100_- 14.3 mA/cm’ s
1 O 17.9 mAlcm’ y

90 4
80'_ ----- 95% confidence level
70 —— Linear fit (R°=0.99)

Fe (mg/L)
a1
o

T T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
Electric charge (C/L)

Figure 9. Dissolving of iron electrodes in various current densities (1V).
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4.3 Change of pH and conductivity

Change of pH during the EC treatment is a well-known side effect of EC [76, 127,
194]. The effects of initial pH, temperature, electric charge and electrolysis cell
construction on pH change were studied (ll, Il). When initial pH was highly acidic
(pH 3), the alkalinity produced by electrochemical reaction was not sufficient to
neutralise pH and final pH was 3.3-4.4 when the electric charge was 48-144 CJ/L.
When initial pH was 4-6, the final pH was neutralised to pH 5.6—7.8. According to
the results, the pH increment was higher when initial pH was acidic (except in very
acidic initial pH 3) and therefore, it could be concluded that less HO™ ions were
bound to the sludge produced in water having low initial pH. This may have an
effect on sludge properties.

Tests with different cell constructions indicate that final pH also depended on
the cell construction (ll). This effect was due to different AI/HO' ratios produced by
different cell constructions. In initial pH 5 and electric charge 144 C/L the final pHs
of waters treated with Cell T, Cell C and Cell A were 6.83, 7.47 and 7.76, respec-
tively. Respective aluminium concentrations were 18.42 mg/L, 16.26 mg/L and
12.04 mg/L. The amount of HO ions produced by electrolysis followed Faraday’s
law. Aluminium, on the other hand, dissolved from both electrodes but chemical
dissolution of cathodes did not follow Faraday’s law. A higher concentration of free
HO" ions led to higher final pH. The effect was similar in other tested initial pHs.
Decreasing temperature slightly increased the final pH due to this same effect;
aluminium cathodes dissolved at a lower rate at lower temperatures and therefore,
there were more free HO" ions in the solution.

Water pH also increased when iron electrodes were used (1V, V), except at ini-
tial pH 8 when short treatment times were used. When DOC and COD removals
were studied with high electric charges (4500 C/L) the final pH of the wastewater
increased as high as 10.4. It was expected that pH increases faster and higher
with iron electrodes than with aluminium electrodes because less coagulant was
produced per produced HO' ions, because iron did not dissolve on cathodes.
Produced Fe(ll) bound less HO™ ions compared to Al(lll) and therefore pH in-
creased to a higher level because sludge contained less HO" ions. Al(lll) form
Al(OH)4 species at high pH, which stabilises pH change. The transformation of
Fe(ll) to Fe(lll) at high pH and oxidising conditions decreased pH because Fe(lll)
bound more HO" ions.

Conductivities of samples depended on the concentration of residual metal co-
agulant and final pH. When initial pH was acidic, conductivity was naturally higher
than in neutral initial pH because more ions were added into the solution. In tem-
perature tests, water conductivity without EC treatments was 2.8 mS/m and after
small pH correction (initial pH 6) and treatment with 144 C/L at 295.15 K the final
conductivity was 3.0 mS/m. Water conductivity was 3.5 mS/m and 3.3 mS/m
when waters having initial pH 4 and 5 were treated with the same parameters,
respectively. It could be concluded that optimised EC treatment had a negligible
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effect on water conductivity. This differs from metal salt coagulants, which signifi-
cantly increase the concentration of salts, such as chlorides or sulphates, in water.

4.4 Surface water treatment

4.4.1 Organic matter removal

The effects of current density, electric charge, initial pH, temperature and electrol-
ysis cell construction on NOM removal from surface water samples were studied
(1-111). In addition, the removal of NOM by combined chemical coagulation and EC
was investigated (1).

When current density increased, the same amount of organic matter was re-
moved in a shorter treatment time as when the production rate of coagulant in-
creased (). However, when organic matter removal was observed as a function of
electric charge, low current density was more effective. According to Mouedhen et
al. [78], the dissolution rate of cathodes does not increase as a function of current
density in contrast to the dissolution of anodes. Even low current density initiated
chemical dissolution of cathodes and therefore, more aluminium was produced per
electric charge in low current density, which in turn meant that low current density
was more energy efficient.

DOC or TOC removal increased when added electric charge per volume in-
creased. Initial pH had a significant effect on the removal of organic matter. At
initial pH 3, there was no significant effect whether aluminium originated from
anodes or cathodes (Il). The TOC removal rate was 0.83 mgTOC per mgAl added
into the solution. TOC concentration depended linearly on the aluminium concen-
tration added into the solution. The statistical model showed somewhat false re-
sults at this initial pH, especially for Cell C (Fig. 10). At low pH, the mechanism of
NOM removal was mainly charge neutralisation and compression of double layer,
because hydroxides were not stable in this environment [3, 10]. It is noteworthy
that the TOC removal rate as a function of aluminium concentration did not de-
crease, even at low TOC concentrations at this initial pH. Therefore, it is possible
that even higher TOC removal could be obtained if even higher aluminium concen-
trations would be used.
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Figure 10. TOC concentrations of the samples treated with different cell construc-
tions at initial pH 3 (l1).

When initial pH was 4-6, the removal efficiency increased when initial pH de-
creased, as seen in Fig. 11 (Ill). Significantly higher aluminium concentrations
were required per removed DOC at initial pH 6 than at initial pH 4 or 5. At initial
pH 4-5, even the lowest obtained aluminium concentration removed most of the
organic matter from water. When pH increased, aluminium species lost charge
because they bound more hydroxyl ions and therefore more aluminium was re-
quired for charge neutralisation. The primary mechanism of NOM removal at near
neutral pHs was therefore, precipitation and enmeshment, which required a higher
concentration of aluminium compared to charge neutralisation [2, 3]. Similar re-
sults were obtained when the effect of cell constructions was studied at initial pH 4
and 5 (I1). When initial pH was 6, the NOM concentration of water did not decrease
linearly as a function of aluminium concentration, rather it followed logarithmic or
asymptotic fit. Similar results have been reported in literature by other researchers
[160, 161, 163]. According to their results, the efficiency of the NOM removal in-
creased when initial pH decreased. At near neutral initial pH 6.2 there was a short
time lag before any organic matter was removed by EC (I). According to this, a
threshold aluminium concentration exists at neutral pH which has to be passed
before enmeshment mechanism initiates.
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Figure 11. DOC concentration of samples treated at different initial pHs (pH)).
Temperature during the treatment was 275-295 K (lIl).

TOC removal stabilised at approximately 4 mg/L or 5 mg/L when initial pH was 4
or 5, respectively (ll, 111). It seemed that residual NOM was not easily removed by
EC at these pHs. Water temperature and cell construction affected through alu-
minium concentration but besides that they did not have a major effect on NOM
removal. For example, at 295 K more NOM was removed than at 275 K or 285 K
(Fig. 12) as more aluminium was dissolved into the solution. Chemical coagulant
additions reduced the required electric charge per volume for optimum organic
matter removal (1).
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Figure 12. Contour plots of DOC concentration (mg/L) in a) 275 K, b) 285 K and c)
295 K according to statistical model (111).
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The apparent colour of surface water was due to NOM, and both organic matter
and apparent colour were removed simultaneously during the treatment (I-111).
However, the colour intensity of water also varied with pH. Increasing pH increas-
es the colour intensity [3]. The lowest measured colour value was 3 mg/L PtCo
(96.4% removal) (Ill) when water having initial pH 4 was treated with 144 C/L at
295.15 K. Aluminium originating from anodes and cathodes had similar colour
removal efficiency as can be seen in Fig. 13. At initial pH 3, colour was removed
linearly with increasing aluminium concentration, whereas at initial pHs 4 and 5 the
colour removal followed asymptotic or logarithmic fit. More colour was removed
per electric charge when low current density was used, because more aluminium
was produced per electric charge in low current density (I). In all tested current
densities, cell configurations, temperatures and initial pHs high colour removal
could be obtained when aluminium dosage was sufficient.
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Figure 13. Apparent colour of samples treated in different initial pHs (pH;) and cell
constructions (Il).

The initial SUVA value of surface water was 4.52 L/(m mg) (I) or 3.51 L/(m mg)
(. According to this, the water contained mainly hydrophobic humic material.
The SUVA value decreased during the treatment simultaneously with DOC or
TOC and colour. Temperature or cell constructions did not have a significant effect
on SUVA values besides their effect on the dissolving of electrodes. The SUVA
value decreased to 1.5-2.5 L/(m mg) during the treatment, except at two points at
initial pH 6 and one point at initial pH 4 where SUVA values were higher (111). The
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effects of aluminium concentration and initial pH on SUVA values were also stud-
ied with different cell constructions (Fig. 14). SUVA values exhibited similar behav-
iour to apparent colour values. At initial pH 3 the SUVA value decreased linearly
with aluminium concentration, whereas at initial pH 4 it followed asymptotic fit. At
initial pH 5 there was more variation in the results. However, according to the
results, EC removed mainly hydrophobic material and residual NOM fraction was
composed mostly of hydrophilic non-humic material which was low in aromatic
chemical structures.
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Figure 14. SUVA values of samples treated in different initial pHs (pH;) and cell
constructions (I1).

When these results were compared with other studies it could be concluded that
EC and chemical coagulation are similar in terms of aluminium doses per TOC or
DOC removed, optimum pH of the treatment and fractions remaining in water after
the coagulation [11, 19, 195]. Chow et al. [19] studied DOC removal with alum
from four different surface waters. They obtained optimum DOC removal at pH 5,
which was between the optimum initial pH and final pH of the EC treatment, ac-
cording to this study. Alum treatment decreased the SUVA value of waters and
recalcitrant DOC was found to have smaller molecular weight and lower SUVA
value compared with the DOC of the raw water. Shi et al. [195] studied the coagu-
lation of humic acid by preformed and non-preformed aluminium species. Accord-
ing to their results, decreasing pH reduces the coagulant dosage required for
complete UVzs4nm removal. Large molecular and hydrophobic humic material was
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more effectively removed with non-preformed aluminium species, which are also
released during the EC treatment.

The C-potential of the untreated water samples was -15.2 mV (Il) or -17.1 mV
(In. The results indicated that temperature affected zeta-potential, due to its effect
on the dissolving speed of the aluminium electrodes, as reflected by the contour
plots of the model (Fig. 15). The C-potential of the residual organic matter de-
creased when more aluminium was added to the solution. Water pH also had a
significant effect on the C-potential of pollutants and metal hydroxides as dis-
cussed in Section 1.1.1. However, the model quality terms were low for the C-
potential at the temperature studies. This was probably due to other non-controlled
parameters which affected C-potential values. Indeed, there was correlation be-
tween residual aluminium concentrations and {-potential values. At low initial pHs
4 and 5 the Z-potential increased as a function of residual aluminium concentra-
tion, whereas at initial pH 6 it decreased slightly. These results also indicated that
aluminium species had a more positive charge when they were formed in acidic
initial pH than in neutral initial pH, even when the final pH of water was similar.
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Figure 15. Contour plots of {-potential (mV) in a) 275 K, b) 285 K and b) 295 K
according to statistical model (lII).

The effect of initial pH on the {-potential was also studied with different cell con-
structions (I1). At initial pH 3, the aluminium had a higher charge (A**) due to lack
of hydrolysis, and the C-potential of residual aluminium increased linearly with
increasing aluminium concentration (Fig. 16). At this pH, small precipitates were
formed that were not easily removed with sedimentation, flotation or filtration and
therefore the residual metal concentration in water was higher than at initial pH 4
or 5. When the aluminium concentration was over 12 mg/L, the {-potential ex-
ceeded 0 mV, which may cause restabilisation of colloids. ¢-potentials of the sam-
ples at initial pHs 4 and 5 were similar after filtration. At these pHs, aluminium
existed predominantly as hydroxides and easily settleable or filterable flocs were
formed and therefore, residual aluminium did not have a significant effect on the -
potential of the samples. It was interesting that residual organic matter had more
negative ¢-potential values at initial pH 4 and 5 than that measured from the un-
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treated samples. According to this, some highly charged fraction of NOM was not
removed by EC.
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Figure 16. C-potential as a function of aluminium concentration at different initial
pHs (pHi) and cell constructions.

4.4.2 Residual metals and turbidity

Residual metals may cause problems, such as deposition and process chemical
decomposition, in processes where water is consumed. There are also concerns
that residual aluminium in drinking water may cause Alzheimer’s disease [21]. The
effects of current density, temperature, initial pH and cell construction on concen-
trations of residual metals were studied. The water had low initial turbidity and
therefore turbidity was mostly associated with residual aluminium concentration as
aluminium hydroxides form milky gel precipitates in water.

Residual aluminium concentration depended on water pH and aluminium added
to the solution. When aluminium concentrations were low there was more residual
aluminium in water, probably because floc size was small and passed more easily
through the filters. At highly acidic initial pH 3 the residual aluminium concentra-
tions were high (2.5-8.3 mg/L) because final pH remained acidic and more soluble
aluminium and small flocs were present than at higher initial pHs (Il). When initial
pH was 4.0-6.2 and added aluminium concentrations were high, the residual
aluminium concentrations were low (I-Ill). Negligible aluminium concentrations
were measured in these conditions (< 0.1 mg/L). Temperature and cell construc-
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tions did not have a significant effect on residual aluminium concentration besides
their effect on the dissolving rate of aluminium electrodes. According to Chow et
al. [19], minimum residual aluminium concentrations following alum treatment
were obtained between pH 6 and 7. They concluded that optimum DOC removal
and minimum residual aluminium concentration cannot be obtained at the same
pH. However, according to results of this study optimum DOC removal and low
residual aluminium could be obtained simultaneously with EC when initial pH was
4-5. This could be a significant benefit of EC in surface water treatment compared
to chemical coagulation.

Untreated surface water also contained a relatively high concentration of iron
(0.35-0.88 mg/L) and also low concentrations of manganese (0.12 mg/L). Both of
these metals can cause coloured deposits. Iron was removed simultaneously with
residual aluminium. Negligible iron concentrations (< 0.1 mg/L) were measured
from electrocoagulated waters when the final pH of water was close to neutral and
a sufficient concentration of aluminium was produced by electrolysis. Similar re-
sults were obtained by Ghosh et al. [137] when they studied Fe(ll) removal from
tap water by EC. In contrast to iron removal, manganese removal seemed to de-
pend on cell construction as the lowest manganese concentrations were meas-
ured from samples which were treated with Cell T. However, manganese concen-
tration in all samples, including the untreated samples, was low. High removal
efficiencies of manganese have been reported by other researchers [89, 104]. It
has been suggested that a direct reduction of Mn** would occur at the cathode
surface.

4.5 Wastewater treatment

Two possible applications of EC in wastewater treatment, sulphide precipitation
and toxicity removal, were studied. The effects of treatment parameters, such as
initial pH, current density and added electric charge per volume were investigated.
The simultaneous removal of organic matter, colour and phosphorus were also
studied. Iron was selected for the material of electrodes.

4.5.1 Organic matter removal

Organic matter removal by EC was investigated during the sulphide precipitation
tests and toxicity tests. The removal of organic matter by iron EC required high
electric charge per volume and iron concentration. This confirms that iron dis-
solved from anodes in Fe(ll) form and was not effectively oxidised to Fe(lll) in the
studied conditions. Other researchers have also concluded that iron electrodes
dissolve in Fe(ll) form [72, 95, 96]

It was possible that simultaneous hydrogen formation during the treatment kept
ORP of the water in the reducing range and therefore, oxidation of Fe(ll) was slow.
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ORP of the electrocoagulated samples confirmed this conclusion, as ORP de-
creased slightly during the sulphide treatment, even when ORP was already highly
reducing in the untreated water (IV). Ricordel et al. [165] studied the change of
oxygen concentration of water during the EC treatment with aluminium electrodes.
According to their results, EC treatment reduced O» concentration of water to less
than 1 mg/L at long treatment times. It seemed that the reduction of oxygen and
the evolution of hydrogen during the EC treatment inhibited oxidation of Fe(ll).

Removal efficiencies of organic matter were low in the tested range of treat-
ment parameters. Removal of DOC from the wastewater was approximately 0.03
mgDOC removed per 1 C or 0.1 mgDOC removed per 1 mgFe dissolved (V).
Removal rate of DOC from the debarking effluent was approximately 0.1 mg DOC
removed per 1 C (V). Initial pH had only a minor effect on the removal efficiency in
the tested range (Fig. 17). There are studies where high removal of organic matter
has been obtained with iron electrodes, such as [97, 153]. However, electric
charges per volume have been typically high. For example Perng et al. [153]
measured 70.5% removal (from 254 mg/L to 75 mg/L) of COD from paper mill
effluent when they used 17280 C/L. Electric charge consumption was very high
and would result in high electricity and electrode consumption and therefore high
operating costs of the treatment. Katal and Pahlavanzadeh [97] studied a different
combination of aluminium and iron electrodes on the treatment of paper mill
wastewater. According to their results, a Fe-Fe electrode pair removed COD more
efficiently than an Al-Al electrode pair. However, they also observed high removal
efficiencies (50-90%) only at very high electric charges per volume (approximately
3 000-14 000 C/L).
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Figure 17. Contour plots DOC (mg/L) in debarking effluent in initial pHs 4, 6 and 8 (V).
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EC removed the colour of debarking effluent with high efficiency (Fig. 18). Colour
removal increased as a function of treatment time. However, the effect of current
density was not as straightforward as with DOC removal as medium current densi-
ty (14.3 mA/cm?) provided highest removal efficiency. The initial apparent colour of
the effluent was 1910 mg/L PtCo, while colour after the treatment varied from 93
mg/L PtCo to 6110 mg/L PtCo. The colour of debarking effluents is mainly caused
by tannins, which are known to exhibit toxicity to microbes [196]. However, also
residual iron affected the colour of the effluent. EC treatment is known to be able
to remove polyphenols (tannins) from olive mill wastewaters with high efficiency,
reducing toxicity of these wastewaters to microbes [155, 156, 197]. EC has also
been used to recover tannins from tree bark [198].
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Figure 18. Contour plots of apparent colour (mg/L PtCo) of debarking effluent in
initial pHs 4, 6 and 8 (V).

The C-potential of electrocoagulated samples was measured after filtration (V).
According to results, -potentials of the samples were -15.9-(-4.66) mV when initial
pH was 4. At initial pH 6 and 8 the (-potentials varied from -23.4 mV to -18.4 mV.
At low initial pH the final pH was also low and therefore, more soluble iron passed
through the filter, which increased the -potential of the samples in the same way
as in aluminium EC during the NOM removal. Water pH also affected the hydroly-
sis of iron and C-potential of colloids in water. In acidic pH iron species were more
positive, whereas typical colloidal pollutants had less negative charge.
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Phosphorus removal from wastewater during the coagulation treatment can be
beneficial or harmful depending on effluent being treated. Some wastewaters,
such as pulp and paper mill wastewaters, contain low concentrations of phospho-
rus and therefore additional nutrients are added to the water before biological
wastewater treatment to enhance microbial activity. Phosphorus removal from
wastewater by EC during the sulphide precipitation was studied (V). Phosphorus
concentration decreased as a function of electric charge per volume and iron
concentration. Regression followed asymptotic fit and approached 0.53 mg/L at
high electric charges per volume. Current density did not show significant effect on
the phosphorous removal rate at 3.6 mA/cm?, 7.1 mA/cm® and 10.7 mA/cm?.
However, current efficiency of the treatment decreased slightly when current den-
sity was 14.3 mA/cm? or 17.9 mA/cm®. According to Vasudevan et al. [113], alu-
minium electrodes remove phosphates more effectively than iron electrodes.
Complete removal is possible at high electric charges. However, in these tests
electric charges were low because sulphide removal did not require high concen-
tration of coagulant.

4.5.2 Sulphide precipitation

Hydrogen sulphide is a volatile, malodorous, reduced sulphurous substance,
which forms in long pipelines and pipeline facilities typically as a result of metabol-
ic activity of anaerobic sulphate-reducing bacteria. It has adverse effects on hu-
man health and can deteriorate sewer systems. Hydrogen sulphide concentration
in the air is regulated by laws in several countries.

Sulphide precipitation by EC system was studied in various current densities
(IV). Sulphide reduction as a function of electric charge per volume followed as-
ymptotic fit (Fig. 19). Precipitation reaction seems to follow second-order reaction
kinetics. According to the regression, an EC process applying 10 C/L consumed
3.92 C per 1 mgS® while a process applying 60 C/L consumed 7.99 C per 1 mgS®>.
Respective iron consumptions were 1.06 mgFe per 1 mgS® and 2.16 mgFe per 1
mgS?. A slight decrease in ORP as a function of electric charge was observed,
which was due to the formation of ferrous iron and hydrogen during the process.
Iron sulphide formation is a simple reaction which proceeds according to Eq. 7 and
is not a coagulation reaction but rather a precipitation reaction. Sulphurous ion
removal from tannery wastewaters by EC has been studied by Murugananthan et
al. [199] and Feng et al. [148]. Sulphide ions were precipitated as metals sulphides
during the treatment, whereas sulphites and sulphates were enmeshed into the
metal hydroxides.
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Figure 19. Sulphide concentration in wastewater as a function of electric charge
per volume in different current densities of the treatment (1V).

4.5.3 Resin acids, copper and toxicity removal

The removal of resin acids and toxicity was studied using synthetic resin acid
solutions and debarking effluent (V). Water pH had a significant effect on the solu-
bility of resin acids. At initial pH 4, simple filtration removed 54-74% of resin acids
from synthetic solutions, whereas at initial pH 9, 2—64% of resin acids were re-
moved (Table 12). EC further enhanced resin acid removal. Resin acid removals
were higher at pH 5 and pH 7 than at pH 9, especially when the initial resin acid
concentration was high. The highest removal yield (97%) was thus obtained when
initial pH was 5, the treatment time was 60 seconds and the initial concentration
was 125 mg/L.
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Table 12. Removal percentages of resin acids and copper in EC and following
filtration.

Initial resin concentration Initial Cu concentration
Initial pH Treatment time (s) 25mg/L  75mg/L  125mg/L 0.25mg/L 0.75mg/L 1.25 mg/L

0 (filtration) 74 66 54 19 36 1

5 60 86 94 97 80 95 96
300 84 92 88 91 98 100

600 86 93 98 99

0 (filtration) 63 63 57 21 25 0

7 60 93 93 93 72 94 97
300 90 87 85 89 99 100

600 74 86 86 84 100 99

0 (filtration) 64 46 2 27 31 0

9 60 83 92 7 78 95 97
300 85 83 55 91 99 100
600 59 95 62 99 99 100

EC removed pimarane-type resin acids with higher efficiency than abietane-type
resin acids (Fig. 20). According to Peng et al. [200], abietane-type acids have
higher water solubility than pimarane-type resin acids. The most soluble and least
toxic resin acid in their studies was DHAA. It is expected that pimaric-type acids
are more in colloidal form than abetic-type acids and can be destabilised by coag-
ulants. Additional tests were carried out with pure DHAA and IPA, the results of
which support this conclusion, as IPA was removed with higher efficiency than
DHAA.
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Figure 20. Concentrations of resin acids after the treatment at a) initial pH 5, b)
initial pH 7 and c) initial pH 9. Initial total concentration of resin acids was 125 mgl/L.

EC also removed copper from the solution with very high efficiency. Some copper
was also removed by filtration only (0—-36%). Short EC treatment of 60 s (200 C/L)
treatment removed 72-97% of copper. Hanay and Hasar [104] studied mixed
metal solution purification by EC. They obtained high removal of copper when they
treated a mixed metal solution with aluminium EC. Highest residual iron concen-

75



4. Results and discussion

trations were measured at low initial pH 5 and short treatment time. As previously
mentioned, at low initial pH there were more soluble iron species and also oxida-
tion of Fe(ll) to Fe(lll) was slow when pH was acidic or neutral.

EC had a minor effect on the toxicity of synthetic resin acid solutions. At initial
pH 5, the solution strength causing 50% reduction in bioluminescence (ECso)
increased by 7-14%, which indicated a small reduction in toxicity. At initial pH of 9,
toxicity slightly decreased with the shortest treatment time (60 seconds) but in-
creased with longer treatment times. The effect of initial pH on toxicity was not due
to protons alone, because the pH was adjusted to 7 prior to assay measurement.
However, pH adjustment may have affected the solubility or speciation of resin
acids and metals in the solution, and could partially explain the lack of correlation.
However, toxicity to algae decreased as the function of copper concentration.
Filtered samples which were not treated with EC were highly toxic to algae (ECso
with 3.7% solution). EC removed toxicity completely (ECso with 95-110% solution)
and, according to cell count measurements, electrocoagulated samples stimulated
algal growth when compared to control algae tests. Wood rosin had only low tox-
icity to algae (ECso 142 mg/L).

The removal of bacterial toxicity from debarking effluents was more effective
than removal from synthetic solutions. The initial ECso value of the filtered debark-
ing effluent sample was 7.6%. Toxicities of the filtered reference samples at pH 4,
6 and 8 were also measured, and the ECsgo values were 7.7%, 8.4% and 13.8%,
respectively. It seems that simple pH adjustment prior to filtration significantly
decreased the toxicity of the samples, even when pH was adjusted again to 7 prior
to toxicity measurement. Toxicity change was also related to colour removal of the
samples. The colour of debarking effluents is mainly caused by tannins, which are
known to exhibit toxicity to microbes [196]. The highest colour removal was ob-
served at high initial pH, whereas high toxicity removal was observed both at low
and high initial pH. This was probably due to the effect of iron on colour values at
low initial pH. The model predicts minimum toxicity, ECsg, at 43% solution in the
tested factors ranges at 1.4 A, 360 seconds and initial pH 8. It is possible that this
value is unrealistically high due to the model error, as the lowest measured toxicity
(ECs0) was 21.9%. However, according to the results, EC enhanced toxicity re-
moval. Longer treatment times could increase toxicity removal, but they would
raise the operating cost of treatment. It should be noted that prior to the EC treat-
ment, resin acids were minor toxic species in the debarking effluents compared to
tannins. According to the results of synthetic wastewaters, the toxicity of the efflu-
ents after EC treatment could be caused by residual resin acids or toxic com-
pounds formed during EC treatment. Khoufi et al. [156] studied olive mill
wastewater treatment by iron EC. According to their results, long settling (3-6
days) enhanced toxicity removal. It is possible that this could also further enhance
toxicity removal from debarking effluents.
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EC is suitable for the removal of various pollutants from surface water and
wastewaters. It can produce high quality fresh water from highly coloured surface
water having high concentrations of organic matter. Produced fresh water could be
used as potable water or industrial fresh water. Optimum DOC removal and low
residual aluminium can be obtained simultaneously with EC, which could be of
significant benefit to EC in surface water treatment compared to chemical coagula-
tion. In wastewater treatment applications, EC can be used to precipitate malodor-
ous sulphides to prevent their release into air. Technology seems to be able to
remove some toxic pollutants from wastewater and could be used as pretreatment
prior to treatment at a biological wastewater treatment plant. However, organic
matter removal from wastewaters with iron electrodes was poor in these studies.

Aluminium seems to be a more suitable electrode material for EC applications
because it produces Al(lll) species. Metal ions and hydroxides produced by iron
electrodes are less effective in the destabilisation of pollutants because iron elec-
trodes produce more soluble and less charged Fe(ll) species. Iron electrodes
could be suitable for some special applications, such as sulphide precipitation
where Fe(ll) is effective. Possible addition of oxidants could enhance pollutant
removal due to oxidation of Fe(ll) to Fe(lll) form and this should be studied further.
It is also possible that Fe(lll) production could be enhanced by optimum water
chemistry and electrochemical treatment parameters, for example, by increasing
water pH and current density.

There are several published articles in the field where the coagulant concentra-
tion dissolved from the electrodes has not been measured. According to our stud-
ies, produced metal concentration is the main parameter affecting destabilisation
of pollutants. Dissolution of aluminium electrodes cannot be calculated according
to Faraday’s law as aluminium cathodes dissolve chemically in local high pH envi-
ronments at the electrode surface. Current density, treatment time, temperature
and electrolysis cell construction affect the dissolution of electrodes and hence
also the removal of pollutants. However, it seems that these parameters have low
significance besides this effect (in the studied range of parameters). Initial pH and
final pH have an effect through the dissolution of electrodes but they also define
what aluminium or iron species are formed in the solution and affect the C-potential
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of all charged species in the solution. According to the results of this study, the
destabilisation mechanisms of pollutants by EC and chemical coagulation are
similar. Aluminium consumption in EC seems to be in the same order as used in
chemical coagulation when our results are compared with values obtained from
the literature.

Thorough economical and ecological comparison of chemical coagulation and
EC is suggested as these methods seem to be similar to pollutant destabilisation
mechanisms, metal consumption and removal efficiency in most applications. This
investigation should contain operating and investment costs including coagulation,
mixing and separation phases of the treatment. Side reactions of EC, such as
flotation due to hydrogen bubble production, should also be considered. These
calculations would show what the economically viable applications of EC are. If
EC is more expensive than chemical coagulation, it may still have applications in
small water treatment systems, for example, emergency water treatment systems
or small communities as it could be simpler to operate than chemical coagulation,
especially if electroflotation is used for particle separation. In addition to economic
and ecological studies, new technological innovations and studies are also re-
quired to prevent passivation and fouling of electrodes and to further optimise
treatment parameters. It is probable that possible full-scale systems operate in
continuous-flow mode and therefore it is suggested that future studies are made in
bench-scale continuous-flow systems.
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Combined Electrocoagulation and Chemical
Coagulation of Paper Mill Mechanically Cleaned
Water

M. VEPSALAINEN, J. SELIN, M. PULLIAINEN and M. SILLANPAA

This paper presents a study on the removal of natural organic matter (NOM) from paper mill mechanically treated water by integrating electrocoagu-
lation (EC) with chemical coagulation (CC). The EC cell was made from monopolar aluminum plates and samples were pipetted, filtered or floated
after CC and EC. It was found that the combination method was efficient in removing NOM even with small electric charges per litre. Colour and per-
manganate removals of 91 and 88%, respectively, were achieved by the combination of coagulation methods and dissolved air flotation treatment. Per-
manganate removal in the combination treatment exceeded pure CC. Residual aluminum levels were below 0.05 mg/L in filtered samples. EC also raised
the pH and lowered the conductivities of the samples. The best current efficiency for removal of NOM from water was achieved with the smallest current
density and the highest removal rate with the highest current density.

Nous avons procédé a une étude sur l'élimination des matiéres organiques naturelles de I'eau d'une usine de papier mécaniquement traitée en combinant
l'électrocoagulation (EC) et la coagulation chimique (CC). Nous avons préparé une cellule a l'aide de plaques d'aluminium monopolaires, et pipetté,
filtré et fait flotter des échantillons apres la CC et I'EC. Nous avons trouvé que la méthode combinée pouvait efficacement éliminer les matiéres orga-
niques naturelles, méme a de trés petites charges électriques par litre. Nous avons pu éliminer 91 % de la couleur et 88 % du permanganate en com-
binant les méthodes de coagulation et en procédant a un traitement de flottation par air dissous. L'élimination du permanganate dans le traitement
combiné a dépassé la coagulation chimique pure. La quantité de résidus d'aluminium était inférieure a 0,05 mg/L dans les échantillons filtrés. L'élect-
rocoagulation a aussi élevé le pH et réduit la conductivité des échantillons. L'élimination des matiéres organiques résiduelles de l'eau a été le plus
efficace avec le courant de la densité la plus faible, et la vitesse d'élimination la plus rapide avec le courant de la densité la plus élevée.

INTRODUCTION

Large quantities of water are used in
pulp and paper mills. Finnish surface waters
usually contain high amounts of natural organ-

ic matter (NOM). Organic matter inflicts vari-
ous problems on the paper machine and pulp
bleaching. NOM and metals that bind to it can
cause colour changes in the end product and
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fouling and corrosion. In addition, the presence
of the metals catalyzes the decomposition of
pulp bleaching chemicals.

Chemical coagulation (CC), together
with flotation and/or filtration, is used com-
monly in water treatment for pulp and paper-
making processes. Coagulants, such as alum
and polyaluminum chloride (PAC), have diffi-
culties in removing the smallest NOM particles
from water [1], whereas electrocoagulation
(EC) has proven to be a more effective method
in removing dissolved organic carbon (DOC)
from synthetic natural water [2].

EC has been tested on several waters,
such as synthetic natural waters [3], laundry
wastewaters [4], pasta and cookie processing
wastewaters [5], dairy wastewater [6], alcohol
distillery wastewaters [7] and distillery efflu-
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ents [8]. There are several types of EC appara-
tus used in the experiments [9,10]. EC
electrodes are made from aluminum, iron or a
combination of these. Iron or aluminum cations
are produced on the surface of the electrodes
(Eq. 1) and cause destabilization of the target
compounds.

At the aluminum anode, the reaction is
aluminum dissolution:
Al — AP + 3¢ 1)

And, at the cathode, hydrogen forma-
tion:
2H,0 + 2¢” — H, + 20H" ?2)

Hydrogen formation on the cathode (Eq.
2) is desirable if flotation is used for separating
flocculated material from water. Hydrogen
bubble size distribution depends on pH, current
density, electrode material and cell arrange-
ment. The hydrogen bubble size at pH 7 at plat-
inum electrodes is 5-30 um, at iron electrodes
5-45 um and at carbon electrodes 5-80 um,
while the bubble size for dissolved air flotation
(DAF) usually is 50-70 pm [9].

Together with hydrogen formation, the
pH of the cathode surface increases, which has-
tens the chemical dissolution of aluminum (Eq.
3) [11,12]. Chemical dissolution can make an
important contribution to the total dissolving
rate. A change in pH in the course of electroly-
sis also affects the aluminum hydrolyzation
species [13,14]. Aluminum can have various
monomeric, oligomeric and polymeric species
in aqueous solutions.

Chemical dissolution of aluminum:
2Al+6H,0 — 2AP" +3H, + 60H"  (3)

There are also other competing reactions
occurring at the electrodes that depend on elec-
trolysis conditions such as electrode potential,
electrolyte concentrations and pH. Possible
side-reactions are chlorine and hypochlorous
acid formation, cathodic dissolution, oxygen
formation and precipitation reactions [4]. Hy-
pochlorous acid or hypochlorites formation can
cause disinfection but can also lead to the for-
mation of disinfection byproducts [15]. Precip-
itation reactions create a passive layer on the
electrodes, and this raises ohmic resistance on
the electrodes.

CC and EC treatments have been com-
pared to removing viruses [16], metals [17] and
clay [18] from water. EC enhanced virus re-
moval during microfiltration, and a better re-
duction was achieved than with CC
pretreatment. This is due to electrophoretic
movement, pH changes at the electrode surfac-
es and a higher local concentration of coagu-
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TABLE |
MECHANICALLY TREATED WATER PARAMETERS
Conductivity Colour
KM L
Date (mS/m) PH (mg/L PtCo) nOs (mg/L)
31.5.2006 6.21 149 71
1.6.2006 3.34 6.16 151 78
11.9.2006 3.54 6.52 121 56
25.9.2006 3.56 6.60 117 61
lant on the electrode surface [16]. problems due to a high chloride concentration

Electrophoretic movement was also seen to be

important in the EC of ultrafine kaolin particles

[19]. Metal removal from acidic soil leachate

was effective by EC, and researchers achieved

good removal efficiencies of Pb, Ni, Cd, Cr, Cu
and Zn [17]. Metal removal was also cost effec-
tive when compared to chemical precipitation.

Turbidity removal associated with clay pollut-

ants was more effective with EC than with al-

um. This might be due to the lower sulphate
concentration and the formation of hydroxyl

ions [18].

There are several advantages of EC
when compared to CC, as discussed in review
articles [10,20]. Some of the important advan-
tages for paper and pulp mill raw water treat-
ment are:

— EC produces low amounts of sludge, and
the sludge is dewatered easily.

— Flocs formed in EC are larger and more sta-
ble than flocs formed in CC.

— Due to electrophoretic movement, the re-
moval of DOC from water is better with EC
than with CC [2].

— Competing reactions, such as hydrogen and
hypochlorite formation, can be beneficial in
water treatment.

— No harmful anions, such as sulphate and
chloride, are added to water when EC is
used.

The disadvantages of EC in industrial
water treatment are the passivation of elec-
trodes due to the presence of oxides and of pre-
cipitation layers on the electrode surfaces, the
dissolving of the electrodes and the low con-
ductivity of the surface waters [20]. High volt-
ages can be avoided by reducing the distance
between electrodes. The dissolving of the elec-
trode material requires regular replacement of
electrodes, which results in additional mainte-
nance costs.

A study concerning the treatment of tex-
tile wastewaters shows that combined chemical
and electrochemical coagulation (CEC) has
beneficial effects [21]. CEC was faster than CC
with PAC or with alum. PAC or alum addition
also lowered the pH, while EC treatment raised
it, so that effluent pH values can be adjusted
with CC and EC treatments. Also, PAC addi-
tion can remove, at least partially, passivation

112

[22].

EC has proven to be an efficient technol-
ogy for the removal of several harmful sub-
stances from water. However, there are no
studies concerning pulp and paper raw water
treatment. In addition, there is little informa-
tion about the possibilities of combined EC and
CC. The aim of this research was to investigate
the feasibility of combining EC with CC. In
this study, CEC was applied for the first time to
pulp and paper mill raw water treatment.

MATERIALS AND METHODS

Materials

Mechanically treated water used for the
experiments was gathered from a Finnish paper
mill raw water treatment plant. The quality of
raw water was analyzed on a daily basis in the
paper mill laboratory, and the analysis results
are presented in Table I. Water quality changed
significantly during the course of time. Organic
matter content was much higher in May and
June than in September.

PAC solutions added to the samples
were diluted from the 38% solution used in the
paper mill raw water treatment. Due to the
acidic nature of PAC, the pH was adjusted us-
ing 1 mol/L NaOH (J.T. Baker, Phillipsburg,
NJ, USA) and the doses were selected on the
basis of preliminary tests. The initial pH was
adjusted to 6.2 for pipetted samples and to 6.0
for floated samples. NaCl (J.T. Baker) was
added to some samples to get better conductiv-
ity.

All chemicals were added to the samples
before the EC treatment. Chemical additions
are shown in Table II. For floated samples in
the series DR and D1, dispersion water dilution
was taken into account and concentrations
were calculated for the initial volume of sam-
ple without dispersion water.

Experimental Setup and Procedure

EC was done in standard 1 L glass beak-
ers. Both the anode and the cathode plates were
made of aluminum. The monopolar EC cell
was composed of two anode and two cathode
plates with dimensions 120 x 70 mm, and the
gap between electrode plates was 10 mm. The
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TABLE 1l
CHEMICAL ADDITIONS AND CURRENT DENSITIES

Current density

Date Series PAC (mg/L; NaOH (m NaCl (mg/L
(mg/L) (mglL) (mg/L) T
Pipetted 31.5.2006 P1 0.0 0.0 49.8 1.79
31.5.2006 P2 4.5 2.0 49.7 1.79
1.6.2006 P3 12.0 5.2 49.6 1.79
Filtered 11.9.2006 F1 14.4 6.4 0.0 0.36
11.9.2006 F2 14.4 6.4 0.0 0.71
11.9.2006 F3 14.4 6.4 0.0 1.07
DAF 25.9.2006 D1 14.4 6.4 0.0 0.71
25.9.2006 DR1 17.8 8.8 0.0 0.71
Concentrations for DAF-treated samples are calculated for the initial volumes of the samples.
A B
7.6 18-
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Fig. 1. Variation of the (A) pH and (B) conductivity of pipetted samples with electric charge. The results of the analyses are presented as a
function of time or of electric charge. One coulomb is the same as an electric charge of one ampere in one second. The chemical coagulant
concentration in the sample series was 4.5 mg/L in P2 and 12.0 mg/L in P3.

direct current power supply used in the experi-
ments was an Instek GPC-3030DQ (Chino,
CA, USA). The experiments were done galva-
nostatically, so that the current was adjusted to
the desired level. Current densities used in the
series are presented in Table I. Water was
stirred during EC with a magnetic stirrer at a
speed of 500 rpm.

In the series P1, P2 and P3, samples
were transferred to a programmable stirrer and
flocculator after EC treatment. The flocculator
speeds were: 350 rpm for 10 s, 10 rpm for 5
min, and settling time 30 min. After settling,
samples were pipetted from the glass beakers
using 100 mL glass pipettes. Pipetting was
done from the centre of the beaker to avoid get-
ting floating material in the sample.

In the filtered sample series F1, F2 and
F3, samples were transferred to a flocculator
after EC treatment. The flocculator had the

same speed setup that was used with the pipet-
ted samples. After flocculation, samples were
filtered using 589/1 black ribbon filter paper
(Whatman, Maidstone, Kent, UK). The chemi-
cal additions of the samples are listed in Table
II. The chemical additions were ~80% of the
water treatment plant chemical dose.

Some samples were floated using a lab-
oratory-scale DAF. The equipment used was
DAFSEP’s bench-scale DAF kit (Sciental Sup-
ply & Equipment, Monument, CO, USA). The
pressure in the saturation tank was 483 kPa and
the stabilization time was 10 min. In the series
D1 and DR, the amount of dispersion water
added to the sample was 200 mL. Water used in
the saturation tank was ion-exchanged water
used in the paper mill laboratory. Flotation
time was 30 min. After flotation, water was fil-
tered using a 589/1 black ribbon filter. Chemi-
cal additions of the D1 series were 80% of the

water treatment plant’s chemical additions.
There were two samples, shown as DR, for
which the chemical additions equaled the water
treatment plant usages.

Analyses were done on filtered or pipet-
ted samples, except for pH and conductivity
measurements, which were analyzed from the
whole sample. The permanganate index was
measured as stated in Standard EN ISO
8467:1995 [23]. Apparent colour was meas-
ured as stated in Standard EN ISO 7887:1994
[24] using a Hach 2100AN IS photometer
(Loveland, CO, USA). Residual aluminum was
measured using the Merck (Darmstad, Germa-
ny) aluminum photometric test. The photome-
ter used for the aluminum and turbidity
measurements was the Spectroquant NOVA60
(Merck).

The results of the analyses are presented
as a function of time or of electric charge. The
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Fig. 3. Variation of the permanganate index of filtered samples with (A) time and (B) electric charge. The current densities in the series were
0.36 mA/cm? in F1, 0.71 mA/cm? in F2 and 1.07 mA/cm? in F3.

current efficiencies during various EC treat-
ments are presented using electric charges.
Electric charges are reported in coulombs,
equal to an electric charge of one ampere in one
second.

RESULTS AND DISCUSSION

Pipetted Samples

The initial pH of the series P1, P2 and P3
was adjusted to 6.2. Cathodic hydroxide ion
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formation raised the pH of EC-treated samples,
as can be seen from Fig. 1A. In the series P1, in
which no chemical coagulant was added, the
pH rose to 6.8. In the series P2 with 4.5 mg/L
coagulant addition, the pH rise was higher than
in the series P1 and P3. A change of pH in EC
is a widely known phenomenon [9]. For CEC,
pH reactions are complicated due to a change
in chloride concentration. A higher chloride
concentration accelerates the dissolving of the

1/4

electrode material and accelerates chlorine ev-
olution.

The pH affects the zeta potential of hu-
mic and fulvic acids and the state of aluminum
in solution. Higher amounts of aluminum and
its hydrolysation products slow down the rise
of pH, as can be seen from the series P3. The
aluminum species in CC and in EC has been
found to be equal to each other, and it has been
concluded that the water pH change is the ma-
jor difference between CC and EC [13]. How-
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ever, speciation on the electrode surface, where
pH change is most significant, may still differ
between EC and CC. After EC treatment, the
speciation may change and lead to the forma-
tion of species similar to those after chemical
treatment.

The conductivities of EC-treated sam-
ples were lower than untreated samples for
electric charges greater than 30 C in EC (Fig.
1B). This is due partly to a change in pH during
EC treatment. Conductivity values of untreated
samples depended on chemical additions.

The effect of EC on the permanganate
index of pipetted samples is depicted in Fig. 2A
and apparent colour in Fig. 2B. The lowest per-
manganate index and apparent colour were
achieved in series P2, which had a chemical co-
agulant dose of 4.5 mg/L. The fastest perman-
ganate index and apparent colour reduction
was achieved in the series P3, which had a
chemical coagulant dose of 12.0 mg/L. The ap-
parent colour in the series P3 started to rise af-
ter an electric charge of 90 C. This is probably
due to the overdosing of coagulant, which
causes the restabilization of particles in the so-
lution.

Filtered Samples

The effect of EC on the permanganate
index in the series F1, F2 and F3 is shown in
Fig. 3. The fastest reduction occurred when the
highest current density was used. When the
permanganate index is a function of electric
charge, it can be seen that the lowest current
density is the most effective. This can be ex-
plained by the smaller amount of side reac-

tions, such as hypochlorite and oxygen

formation. Higher

current densities on
the electrode surfaces
result in a higher
electrode  potential,
which leads to differ-
ent reactions. Side re-

actions are desirable %0,25-
when disinfection or £

020
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fast. The effect of EC
treatment on colour
values as a function
of electric charge is
depicted in Fig. 4B. Colour reduction as a func-
tion of electric charge is similar for the series
F2 and F3. The best current efficiency was
achieved in the series F1, where the lowest cur-
rent density was used. Again, this is probably
due to the smaller amount of side reactions. It
can be seen from Fig. 4 that colour reduction
was faster than permanganate index reduction,
especially in series F3. This might be due to the
fast reduction of small NOM particles that con-
tribute a large fraction of colour [25]. In previ-

Fig. 5. Variation of residual aluminum with electric charge. The cur-
rent densities in the series were 0.36 mA/cm? in F1, 0.71 mA/cm? in
F2 and 1.07 mA/cm? in F3.

ous studies, EC has proven to be superior in
removing DOC compared to CC in model col-
oured water [2]. According to these results,
current density has a significant impact on the
removal efficiency of small NOM particles and
of colour.

A residual aluminum concentration in
treated water is harmful, as it causes deposits
and disturbs the manufacturing process. The
residual aluminum concentration in EC-treated
water was very low in all series beyond treat-
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Fig. 6. Variation of (A) apparent colour and (B) permanganate index of DAF-treated samples with electric charge. The values are calculated
for the original volume of sample, which does not include dispersion water.

ments of 12 C, as seen in Fig. 5. Current density
had an impact on the removal of residual alu-
minum. The best current efficiency for residual
aluminum removal was achieved when high
current densities were used. This may be due to
a higher rate of hydrogen formation and faster
flotation. Faster flotation can also have an im-
pact on the contact time of NOM particles and
aluminum flocs, which can decrease the re-
moval efficiency of NOM at high current den-
sities.

Floated Samples

In the DI and DR series, EC-treated
samples were floated using a DAF bench-scale
kit. The current density was the same as in the
series F2. DR samples were reference samples
in which coagulant and NaOH doses equaled
those in the water treatment plant. The EC
treatment removed colour, but the maximum
colour reduction obtained was similar to that
obtained with CC (Fig. 6A). The permanganate
index was lower in EC-treated samples with
treatments at 30 C and 36 C than in reference
samples (Fig. 6B.). The total reduction of col-
our using CC and EC was 91% at 18 C/L and
the permanganate index reduction was 88% at
36 C/L. Colour reductions of the reference
samples were 88 and 91%, and the permanga-
nate index reductions were 74 and 78%. The
turbidities of all samples were below 5 FAU
(Formacin Attenuation Unit).

Operating Cost

According to the literature, the price of
aluminum in PAC is 7.83-9.40 US$/kg
(9.00-10.8 AU$/kg) and the price of aluminum
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as ametal is ~2.4 US$/kg (25.9.2007) [26]. The
true price of the electrode material depends
also on the work needed to make electrodes and
on the aluminum alloy used as a material of
construction. In the EC treatment, electricity is
needed for dissolving aluminum. The theoreti-
cal value for dissolving aluminum is 0.093 mg/
C, according to Faraday’s law and, for 10 V
voltage, the electricity needed is 30 kWh/kg.
As an estimate, if the price of electricity is 0.07
US$/kWh, then the cost of electricity needed
for dissolving aluminum is 2.10 US$/kg. Ac-
cording to these calculations, EC can be a cost-
effective method for water treatment.

CONCLUSIONS

Electrocoagulation with chemical coag-
ulation was studied in this research. The effects
of chemical coagulant dose, current density
and various post-treatments were investigated.
— The dose of CC affects the electrical charge

per litre needed for maximal NOM removal
from mechanically treated water. Maximal
removal reduces the size of the EC equip-
ment and results in a lower investment cost.

— Combining EC with CC leads to a better re-
moval of NOM and better water quality.
PAC addition lowers the pH and EC raises
the pH, thus lowering the need for chemi-
cals required for pH adjustment.

— The fastest reduction in apparent colour and
permanganate index is achieved at the high-
est current density. On the other hand, the
best current efficiency is realized when the
lowest current density is used. Consequent-
ly, optimization of investment and opera-
tion costs is needed. Residual aluminum
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reduction was fastest when the highest cur-
rent density was used.

According to these results, EC can be
used together with chemical coagulants. Bene-
ficial effects are achieved when these two
methods are combined. The best removal rate
was realized at the smallest current density
used (0.37 mA/cm?) and therefore also at the
lowest voltage and power consumption.
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This study analyzed the effect of electrocoagulation cell construction on NOM removal from Finnish sur-
face water. Three types of cells were used in this research: one that only had aluminum electrodes, one
that had aluminum anodes and inert cathodes, and one that had inert anodes and aluminum cathodes.
Main water quality parameters such as TOC, apparent color, and concentrations of residual metals were
measured from the samples. A statistical model was made from the results using partial least squares
(PLSs) regression. According to the results, electrocoagulation was able to produce high quality water
with low NOM concentration. Lowest measured TOC concentration was 4.02 mg/l (78% removal). The
potential applications of water after the treatment could be potable water or industrial fresh water. Alu-
minum originating from the anodes or cathodes had similar NOM removal efficiency. According to TOC
and {-Potential results, the mechanism of NOM removal was similar to chemical coagulation in different
pHs. It seems that in low pH, double layer compression was the main destabilization mechanism whereas

Keywords:
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Natural organic matter

in higher pH, adsorption and bridging dominated.

© 2012 Published by Elsevier B.V.

1. Introduction

Electrocoagulation has been suggested to be a promising alter-
native to chemical coagulation for removing various pollutants
from freshwaters and wastewaters [1-3]. Sacrificial metal anodes
or cathodes produce metal ions or metal hydroxides into solution.
Metal cations and hydroxides interact with pollutants by several
mechanisms, including charge neutralization, precipitation, and
enmeshment. Pollutants can be removed from water by electroflo-
tation, which can occur simultaneously with electrocoagulation, or
by sedimentation, or filtration. Electroflotation is caused by
micrometer-sized bubbles (15-23 pm diameter), which are pro-
duced on the cathode surface [4]. Other mechanisms that may af-
fect pollution removal are electromigration of ions towards
electrodes and reduction of metals on the cathode surface. These
reactions, as well as well-known advantages and disadvantages
and applications of electrocoagulation, are presented in review
articles [1-3,5,6].

It is well known that aluminum in the electrocoagulation pro-
cess can be dissolved from aluminum anodes and cathode elec-
trodes. Aluminum dissolves from anodes according to simple
electrochemical reaction Eq. (1) and forms hydroxides in water

* Corresponding author at: VIT Technical Research Centre of Finland, P.O. Box
1000, FI-02044 VTT, Finland. Tel.: +358 40 706 4995; fax: +358 20 722 7002.
E-mail address: mikko.vepsalainen@hotmail.com (M. Vepsaldinen).

1383-5866/$ - see front matter © 2012 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.seppur.2012.08.011

Eq. (2). Meanwhile, aluminum cathodes dissolve due to high pH
on the cathode surface Eq. (4), which is caused by OH™ that is pro-
duced by an electrochemical reaction Eq. (3). Aluminate also forms
various hydroxides in water Eq. (2) depending on the water pH.

Al(s) — A**(aq) + 3e~ (1)
AP*(aq) + nH,0 < AI(OH)>™™ + nH' (aq) 2)
2H,0 + 2e~ — H,(g) + 20H (aq) 3)
2Al(s) + 6H,0 + 20H™(aq) — 2Al(OH); (aq) + 3Ha(g) (4)

Electrocoagulation treatment of surface waters and removal of
NOM from waters has been studied in several articles [7-16]. Jiang
et al. applied a laboratory flow-through system, which they tested
with model-colored water and lowland surface water [8]. Electro-
coagulation performed better for DOC removal than chemical coag-
ulation for the model-colored water, but for the lowland surface
water both processes had similar performance. Yildiz et al. studied
the effect of initial pH, supporting electrolyte, applied potential
and initial humic substance concentration on NOM removal from
synthetically prepared waters containing a high concentration of
NOM [14,15]. According to their results, the optimum initial pH
is 5 for electrocoagulation using aluminum plate electrodes. They
concluded that Na,SO; was the most favorable supporting
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electrolyte. However, it should be noted that applying supporting
electrolyte takes away one advantage of electrocoagulation: lower
salt concentration of produced water. The effect of temperature
and initial pH of surface water on removing natural organic matter
(NOM) was studied in our earlier research [11]. According to our
results, temperature had a minor effect on removal of NOM in tem-
perature range 275.15-295.15K. The greatest NOM removal
(80.4%) in the tested range of parameters, according to dissolved
organic carbon results, was obtained when the initial pH was 4.3
and the maximum electric charge was applied (144 C/1).

Response surface method (RSM) is a statistical method that is
used to study the relationship of the factors and responses. It has
been used in several studies where factors affecting electrocoagu-
lation efficiency have been studied and optimized. We have suc-
cessfully used RMS in our previous studies [11,17]. RSM has also
been used to optimize oil removal from oily wastewater [18], azo
dye removal from simulated wastewater [19] and Cr(VI) from sim-
ulated wastewater [20] and real wastewater [21]. In this study
RSM with partial least squares regression (PLS) was used to opti-
mize the electrocoagulation treatment of surface water. Additional
tests were done with optimized parameters to verify the empirical
model.

Table 1
Factor and response values used in the model and initial water quality parameters.

It is possible that aluminum ions and hydroxides produced on
the anodes and the cathodes have different properties if they react
with pollutants on the electrode surface before they are stabilized
in bulk water to similar hydroxides. The aim of this study was to
investigate if aluminum dissolved from anodes and cathodes has
different properties in NOM removal from surface water. This
was conducted by using three different cell constructions: a cell
with aluminum anodes and cathodes, a cell with aluminum anodes
and inert cathodes, and a cell with inert anodes and aluminum
cathodes.

2. Experimental
2.1. Electrochemical treatment

Water samples were collected from a Finnish river and stored in
a cold room. The untreated samples had high NOM concentration
according to photometric and DOC measurements. The physico-
chemical properties of the samples before and after EC treatment
are presented in Table 1. Water pH was adjusted before treatment
to the desired level using 0.1 M, 0.01 M and 0.001 M sulfuric acid
solutions (analytical grade). Studies were made in acidic initial

Turbidity (NTU) Apparent color (mg/l PtCo) TOC (mg/l) {-Potential (mV) Residual Al (mg/l) Residual Fe (mg/l)
Initial water quality parameters
0.34 102.0 18.29 -15.2 0.3145 0.8838
Factors Responses
Electric charge Initial  Final Turbidity Apparent color (mg/ TOC {-Potential Dissolved Al Residual Al Residual Fe Residual Mn
(c/m pH pH (NTU) 1 PtCo) (mg/l)  (mV) (mg/l) (mg/l) (mg/l) (mgfl)
Cell A+C: Aluminium anodes and aluminium cathodes
48 3.0 3.50 1.24 61.8 15.19 -10.5 5.531 5.2770 0.2030 0.0842
96 3.0 3.80 1.01 514 14.35 -39 7.675 7.2800 0.1848 0.0863
144 3.0 4.36 1.52 184 7.06 7.6 15.490 8.4020 0.0754 0.0781
48 4.0 6.56 1.51 124 5.20 —26.4 5.613 0.0364 0.0068 0.0407
96 4.0 6.73 1.72 11.3 4.04 -29.2 12.840 0.0163 0.0000 0.0397
144 4.0 6.82 2.05 11.8 4.02 -27.4 19.650 0.0462 0.0015 0.0319
48 5.0 6.42 275 781 13.23 —22.6 5.703 2.7960 0.3990 0.0248
96 5.0 6.81 1.98 222 7.45 -24.0 12.590 0.5711 0.0324 0.0118
144 5.0 6.83 3.46 227 6.54 -17.0 18.420 0.7860 0.0047 0.0073
96 4.0 6.62 1.42 11.0 4.07 -29.9 12.090 0.0156 0.0000 0.0409
96 4.0 6.61 1.18 8.1 4.72 -27.7 11.790 0.0224 0.0017 0.0420
96 4.0 6.54 1.38 9.2 4.53 —26.6 11.200 0.0288 0.0046 0.0413
Cell A: Aluminium anodes and DSA cathodes
48 3.0 3.53 1.08 73.0 16.70 -12.4 4.115 3.9600 0.2984 0.1694
96 3.0 3.97 0.80 59.2 14.78 —6.8 7.672 7.1710 0.2538 0.1650
144 3.0 4.39 0.76 242 8.99 -34 11.350 8.3230 0.1519 0.1390
48 4.0 6.98 1.19 18.0 7.77 —28.5 4.201 0.1319 0.0355 0.1190
96 4.0 7.02 1.24 9.3 5.45 —24.1 8.167 0.0240 0.0072 0.1086
144 4.0 7.13 1.00 8.5 5.38 -31.2 11.578 0.0310 0.0017 0.0874
48 5.0 7.18 2.70 96.2 15.69 -24.0 4.224 2.6940 0.5336 0.1169
96 5.0 7.68 3.96 57.2 11.01 -29.2 8.118 2.0170 0.2115 0.0805
144 5.0 7.76 3.22 337 8.81 —25.4 12.040 1.2270 0.0760 0.0515
96 4.0 6.65 1.53 10.8 6.10 —26.2 7.826 0.0535 0.0205 0.0874
96 4.0 6.94 1.29 9.0 5.45 —224 7.722 0.0395 0.0225 0.0822
96 4.0 6.75 1.29 9.1 5.36 —26.5 7.940 0.0358 0.0229 0.0884
Cell C: DSA anodes and aluminium cathodes
48 3.0 3.27 1.17 71.6 16.53 -13.6 2.806 2.5370 0.3475 0.1465
96 3.0 4.09 1.17 285 9.96 -3.2 10.190 7.0370 0.1653 0.1427
144 3.0 4.43 0.88 11.0 5.37 11.7 17.764 6.2580 0.0652 0.1337
48 4.0 7.08 2.06 36.1 10.44 —32.6 3.590 0.2531 0.0912 0.1338
96 4.0 6.89 1.21 10.1 5.02 -27.6 7.744 0.0316 0.0046 0.1064
144 4.0 7.23 1.61 9.7 4.84 -31.7 11.160 0.0262 0.0157 0.0828
48 5.0 7.21 215 124.2 18.42 —23.2 3.633 3.2670 0.7600 0.0999
96 5.0 7.23 1.32 14.3 6.67 -21.6 9.627 0.0857 0.0111 0.0656
144 5.0 7.47 1.52 103 5.14 —23.6 16.258 0.0802 0.0114 0.0517
96 4.0 7.28 0.96 54 4.10 —29.0 10.070 0.0207 0.0003 0.0526
96 4.0 6.49 1.52 8.4 4.57 —23.7 6.672 0.0318 0.0025 0.0641
96 4.0 6.30 1.15 6.8 4.54 -21.2 6.670 0.0536 0.0102 0.0664
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pH because our previous study shows that low initial pH enhances
NOM removal [11]. Surface waters in Scandinavia are typically soft
and therefore a low amount of acid is required for the pH
adjustment.

In this study, three EC cells were constructed. Cells A+ C was
made of 6 aluminum plates; 3 anodes and 3 cathodes. Cell A was
made of aluminum anodes (3 plates) and inert cathodes (3 plates).
Cell C was similar to Cell A, but inert plates were used as anodes
and aluminum plates as cathodes. Inert electrode material used
in this study was commercially available dimensionally stable an-
ode (DSA) electrodes. These electrodes were made of titanium that
was coated with a mixed metal oxide layer (iridium and ruthenium
oxides). Aluminum alloy 1050 (99.5% Al) was used in the experi-
ments. All electrode plates were 7 cm long and 5 cm wide. Distance
between electrode plates was 1 cm. EC treatment was done in
batch cells where electrodes were arranged into monopolar config-
uration. Water volume during the treatment was 500 ml.

GW Instek PSM-6003 was used as a power source throughout
the experiments. The current used in this study was 0.100 A. Low

current density 0.48 mA/cm? was selected on the basis of our pre-
vious studies [12]. Treatment time varied from 4 (48 C/I) to 12 min
(144 C/1). Electrode plates were washed thoroughly with 4% HCl,
tap water, and MilliQ-water after treatments.

Samples were magnetically stirred during the EC treatment at
the speed of 300 rpm. After the treatment, samples were stirred
with an overhead stirrer at the speed of 40 rpm for 10 min to facil-
itate flocculation. Settling time after flocculation was 30 min.
Water samples were filtered through a glass fiber filter (GF/C
Whatman, nominal pore size 1.2 um) and stored in a cold room be-
fore further analysis.

2.2. Chemical analysis

Metal concentrations were determined using iCAP 6000 series
ICP-OES (Thermo Electron) from samples in which 0.2 ml of 37%
HNOs; (analytical grade) was added to 10 ml of sample. Dissolved
aluminum samples were taken right after electrochemical treat-
ment before slow stirring stage. Residual metals were analyzed

Table 2

The fraction of the variation of the response explained by the model (R?) and the fraction of the variation of the response predicted by the model according to cross validation (Q?).
Term Final pH Turbidity Apparent color TOC (-Potential Dissolved Al Residual Al Residual Fe Residual Mn
Cell A+C
R? 0.98 0.93 0.86 0.93 0.94 0.97 0.98 0.80 0.98
Q? 0.85 0.53 0.52 0.62 0.70 0.70 0.82 0.57 0.80
Cell A
R? 0.99 0.97 0.98 0.96 0.94 1.00 0.98 0.93 0.94
@ 0.92 0.75 0.87 0.77 0.71 0.92 0.88 0.77 0.71
Cell C
R? 0.96 0.70 0.91 0.93 0.93 0.92 0.96 0.81 0.79
Q? 0.84 0.12 0.40 0.46 0.58 0.41 0.74 0.43 0.32

Table 3

Coefficients of the model terms (X; is electric charge and X; is initial pH).
Response Unit Constant X X3 X% X% XXz
Cell A+C
Final pH —2.07E+01 —1.55E-02 1.26E+01 5.19E-05 —1.43E+00 2.66E-03
Turbidity® NTU 4.86E-01 —1.05E-02 —1.14E-01 5.70E-05 3.30E-02 1.61E-04
App. Color? PtCo mg/l 1.01E+01 —1.10E-02 —4.15E+00 3.27E-05 5.11E-01 2.50E-04
TOC* mg/l 6.91E+00 —3.80E-03 —2.91E+00 1.03E-06 3.53E-01 2.47E-04
(-Potentialb mV —1.09E+00 —3.71E-04 —4.71E-01 5.71E-06 5.53E-02 —1.01E-04
Dissolved Al mg/l —2.42E+01 3.62E-02 1.27E+01 3.29E-04 —1.50E+00 7.10E-03
Residual AI* mg/l 3.18E+01 —2.92E-02 —1.56E+01 1.43E-04 1.89E+00 1.66E—04
Residual Fe® mg/l 2.74E+01 —4.79E-02 —1.36E+01 2.22E-04 1.67E+00 —1.34E-03
Residual Mn*? mg/l —1.63E+00 6.25E-03 4.29E-01 —3.54E-06 —8.09E-02 —1.98E-03
Cell A
Final pH —2.00E+01 6.94E-03 1.14E+01 2.28E-05 —1.18E+00 —1.45E-03
Turbidity® NTU 1.64E+00 —1.30E-04 —1.03E+00 —2.69E-05 1.51E-01 1.19E-03
App. Color® PtCo mg/l 1.25E+01 —6.42E-03 —5.51E+00 7.98E-06 6.92E-01 1.25E-04
TOC? mg/l 6.23E+00 —4.29E-03 —2.55E+00 8.09E-06 3.14E-01 9.38E-05
{-Potential® mV —1.47E+00 1.42E-03 —3.16E-01 —2.50E-06 3.77E-02 —2.15E-04
Dissolved Al mg/l 9.77E-01 6.52E-02 —1.79E-01 2.82E-06 1.20E-02 3.03E-03
Residual AI* mg/l 2.86E+01 4.49E-03 —1.48E+01 3.69E-05 1.86E+00 —3.46E-03
Residual Fe® mg/l 1.77E+01 1.84E-02 —9.96E+00 —8.00E-05 1.28E+00 —2.88E-03
Residual Mn? mg/l 3.27E-01 2.58E-03 —5.41E-01 5.45E-06 6.57E-02 —1.41E-03
Cell C
Final pH —2.26E+01 9.60E-03 1.27E+01 7.57E-05 —1.32E+00 —4.67E-03
Turbidity® NTU —6.42E-01 —9.96E-03 5.50E-01 4.79E-05 —5.56E-02 —1.40E-04
App. Color® PtCo mg/l 7.74E+00 —2.78E-02 —2.53E+00 1.29E-04 3.31E-01 —1.39E-03
TOC* mg/l 4.70E+00 —1.44E-02 —1.52E+00 5.73E-05 1.92E-01 —3.43E-04
{-Potential® mV —1.24E+00 3.51E-03 —4.82E-01 —4.27E-06 6.19E-02 —5.77E-04
Dissolved Al mg/l 3.06E+01 1.79E-01 —1.85E+01 —4.50E-05 2.43E+00 —1.22E-02
Residual AI* mg/l 2.00E+01 6.41E-03 —1.01E+01 1.44E-04 1.31E+00 —1.04E-02
Residual Fe® mg/l 1.43E+01 —5.51E-02 —6.53E+00 3.46E-04 8.52E-01 —5.70E-03
Residual Mn* mg/l 5.18E-01 —4.79E-03 —5.11E-01 4.20E-05 6.02E-02 —1.28E-03

@ Logarithmic transformation Log10(Y).
" Negative logarithmic transformation -Log10(100 — Y).
¢ Logarithmic transformation Log10(Y+0.001).
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from samples that were taken after filtration. DOC was measured
using TOC analyzer (Shimadzu) after filtering the samples through
0.45 pm pore size membrane.

Apparent color was analyzed with DR 2800 photometer (Hach),
and turbidity with Model 2100P ISO turbidimeter (Hach). Conduc-
tivity was determined using a CON6 Conductivity Meter (Ecoscan),
and pH with Multiline P3 (WTW). Absorbance of the samples at
254 nm wavelength was measured with a Lambda 45 UV/VIS spec-
trophotometer (Perkin-Elmer), while the zeta potential was deter-
mined using a Zetasizer Nano ZS (Malvern).

2.3. Design of experiments and response surface method (RSM)

Factors of the experiments were electric charge added per vol-
ume and initial pH. Due to the small number of factors, full facto-
rial design was carried out for three electrochemical cell
constructions. Responses included in the model were final pH, tur-
bidity, apparent color, TOC, {-Potential, aluminum dissolved, resid-
ual aluminum, residual iron, and residual manganese. The
experimental design contained 12 tests for each electrochemical
cell construction, including the 3 repeating tests at the center
point. Three additional tests were conducted using Cells A+ C to
verify the water quality at the predicted optimum region. The
range and levels of the factors and measured values of responses
are shown in Table 1.

The first method used in the modeling was partial least squares
regression (PLS). PLS is a statistical method that finds the relation-
ship between response variables (matrix Y) and the predictor of
factor variables (matrix X). As with other statistical regression
methods, such as multiple linear regression (MLR), an equation
describing the relationship between the response variable and pre-

dictor variables (factors) is gained. The general form of the regres-
sion equation including single terms, square terms, and interaction
terms is shown in Eq. (5), where Y is the response variable, b are
the coefficients of the model, and X are the factor variables.

k k i<j
Vo XS X b Y ®

single terms square terms interaction terms

The quality of the regression equation can be evaluated using
analysis of variance (ANOVA). However, due to the high number
of responses in this study only R? and Q? are presented for each re-
sponse in Table 2. R? is the amount of variance explained by the
model whereas Q? is an estimate of the model’s predictive ability.
Q? is calculated by cross-validation. Model terms are presented in
Table 3.

3. Results and discussion
3.1. RSM model quality

According to R? values of the model responses (Table 2) all mod-
els explain the variance of final pH, apparent color, TOC, {-Poten-
tial, dissolved Al, and residual Al and Fe with high accuracy
(R? > 0.8). Lower R? values were obtained for turbidity and residual
Mn with Cell C. According to Q? values of the model responses, the
predictive ability of the model made for Cell C is significantly lower
than the predictive ability of the models made for Cells A + C and
Cell A. This can be due to the mechanism of aluminum dissolving
from the cathodes, which does not behave linearly at the initial
stage of the electrocoagulation process.
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Fig. 1. Measured and predicted (statistical model) dissolving rates of the aluminum electrodes in different electrode constructions in (a) initial pH 3, (b) initial pH 4 and (c)

initial pH 5.
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3.2. Aluminum dissolved from the electrodes and metal residuals after
treatment

Measured and predicted aluminum concentrations of the sam-
ples after EC treatment are shown in Fig. 1. The highest aluminum
concentrations per electric charge were measured for Cells A+ C
when initial pH was 4 and 5. However, in initial pH 3 the highest
dissolved aluminum concentrations with 96 C/l and 144 C/l were
measured for Cell C. It is possible that at very low pH the chemical
dissolution of aluminum from all electrode plates (Eq. (6)) occurs
simultaneously with Eq. (1).

2AI(s) + 6H" — 2A* (aq) + 3H, (6)

There were small variations in the initial delay before the elec-
tric current was switched on, but the fact that the electrodes were
immersed in the solution or on the metal surface state could ex-
plain the difference measured between the aluminum concentra-
tions obtained with Cells A+ C and Cell C in pH 3. According to
Sasson et al. iron electrodes are significantly corroded without
electricity at pH < 8 [22]. In this study, aluminum electrodes were
used and dissolution rate of electrodes in the solution without
electricity was not measured. However, it is well known that alu-
minum corrodes when pH is either acidic or alkaline [23]. Alumi-
num is naturally passive because continuous protecting alumina
(Al,03) layer is formed on the surface. This layer protects alumi-
num efficiently at the pH range 4-8. In higher and lower pH envi-
ronment, alumina layer dissolves at considerable rate. The
corrosion behavior of aluminum depends also on the other param-
eters of solution, such as the concentration of anions. Sulphate an-
ions are passivating agents and therefore reduce the production of
metal cations [24]. Chlorides, on the other hand, induce the break-
down of the passive layer and therefore cause pitting corrosion
[23,25]. It is known that passivation and formation of deposits on
electrodes increases the voltage of electrocoagulation system when
current density is kept constant and hence reduces the power effi-
ciency [1]. However, this was not observed in these short batch
studies.

The dissolving of Cell A follows theoretical values calculated
according to Faraday’s law of electrolysis (Eq. (7)).

ItM,,
- ZF

(7)
where [ is the current density, t is the operation time (s), M,, is
molecular weight of the substance, F is Faraday's constant
(96485 C/mol), z is the number of electrons involved in the reaction
(3 for A**) and m is the mass of the aluminum dissolved.

When the initial pH was 3, aluminum concentrations dissolved
from Cells A + C and Cell C were close to theoretical values (Fig. 1a).
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With the higher initial pH, theoretical values were different to
measured values for Cells A + C and Cell C (Fig. 1b and c). Faraday’s
law only considers direct electrolysis reactions occurring at the
electrodes, e.g. dissolving of aluminum from anodes. The dissolu-
tion reaction rate is nearly constant in all cases in the range of vari-
ables studied, except in pH 3 with Cells A + C. With initial pH 3 and
4, linear fits of Cell C and Cells A + C results cross the X-axis at 0-
10 C/I range, whereas linear fits of Cell A cross the X-axis almost
at the 0 C/I (origin). This indicates that there is a short lag period
before aluminum dissolving at the cathodes initiates in low pH.
Aluminum cathodes dissolve chemically due to local high pH envi-
ronment at the electrode surface that is formed when hydroxyl-
ions form according to Eq. (3). Hence in low pH environment at
the initial stage, hydroxyl ions are consumed by acidic water close
the electrode surface which may cause this lag period in acidic
solution. It is interesting that the aluminum concentration ob-
tained with Cells A + C is not the sum of concentrations of Cell A
and Cell C. It is unclear what mechanism inhibits the dissolving
reactions of Cells A +C.

Our results support the conclusion made by Mouedhen et al.
[26]. According to their results, no secondary reactions such as
oxygen evolution took place at the aluminum anodes. Our results
verify that the proportion of side-reaction on the aluminum anodes
is low or negligible. Moudhen et al. concluded that chemical disso-
lution of cathodes contributed significantly to the total amount of
aluminum dissolved into solution. Solution pH increased during
the treatment. However, in very low pH environment (initial pH
2) the alkalinity produced during by cathodic reaction was not suf-
ficient to increase the pH of the solution. Solution pH 9 was stable
during treatment. When the initial pH was very low (pH < 3), less
aluminum was produced on the cathode surface. Current density
also had a significant influence on the aluminum produced on
the cathode surface. The highest current efficiencies were mea-
sured with the lowest current densities. Aluminum dissolved from
the anode was practically equal to theoretical values and insensi-
tive to current density (in the range tested).

Residual metals can cause problems, such as deposition and
process chemical decomposition, in processes where water is con-
sumed. Concentration of residual metals (Al, Fe and Mn) was high
in EC treated samples when the final pH of water was low. These
metals are highly soluble in acidic and alkaline pH. Neutral amor-
phous metal hydroxides, such as Al(OH); and Fe(OH); are poorly
soluble species [27]. Minimum solubility for AI(OH); and Fe(OH);
is in neutral to slightly alkaline pH region. In addition to mono-
meric hydrolysis products, also polynuclear species, e.g. Al
[A104A112(0H)Z;] are formed in water. The formation of the hydro-
lysis products of AI(III) and Fe(Ill) are gone through in detail in
[27]. Insoluble hydroxides can be removed by sedimentation or
filtration. The residual manganese concentration was low in
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Fig. 2. Measured concentration of residual metals (a) iron and (b) aluminum in the samples after electrocoagulation.
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untreated water and was still reduced due to treatment. The lowest
manganese concentrations were measured from samples treated
with Cells A + C. The lowest residual aluminum and iron concentra-
tions were measured from samples that had high final pH and were
treated longer (Fig. 2). High pH and aluminum concentration pro-
mote the formation of larger flocs in water, as was visually ob-
served, and therefore more metals were removed from the
solution.

According to our results optimum organic matter removal can
be obtained simultaneously with minimum residual metal concen-
trations when acidified surface water is treated with electrocoagu-
lation. This could be a significant benefit of electrocoagulation in
surface water treatment compared to chemical coagulation.
According to Chow et al. minimum residual aluminum concentra-
tion following alum treatment was obtained between pH 6 and 7
whereas optimum DOC removal was obtained at pH 5 [28]. They
concluded that optimum DOC removal and minimum residual alu-
minum concentration cannot be obtained in same pH when alum is
used. In electrocoagulation treatment initial pH can be acidic and
in these conditions optimum DOC removal occurs. Neutral final
pH, on the other hand, is optimum for metal removal because they
form insoluble precipitates in these conditions.

3.3. Organic matter removal during treatment

Apparent color and TOC was measured from the samples after
the treatment. Color was removed from the water with high effi-
ciency, and the lowest measured color value, 5.4 mg/l PtCo, was
obtained with Cell C. According to the results and model, color re-
moval was slightly higher with Cell C than Cell A or Cells A+C.
However, all cell constructions were able to remove more than

25

90% of the color with optimum parameters. Jiang et al. achieved
comparable efficiency in their article [8]. According to WHO guide-
lines for drinking water, drinking water should ideally have no vis-
ible color [29]. Levels of color below 15 as true color units (TCO)
are acceptable to consumers. However, WHO does not give
health-based guideline for color in drinking water.

TOC removal with different cell constructions can be compared
when TOC concentration of the samples is presented as a function
of aluminum concentration dissolved from the electrodes (Fig. 3).
With pH 3, there was no significant effect if the aluminum origi-
nated from either the anodes or the cathodes. TOC concentration
depended linearly on the aluminum concentration added to the
solution. In low pH (typically at pH < 6), the mechanisms of NOM
removal are mainly charge neutralization and compression of dou-
ble layer because hydroxides are not stable in this environment
[3,30]. It is interesting that TOC removal did not show any stabil-
ization at low concentrations, and it is possible that even lower
TOC concentrations could be achieved with longer treatment
times. Models show some errors for this pH, especially with Cell
C, which predicts stabilization of TOC concentration at approxi-
mately 6 mg/l.

Also, with pH 4 electrode construction did not have a significant
effect on the TOC removal per aluminum added. With pH 4, TOC re-
moval was not linear as a function of aluminum, but rather asymp-
totic, and TOC removal stabilized at approximately 4 mg/l
concentration with the cell constructions tested. It seems that alu-
minum concentrations higher than 8 mg/l were not effective. Final
pH was near neutral, and therefore metal hydroxides are the pre-
dominant form of aluminum in the solution. Hydroxides form flocs,
and sweep coagulation and bridging are the predominant mecha-
nisms of the NOM removal. In adsorption, mechanism charged
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electrodes in (a) initial pH 3, (b) initial pH 4, and (c) initial pH 5.

/6



26 M. Vepsdldinen et al./Separation and Purification Technology 99 (2012) 20-27

20
10+ °
-
E of
z ¥ C*
S -10 n
o
H o 4
o
8 F
g 20 - : ;‘
]
30k A e "m N
30 ° oAl
40 L \ L . L \ L \ L )
0 2 4 6 8 10 12 14 16 18 20
Aluminum concentration (mg/l)
m Cell A+C (pH 3) aCell A (pH3) ecCellC(pH3)
m Cell A+C (pH 4) A Cell A (pH4) @ CellC(pH4)
Cell A+C (pH 5) Cell A (pH 5) Cell C(pH 5)

Fig. 4. Measured (-Potentials of the samples after electrocoagulation and filtration.

coagulant species are adsorbed onto the particle surface and the
effective surface charge is reduced. Bridging mechanism occurs
when polynuclear metal hydroxides form bridges between parti-
cles, and thus promote the destabilization of NOM. It is likely that
residual TOC (4 mg/l) is composed mainly of hydrophilic sub-
stances, such as fulvic acids, which are not easily removed in neu-
tral pH [30].

With pH 5, there was more variation in the results of the differ-
ent cells. Slightly better TOC removal per aluminum added was
measured from the samples that were treated with Cell C. How-
ever, the efficiency of EC treatment was lower with this pH in all
cell constructions when compared to pH 4, and more aluminum
was required for the same TOC removal. It also seems that the
TOC level stabilizes to a slightly higher TOC level (5 mg/l) than
with pH 4 (4 mg/1). It possible that the mechanism of NOM removal
changed even further from charge neutralization and double layer
compression to adsorption and bridging mechanisms, which were
unable to remove hydrophilic colloids from the water.

{-Potential of the filtered samples was measured (Fig. 4). These
results support the previously mentioned findings. With pH 3, the
aluminum has a higher charge (AI**) due to lack of hydrolysis. This
affects NOM destabilization through double layer repression. {-Po-
tential in initial pH 3 increased linearly with increasing aluminum
concentration. With this pH, small precipitates are formed that are
not easily removed with sedimentation, flotation, or filtration.
According to {-Potential results, it seems that with this pH no spe-
cific NOM fraction was enriched to filtered samples. When alumi-
num concentration was over 12 mg/l {-Potential was over 0 mV,
which may cause restabilization of colloids. {-Potentials of the
samples with initial pH 4 and 5 were similar after filtration. In
these pH’s aluminum exists predominantly as hydroxides and eas-
ily settleable or filterable flocs are formed. It seems that highly
charged, and probably hydrophilic, NOM fraction was enriched
into the samples during the treatment. According to ¢{-Potential re-
sults, the same NOM fractions were removed whether aluminum
was dissolved from the anodes or the cathodes. However, this
should be verified with research where composition of the remain-
ing NOM fraction is studied.

Three additional tests were done with optimum parameters of
Cell C (Table 4). The initial pH in these tests was 4.1 and the electric
charge per volume was 115 C/I. Results were similar to results at
the center point of the mode, which was expected because the fac-
tor values were close to each other. The model predicts a TOC value
of 4.04 mg/1, which is slightly lower than the measured value. The
predicted final pH was 7.1, which is slightly higher than the mea-
sured value. The predicted aluminum concentration dissolved from
the electrodes was 9.97 mg/l, whereas the measured aluminum
concentration was 7.90-9.52 mg/l. Turbidity, color, and residual
metal concentrations were close to predicted values. According
to the results of these verification tests, the model predicts water
quality parameters with high accuracy.

4. Conclusions

This study analyzed the effect of electrocoagulation cell con-
struction on NOM removal. Three types of cells were studied:
one that only had aluminum electrodes, one that had aluminum
anodes and inert cathodes, and one that had inert anodes and alu-
minum cathodes. Besides the TOC concentration of the water, the
other main parameters measured were final pH, turbidity, color,
and concentration of residual metals of the water produced. A
model was made from the results of each cell construction using
PLS regression. The model quality was high for the most of the re-
sponses. The following conclusions can be made from the results:

e Aluminum dissolved from the Cells A + Chat was constructed
from aluminum anodes and inert cathodes followed theoretical
values calculated according to Faraday’s law.

Aluminum dissolved from the cathodes did not follow electric
charge per volume linearly. Low initial pH (pH 3) decreased
the dissolving reaction rate, probably because the hydroxyl ions
produced were consumed by the acidic water.

Low residual metals concentrations (Al, Fe, Mn) were measured
from the samples when the final pH was high and treatment
time was long and hence aluminum concentration was high.
The efficiency of aluminum in TOC removal was similar in all
cell constructions in the pH range tested. According to these
results, the efficiency of electrocoagulation cannot be enhanced
significantly by using either aluminum anodes or cathodes or
both. High TOC removal was measured with all constructions
tested.

When the initial pH was 3, the TOC concentration of the treated
samples depended linearly on aluminum added to the solution.
In pH 4 and 5, the TOC removal per added aluminum followed
asymptotic regression. This is probably due to the transition
of the destabilization mechanism of colloids from double layer
compression to adsorption and bridging. This conclusion was
supported by the (-Potential results.

The results of this research indicate that reactions between
NOM and aluminum occur in the bulk water and not on the elec-
trode surface. It seems that destabilization mechanisms of NOM
are similar compared to chemical coagulation. According to our re-
sults, optimum organic matter can be obtained simultaneously

Table 4
Measured water quality parameters of the samples from the additional repeating tests. Initial pH was 4.1 and electric charge per volume was 115 C/1.
Responses
Final pH Turbidity (NTU)  Apparent color (mg/l PtCo)  TOC (mg/1) Dissolved Al (mg/l) Residual Al (mg/l) Residual Fe (mg/l) Residual Mn (mg/1)
5.95 0.92 6.1 4.61 7.904 0.0518 0.0018 0.0187
6.39 1.22 73 4.48 9.520 0.0235 0.0024 0.0210
6.29 1.09 6.6 4.29 8.357 0.0184 0.0015 0.0228
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with minimum residual metal concentrations when surface water
is treated with electrocoagulation. The potential applications of
water after the treatment could be potable water or industrial
fresh water.
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The removal of natural organic matter (NOM) from surface water by electrocoagulation (EC) was stud-
ied using response surface method (RSM). Factors used in the empirical model were electric charge per
liter, initial pH and temperature. Relevant square and interaction terms of factors were studied. Based on
analysis of variance (ANOVA), the model fitted well with dissolved organic carbon (DOC) reduction, alu-
minum dissolving and pH changes. UV 254 nm absorbance removal was moderately predicted. According
to results, temperature affected significantly the dissolving rate of aluminum electrodes. Initial DOC con-
centration of the surface water was 18.35 mg/l. Maximum DOC removal of 80.4% was obtained when high
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DOC removal of 76.2% was predicted also when water temperature was only 275.15 K. Effect of tempera-
ture on NOM removal was minor as compared to the effects of electric charge per volume and the initial
pH. EC neutralized pH during the EC treatment and had little impact on the conductivity of the water.
According to the results, EC can be used for NOM removal during cold water period in Nordic countries.
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1. Introduction

Surface water in Nordic region typically contains a high con-
centration of natural organic matter (NOM), which gives water its
brown color. Efficient removal of NOM is required for drinking and
industrial water applications. In the drinking water, high NOM con-
centration causes formation of disinfection by-products (DBP) that
are carcinogenic. In the industrial applications, such as paper mak-
ing process, NOM can cause fouling of the surfaces, resulting in the
defects in the end-product quality [1].

Basically, NOM is a complex mixture of different organic
materials such as bacteria, viruses, humic acids, fulvic acids,
polysaccharides and proteins. Dissolved organic matter (DOM) is
defined to be a part of the NOM that passes through 0.45um
pore size membrane. Normal coagulation process in combination
with flotation or sedimentation can easily remove the high molec-
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ular weight fraction but it has limited effect on small molecular
weight fraction [2,3]. Hydrophopic NOM has a higher charge den-
sity than hydrophilic NOM and is therefore more easily removed
during coagulation treatment [4]. Humic acid fraction (HAF) of
NOM has a higher amount of aromatic structures and therefore, is
more hydrophobic than fulvic acid fraction (FAF) [5,6]. Typically
water containing high DOM concentration is commonly treated
with enhanced coagulation where a high dose of coagulant is used
together with acidic pH [7].

In electrocoagulation (EC), coagulant is added from electrodes
and concurrently beneficial side-reactions, such as pH change and
hydrogen bubble formation, take place. Near electrode surface pH
differs from the solution pH. Aluminum ions formed during the
corrosion of the aluminum at the anode [Eq. (1)] go through hydrol-
ysis reactions [Eq. (2)] and pH at the vicinity of the anode surface
decreases.

Al(s) —» A**(aq) + 3e” (1
(2)

At the cathode, surface pH increases due to hydrogen evolution
[Eq. (3)]. The increment of the pH at the cathode surface leads to the

AlP*(aq)+nH,0 < Al(OH),>~"+nH"(aq)
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Table 1
Initial water quality.

DOC (mg/l) UV 254nm Al (mg/l) pH

{-potential (mV)

SUVA (1/(m mg)) Turbidity (NTU) Conductivity (mS/m)

18.35 0.644 0.257 58 -17.1

3.51 0.51 2.8

corrosion of the aluminum [Eq. (4)], thus facilitating the formation
of aluminate, AI(OH)4~ [Eq. (5)].

2H,0 + 2e~ — Hj(g) + 20H (aq) 3)
2Al(s) + 6H,0 + 20H7(aq) — 2[Al(OH)4]"(aq) + 3Hx(g) (4)
Al(OH)3(s) + OH™(aq) < Al(OH)4~(aq) (5)

Faraday’s law calculations take consideration only reactions at
the anode surface. According to literature, there is no significant
difference in anodic dissolving reaction and theoretical dissolving
speeds calculated using the Faraday’s law when current density is
in the range of 0-4 A/dm? [8]. Dissolving of the aluminum at the
cathode is chemical dissolution facilitated by the pH change at the
electrode surface and current efficiency for this reaction is affected
by the current density. When aluminum cathodes having low cur-
rent density are used in the EC process, a high current efficiency
is achieved. Solution pH has small effect on dissolving rate when
pH is near neutral region [9]. Highly alkaline solution pH increases
chemical dissolving.

Hydrophilic humic fraction is not easily removed by coagulation.
Therefore it needs different coagulation conditions as compared to
hydrophobic fraction [7]. In chemical coagulation with metal coag-
ulants destabilization of NOM can occur either by enmeshment
mechanism or by the formation of insoluble complexes and pre-
cipitation reactions. In an acidic pH range, precipitation and charge
neutralization are favored and the removal of hydrophilic colloids
takes place. At neutral pH, hydrophobic NOM is mostly removed
by adsorption to metal hydroxides and bridging mechanism. Dur-
ing EC treatment, pH changes in course of time, affecting to the
mechanism of NOM destabilization. When treatment is carried out
at low initial pH, hydrophilic NOM could be removed. At the end
of the treatment, when pH is neutralized, adsorption and bridg-
ing of hydrophobic NOM takes occurs. According to literature, to
acquire simultaneously good microfloc and macrofloc formation
during water treatment, pH control is an important factor [10].
The effect of initial pH on NOM removal in EC has been studied
in the range of 5-9.6 [11]. At low humic substance concentration,
pH did not have significant effect on EC efficiency on studied range.
However, the effect of initial pH was not studied at lower than pH
5.

Temperature also affects the activity of coagulation treatment.
Normally optimum operating pH increases when pH decreases [7].
Temperature affects especially in low-turbidity water when alu-
minum sulfate is used as a coagulant chemical. To date, the effect
of temperature on EC efficiency is not widely studied [12]. The
increment of the solution temperature has positive effect on EC
efficiency on azo dye and boron removal to certain extent [13,14].
However, so far there is no information about the effect of the
solution temperature on NOM removal from surface waters during
EC treatment. This factor is important if EC is employed for NOM
removal in Nordic water during winter season.

Response surface method (RSM) is a statistical method that is
used to study the relationship of the factors and responses [15]. It
can be employed to evaluate the relative significance of the factors.
RSM has also been used to optimize the removal of oil and azo dye
by electrocoagulation [16,17]. High coefficients of determination
values were gained for regression models. According to results, RSM
is suitable method to study and optimize pertinent parameters of
EC treatment.

In this study, EC was employed for treating highly colored sur-
face water. The effects of electric charge, initial pH and temperature
on NOM removal were investigated. RSM was used as a tool to study
the effect of factors and their interactions on responses.

2. Experimental
2.1. Electrochemical treatment

Water samples were collected from a Finnish paper mill sur-
face water inlet flow and were stored in a cold room. The untreated
samples had a high NOM concentration according to photometric
and DOC measurements. Physicochemical properties of the sam-
ples before EC treatment are presented in Table 1. Normally mill
uses chemical coagulation treatment to remove NOM from the sur-
face water before using it in the following processes.

In this case, initial pH values were selected based on preliminary
tests. Temperature adjustment during the tests was undertaken
at 295.15K using heating plate, at 285.15K using water flow and
at 275.15K with ice bath. The temperatures were adjusted to val-
ues stated in test plan before treatment and maintained constant
during EC treatment, flocculation, sedimentation and filtration.
According to measurements, temperature was maintained within
+1 K range of set temperature during all stages.

In this study, EC cell was made from three aluminum anodes and
three aluminum cathodes with dimensions of 7 cm in length and
5cm in width. GW Instek PSM-6003 was used as a power source
throughout the experiments. Experimental setup is shown in Fig. 1.
Current used in this study was 0.100A. Low current density of
0.48 mA/cm? was selected based on the preliminary studies [18].
Electrode plates were washed thoroughly with 4% HCI, tap water
and MilliQ-water after treatments.

Samples were magnetically stirred during the EC treatment at
the speed of 300 rpm. After the treatment, samples were stirred
with overhead stirrer at the speed of 40 rpm for 10 min to facili-
tate flocculation. Settling time after flocculation was 30 min. Water
samples were filtrated using Whatman 589/1 filter paper and then
stored in the cold room before further analysis.

2.2. Chemical analysis

Metal concentrations were determined using iCAP 6000 series
ICP-AES (Thermo Electron) from samples in which 0.2 ml of 37%

=10
e ] O

5

Qs

| e—
Fig. 1. Schematic diagram of the experimental setup: (1) magnetic stirrer; (2) water
or ice bath; (3) temperature meter; (4) electrochemical cell; (5) DC power supply.

2
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HNO; (analytical grade) was added to 10 ml of sample. DOC was
measured using TOC analyzer (Shimadzu) after filtering the sam-
ples through 0.45 wm pore size membrane.

Apparent color was analyzed with DR 2800 photometer (Hach)
and turbidity with Model 2100P ISO turbidimeter (Hach). Conduc-
tivity was determined using CON6 conductivity-meter (Ecoscan)
and pH with Multiline P3 (WTW). Absorbance of the samples
at 254nm wavelength was measured with Lambda 45 UV/VIS-
spectrophotometer (PerkinElmer), while the zeta-potential was
determined using Zetasizer Nano ZS (Malvern).

2.3. Design of experiments and response surface method (RSM)

Multiple linear regression (MLR) was selected as regression
method (Umetrics MODDE 8.0) in this study. Design of the exper-
iments was done using full factorial design. Factors of the RSM
model were electric charge added per volume, temperature and
initial pH. Electric charge per volume controls the amount of elec-
trochemical reactions taking place on the electrode surface. Initial
pH was selected because pH has significant effect on coagulation
efficiency and optimum coagulation pH may vary with tempera-
ture as stated in Section 1. Effect of temperature is important factor
because water temperature changes significantly especially in the
Nordic countries. Flocculation parameters were not included in the
factors to keep the amount of samples in reasonable level. Range
and levels of factors are presented in Table 2.

Responsesincluded in the model were removal efficiency (R%) of
DOC and UV 254 nm absorbance, total aluminum added, pH change
during the EC treatment and zeta-potential of the filtered samples
after treatment. Removal efficiencies were calculated according to
Eq. (6).

Removal efficiency (R%) = (%) x 100 (6)
0

Table 3
Factors and response values of full factorial design.
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Table 2
Factor levels of full factorial design.

Variable Factor range and levels

-1 0 1

X1, Electric charge (C/1) 48 96 144

Xa, Initial pH 4 5 6

X3, Temperature (K) 275.15 285.15 295.15

Co and Cgc are the initial and the final concentration before and
after the EC treatment.

Current efficiency for aluminum dissolving was calculated
according to Eq. (7).

Current efficiency(CE%) = %

FL

x 100 (7)

Cgc is the concentration of aluminum predicted by the RSM
model, while Cg is the concentration of aluminum added according
to the Faraday’s law. Accuracy of the RSM prediction of aluminum
dissolving is presented in Section 3.

Q? was calculated using a predicted sum of the squares (PRESS)
from the cross-validation and the total sum of the squares of Y
corrected for the mean (SS) [Eq. (8)].

PRESS
sS

R? was the amount of variance explained by the model and ‘R?
adjusted’ was adjusted for the degrees of freedom. Model validity
compared model error to pure error. If model validity was larger
than 0.25, there was no significant lack of fit in the model. Repro-
ducibility was calculated from the replications at the center points
according to Eq. (9).

Q2

(8)

MSPure error

Reproducibility =1 - ——————
MSrotal corrected

(9)

Factors Responses Not included in the model
Electric Initial Temperature DOC UV 254nm Al (mg/l) pH change {-potential SUVA Turbidity Residual Conductivity
charge pH (R%) (R%) (mV) (1/(mmg)) (NTU) Al (mg/l) (mS/m)
-1 -1 1 76.0 89.2 8.1 1.64 -11.6 1.59 0.09 0.054 3.6
-1 1 76.3 89.0 19.7 2.40 -9.9 1.63 0.36 0.273 33
1 -1 1 79.0 91.3 40.1 2.52 6.1 1.45 0.19 0.455 3.5
-1 0 1 64.3 78.5 7.3 1.49 —-16.4 2.12 0.27 0.239 3.6
0 0 1 71.0 84.9 20.9 1.88 -10.1 1.83 0.36 0.401 39
1 0 1 77.2 89.6 39.9 1.99 39 1.60 0.49 0.858 33
-1 1 1 28.7 6.0 6.2 -0.12 -20.9 4.63 3.96 5.184 52
0 1 1 65.2 81.9 203 0.02 -11.8 1.82 0.49 0.580 3.4
1 1 1 75.8 88.1 43.0 0.75 1.4 1.73 0.93 1.784 3.0
-1 -1 0 73.8 88.8 7.0 248 —12.1 1.50 0.34 0.053 34
0 -1 0 75.7 88.2 16.1 294 -12.6 1.71 0.94 0.398 3.1
1 -1 0 79.1 79.3 34.1 2.65 16.1 3.47 8.88 5.168 3.2
-1 0 0 69.7 87.0 8.1 1.36 -12.2 1.51 0.13 0.027 34
0 0 0 71.8 87.6 17.1 1.38 -14.0 1.55 0.15 0.062 3.0
1 0 0 77.5 90.2 29.5 2.26 -0.1 1.53 0.42 0.311 3.0
-1 1 0 57.0 69.0 7.5 0.22 -194 2.53 1.7 1.107 4.0
0 1 0 60.5 80.6 18.0 0.73 -18.1 1.73 0.39 0.266 3.0
1 1 0 71.9 86.4 39.9 0.04 -53 1.70 0.96 0.909 3.0
0 0 0 76.6 85.7 15.5 0.72 217 2.15 232 1.457 4.4
0 0 0 741 88.6 17.2 0.68 -17.7 1.55 0.56 0.230 33
0 0 0 69.6 85.8 171 0.66 -14.4 1.64 0.2 0.070 32
-1 -1 -1 73.4 88.1 6.9 1.82 —-10.7 1.58 0.45 0.169 3.8
0 -1 -1 76.8 86.7 13.1 2.08 12.9 2.02 241 2.013 34
1 -1 -1 75.8 88.3 26.9 1.85 1.2 1.70 1.71 1.005 3.1
-1 0 -1 69.3 86.2 6.8 0.78 -12.9 1.58 0.14 0.060 3.2
0 0 -1 75.9 87.1 153 1.70 10.9 1.88 2.33 1.804 33
1 0 -1 68.8 85.4 235 0.94 -14.8 1.64 0.32 0.141 2.9
-1 1 -1 36.3 31.7 7.5 0.37 -21.2 3.77 2.56 4.023 3.6
0 1 -1 56.5 69.2 13.8 0.42 -14.3 2.48 1.73 1.962 3.0
1 1 -1 58.1 84.8 26.9 0.30 -14.2 1.28 0.15 0.132 33

3
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Table 4

ANOVA of the model.
Variable DOC UV 245nm Al added pH increase {-potential
R? 0.87 0.82 0.98 0.81 0.68
R? adjusted 0.82 0.76 0.98 0.75 0.58
Q? 0.72 0.60 0.97 0.68 0.45
Regression (degrees of freedom=7)
Sum of squares 0.44 1.27 3673.93 18.60 227
Mean square 0.06 0.18 524.85 2.66 0.32
P-value 0.00 0.00 0.00 0.00 0.00
F-value 20.27 13.91 186.25 13.14 6.67
Lack of fit (degrees of freedom=19)
Sum of squares 0.06 0.28 60.02 4.08 0.83
Mean square 0.00 0.01 3.16 0.21 0.04
P-value of lack of fit 0.466 0.075 0.111 0.353 0.829
F-value of lack of fit 133 6.45 4.78 1.78 0.54
Pure error (degrees of freedom=3)
Sum of squares 0.01 0.01 1.98 0.36 0.24
Mean square 0.00 0.00 0.66 0.12 0.08

Table 5

Coefficients of the model terms.
Response Unit Constant X1 X X3 X? X2 X1 x X2 X1 x X3
DOC? R% 2.01E-02 —2.73E-02 2.76E-01 —6.35E-03 —9.07E-06 —5.02E-02 1.11 E-03 8.77E-05
UV 254nm? R% 8.40E-01 —4.62E-02 6.49E-01 —9.31E-03 —1.34E-05 —1.16E-01 3.60E-03 1.17E-04
Al added mg/l 1.45E+02 —2.33E+00 —1.09E+01 —3.94E-01 1.45E-03 9.88E-01 1.66E—02 7.86E—03
pH increase 1.10E+01 —9.78E-02 —5.40E-01 —2.27E-02 8.27E-07 -3.64E-02 ~7.99E-04 3.70E-04
{-potential® mv 6.58E+00 —6.19E-02 1.61 E-01 -1.91E-02 —~1.11E-05 —5.78E-02 2.07E-03 2.07E-04

2 Negative logarithmic transformation —logy0(100 - Y).
b Logarithmic transformation log;o(Y +24).

MSpyreerror 1S the mean square of the pure error, while
MStotal corrected 1S the mean square of the total sum of the squares
where the constants sum of the squares was subtracted.

3. Results and discussion

3.1. RSM model quality

All the results used in RSM model are presented in Table 3. Tur-
bidity, residual aluminum and conductivity were measured but
not included in the RSM model. Model terms were not able to
explain the variance of these responses adequately. However, these
responses are important for water quality and give valuable infor-
mation when applications of EC and need for additional research are
considered. Therefore they are gone through separately in Section

3.2. Specific UV absorbance (SUVA) values were calculated from
DOC and UV 254 nm absorbance results. It can be seen from the
results that efficient organic matter removal can be achieved with
EC treatment.

According to the analysis of variance (ANOVA) in Table 4, the
RSM model accurately predicted DOC reduction, aluminum dis-
solving and changes in pH. UV 254 nm absorbance was moderately
predicted according to R2, R? adjusted and Q2. Zeta-potential had
low R% and Q2 values, due to the pure error of the measurements
based on to the reproducibility values. Model validities were good
for all the responses, suggesting that the lacks of fit of the responses
were not significantly larger than that of the pure errors. According
to the model quality values, RSM was suitable method to study the
effects of electric charge per volume, temperature and initial pH on
NOM removal during the EC treatment.

DOC R%~ Al pH increase UV 254nm R%~ Zetapotential~
I ec [ pH N Temp B ecec pH*pH V72222 Ec*pH B Ec'Temp

Fig. 2. Normalized coefficients of the model.
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Fig. 3. Dissolving rate of the electrodes in different water temperatures. Theoretical
values are calculated according to Faraday’s law for anodic dissolving reaction.

Coefficients of the model terms are listed in Table 5 and nor-
malized coefficients are presented in Fig. 2. The effects of the
terms to responses could be easily seen from the normalized coef-
ficients. Square terms of electric charge per liter and initial pH and
interaction terms of electric charge per liter with initial pH and
temperature were included in the model. Square terms or interac-
tion terms that were not significant at 95% confidence level to any
of the responses were not included in the model.

3.2. Reactions during the EC treatment

Dissolving speed at different temperatures was tested prior to
the preparation of the model. Temperature had significant effect
on the dissolving speed of the aluminum. In Fig. 3, theoretical rates
of aluminum dissolving, calculated according to Faraday’s law, and
measured aluminum dissolving rates are plotted. Rate of the dis-
solving increased during the tests especially at 295.15K.

Accuracy of the aluminum dissolving was high according to
RSM model R? and Q? values (0.98 and 0.97 respectively). Rate of
the aluminum dissolving exceeded theoretical values in the factors
range as can be seen from Fig. 4. Over-Faradic current efficiency is
attributed to the dissolving of the aluminum at the cathode surface
due to hydroxyl ion generation [8,9,19].

According to RSM model, temperature, electric charge per liter,
square term of electric charge per liter and interaction term of tem-
perature and electric charge per liter were terms that affect on
speed of the dissolving of the aluminum at 95% confidence level.
It was reflected from the contours plot in Fig. 4 that at higher elec-
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~N N 0© 00 o O ® O O ©
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50 80 70 80 90 100 110 120 130 140
Electric charge (C/l)

tric charge per liter treatments, temperature had significant effect
on amount of aluminum that was dissolved to the samples. It is
apparent that chemical dissolving reaction at the cathode surface
was affected by water temperature. According to current efficien-
cies, dissolving reaction rate did not attained equilibrium during
the batch experiments even at the highest temperature. Initial pH of
the samples did not have significant effect on the dissolving speed
of the electrodes at the studied range.

It is evident that initial pH affects on the change of pH during
the EC treatment. All other RSM model terms are insignificant at
95% confidence level. Lower initial pH leads to higher pH incre-
ment during the EC treatment. Final pH of all of the samples after
filtration ranged between 5.6 and 7.3. At this pH range, flocculation
was efficient and flocs were easily removed by settling or flotation.
This suggests that after EC treatment of the surface water no pH
adjustment is required to facilitate flocculation.

When aluminum was produced at a low initial pH at the begin-
ning of the EC treatment, NOM probably reacted through the
formation of insoluble aluminum humate complexes and charge
neutralization. Less hydroxyl ions were bound to aluminum when
low initial pH was used according to results of pH change. When pH
increased during the treatment and aluminum hydrolysed, removal
mechanism of NOM changed from complex formation to adsorp-
tion and enmeshment. When high initial pH is used, aluminum
hydrolysis increased as compared to low initial pH and the adsorp-
tion and enmeshment of NOM is prevalent mechanism during the
whole treatment time.

Zeta-potential was measured from the filtered samples from
which flocculated materials were removed during settling and fil-
tration stages. According to RSM model, electric charge per volume
and initial pH were primary terms that affected on zeta-potential
of the NOM in the filtered samples. Results indicate that temper-
ature affected on zeta-potential through the dissolving speed of
the aluminum electrodes, as reflected by the coefficients of the
zeta-potential and the contour plots in Fig. 5. The zeta-potential
of the NOM in the filtered samples was higher when the initial pH
of the water was acidic. Increased charge neutralization at sam-
ples indicates that the formation of aluminum humates and charge
neutralization occurred, when EC treatment was initiated at acidic
pH range. It seems that the final pH of the samples after the EC
treatment did not have significant effect on the zeta-potential of
the NOM in the samples. This might be related to small difference
in final pH between the samples.

Water conductivity was not included in the model. Conductiv-
ities of the EC treated samples varied from 2.9 mS/m to 5.2 mS/m.
Conductivity was affected by the residual aluminum and final pH.
According toresults, EC has little impact on water conductivity. This
differs from inorganic coagulation chemicals, such as aluminum
sulfate and iron(IIl) sulfate, that increase salt concentration of the

Temperature (K)

50 60 7D 80 90
Electric charge (C/l)

100 110 120 130 140

Fig. 4. Contour plots of (a) dissolved aluminum (mg/l) and (b) current efficiency (%) of aluminum dissolving at pH 5.
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Fig. 5. Contour plots of {-potential at (a) 275.15K, (b) 285.15K and (c) 295.15K.

water. This indicates that EC treatment could be suitable method
for pretreatment of water before deionizing.

3.3. Removal efficiencies

Main RSM model terms affecting on the removal of DOC were
electric charge per liter, initial pH, square term of initial pH and
interaction terms of electric charge per liter with initial pH and
temperature. Temperature and square term of electric charge per
liter were not significant at the 95% confidence level. Temperature
affected on DOC removal through the dissolving rate of the elec-
trodes which is seen in the coefficient of interaction term of electric
charge and temperature.

High DOC removal efficiencies were achieved in all tempera-
tures. The lowest residual DOC concentration was attained when
water temperature and electric charge per volume were high, while
the initial pH was low as can be seen from Fig. 6. On the other hand,
the removal efficiency per aluminum added was the highest when
temperature was low. This might be attributed to formation of var-
ious hydrolysis products in different temperatures. However, the
effect of the temperature in studied range was relatively low when
compared to the effect of the electric charge per liter and initial pH
on DOC removal.

Aluminum dissolved from the cathode surface was present in
the form of aluminate ion, AI(OH )4, which did not coagulate humic
material unless it went through dehydrolysis to less hydrated
aluminum species. Dehydrolysis occurred at the solution when alu-
minate moved from the high pH at the surface of the electrode
to lower pH at the solution. Aluminum sulfate, PACI and sodium
aluminate were compared in the coagulation pretreatment of ultra-
filtration and it was found that aluminate did not gave good results
at pH higher than 5[20]. For this reason, aluminate formation at the
cathode might have significant effects on the removal of organic
matter depending on solution pH. Formation of aluminate could be
controlled using non-dissolving materials on the cathode.

T
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UV 254nm removal had corresponding terms affecting the
removal of DOC. Interaction term of electric charge and ini-
tial pH had stronger influences on UV 254 nm removal than on
DOC removal according to RSM model coefficients. Maximum UV
254nm removal was obtained at pH 5 at highest temperature
(Fig. 7). To SUVA values, temperature did not have significant effect.
Initial SUVA value of the samples was 3.5 and decreased to less than
1.5 after EC treatment. Model predicted that SUVA values were
small when low pH and low electric charge or high pH and high
electric charge were used. Results suggest that, using EC it is possi-
ble to reach low SUVA values, thus facilitating low DBP formation
in disinfection [7].

Residual aluminum and turbidity after filtration were measured.
Turbidity was affected by residual aluminum and high turbidi-
ties and residual aluminum values were measured from the same
samples. Although residual aluminum concentration correlated to
initial pH and electric charge, model terms could not predict the
residual aluminum concentration in sufficient accuracy. Because
bubbles form during EC treatment, normal flocculation may be inef-
ficient and cause high turbidities and aluminum residuals in few
samples. Flocs start to rise at the surface during the flocculation
which shortens the time for adsorption and enmeshment.

Voltage in the experiments varied between 9V and 21 V. Sample
temperature had the greatest influence on the voltage. Voltage
affected energy consumption and hence, the operational cost of the
treatment. According to the RSM model, a maximum DOC removal
of 80.4% in the factors ranges (Table 1) was predicted when electric
charge of 144 C/l, initial pH of 4.3 and temperature of 295.15 K were
used. A maximum UV 254 nm absorbance removal of 91.2% was
predicted when same electric charge and temperature at initial
pH of 5.0 were used. Energy consumption in 144 C/l treatment
with 10V was 0.4kWh/m3 and the corresponding aluminum
consumption according to RSM model was 40 mg/l. However, such
high concentration can lead to high operational cost. With more
economical 10 mg/1 concentration 76.2% DOC reduction and 89.2%
UV 254 nm reduction were predicted.

(c)
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Fig. 6. Contour plots of DOC reduction at (a) 275.15K, (b) 285.15K and (c) 295.15K.

/6



M. Vepsdldinen et al. / Separation and Purification Technology 69 (2009) 255-261 261

(c

6,

5

5.

5.

Is

w5

a4

X 4.6

4.4 4.4

42 , 42
e o e o e e ML i e s | O e e e o 4.0 T T

50 60 70 80 90 100110 120130140
Electric charge (C/)

50 60 70 80 90 100110 120130140
Electric charge (C/l)

T T T v 1 T T 1
50 60 70 80 90 100110 120130140
Electric charge (C/)

Fig. 7. Contour plots of UV 254 nm reduction at (a) 275.15K, (b) 285.15K and (c) 295.15K.

4. Conclusions

In this study, the effects of temperature and initial sample pH
on the NOM removal from surface water by EC process have been
investigated using RSM. Aluminum added, DOC and UV 254 nm
absorbance removal and pH change during electrochemical treat-
ment well correlated with the predicted values of the RSM model.

e Dissolving speed of the aluminum electrodes increased when
temperature of the samples increased. Reaction rate of the dis-
solving was not balanced during the batch experiments. With
flow-through cell aluminum concentration could be controlled
more easily and used as factor when making design of experi-
ments.

Change of the pH during EC treatment was mainly affected by the
initial pH. Final pHs of the samples were in the range of 5.6-7.3.
Electrocoagulation had little impact on the conductivity of the
water. Conductivities of the samples varied from 2.9 mS/m to
5.2 mS/m.

High NOM removal was obtained in EC treatment. Maximum
NOM removal, according to DOC and UV 254 nm measurements,
was achieved when low pH of 4.3, high temperature of 295.15 K
and high electric charge of 144 C/l were applied. Energy consump-
tion in maximum DOC and UV 254 nm absorbance removal in the
factors range was 0.4kWh/m? and aluminum consumption was
40 mg/l.

Temperature had minor effect on the removal of NOM in stud-
ied range when compared to effect of electric charge per liter
and initial pH. Temperature affected mainly through the different
dissolving rate of the electrodes.

According to results, EC treatment can be used for efficient
removal of NOM from surface waters also during the cold water
period. According to results, EC could be suitable method for pre-
treatment of surface water before deionizing process. Lower salt
concentration may also reduce corrosion in the water systems and
have positive effects to following industrial processes.

In future studies, more information about the effects of dif-
ferent aluminum species formed during the EC treatment on the
anode and the cathode surface is needed to optimize NOM removal.
Simultaneous bubble formation during EC treatment may need fur-
ther development of flocculation to have good floc formation and
separation simultaneously.
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The precipitation of dissolved sulphide ions by electrocoagulation was studied at laboratory scale using pulp and
paper mill wastewaters. Concentrations of dissolved organic carbon and phosphorus were analysed before and after
the electrocoagulation process to examine the suitability of the process for treatment of sulphide odour from pulp and
paper mill wastewater. The electrochemical cell used in this study was constructed from monopolar dissolving iron
electrodes. The dissolved iron concentration was directly proportional to the applied electric charge (C/L) at the
tested current densities. Electrochemically produced ferrous iron (Fe®") precipitated dissolved sulphide ions
efficiently. Electricity consumption of the treatment was 4-8 C/mg S?~ while iron consumption was 1.1-2.2 mg/mg
S?" during the initial phase of the sulphide precipitation when the applied electric charge was 10-60 C/L. When 60
C/L was applied, 88% of dissolved sulphides and 40% of phosphorus was precipitated. The reduction in DOC was
low during the sulphide precipitation. According to these results, electrocoagulation can precipitate dissolved
sulphides effectively and thereby reduce sulphide odours of pulp and paper mill wastewaters.

Keywords: electrocoagulation; sulphide precipitation; odour treatment; pulp and paper mill wastewater; iron
dissolution

1. Introduction odour problems, H,S also has adverse effects on human

Disturbing odours originating from pulp and paper health. It penetrates biological membranes, and several

mills have received increasing public attention during
recent years. Pulp and paper mill effluents usually
contain high concentrations of sulphurous compounds
that can change into malodorous reduced sulphur mole-
cules in a low oxygen environment. The most
commonly found malodorous sulphurous substance is
hydrogen sulphide, which forms in the long pipelines
and pipeline facilities. It can be formed within biofilms,
where sulphates (present in the wastewater) can be
converted to sulphides as a result of the metabolic
activity of anaerobic sulphate-reducing bacteria (SRB)
[1]. Odours, and especially hydrogen sulphide, are
regulated by laws in many countries, such as the US,
the UK, Germany and Japan [2].

Hydrogen sulphide (H,S) has an odour threshold of
0.5 pg/L. Air above wastewater treatment lagoons can
contain 100 or even 1000 times this threshold concen-
tration, resulting in odour problems in the vicinity of
wastewater treatment facilities [3]. Besides common

cases of poisoning of industrial workers have been
reported [4]. Hydrogen sulphide concentrations in the
range of 250-500 mg/L can cause pulmonary oedema,
and concentrations over 500 mg/L cause unconscious-
ness, respiratory paralysis and even death. Hydrogen
sulphide also accelerates corrosion of concrete and iron
[5,8]. In the moist sewer atmosphere, a thin water layer
containing a high concentration of hydrogen sulphide
forms on the surfaces of the gas space. Sulphur-oxidizing
bacteria can oxidize sulphides to sulphuric acid in the
anaerobic regions of the biofilms covering submerged
and wet sewer walls [9]. The surface pH of the concrete
can decrease to below 2.0 after one month of exposure
to high hydrogen sulphide concentrations.

Several chemical and biological technologies have
been proposed for hydrogen sulphide emission control,
such as catalytic oxidation, adsorption and biological
oxidation diffusion into activated sludge [10-12].
Commonly used chemical oxidants, such as hydrogen
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peroxide, chlorine, hypochlorite and potassium
permanganate, oxidize sulphides, thereby decreasing
the amount of malodorous sulphides present in waste-
water [10,11]. Biological oxidation of sulphides
through the addition of nitrate and nitrite is also a tech-
nique that can be used to control sulphide odours. The
formation of H,S is also controlled by increasing the
pH, which leads to a smaller proportion of volatile
sulphides (Equation (1)).

H,S,, & H' +HSy,,, (PK,=7.04) o)
HS, & H +S0,,  (pK, =11.96) @)

Electrochemical processes can oxidize sulphides to
other sulphurous compounds, such as elemental sulphur
or sulphates. However, electrochemical oxidation of
sulphides may require a high electric charge per
volume, which can make this process uneconomical for
large-scale use [13]. Dutta et al. recovered sulphides
from the effluent from anaerobic paper mill treatment,
using an electrochemical process [14]. The sulphide
removed was recovered as pure, concentrated alkaline
sulphide/polysulphide solution, from which elemental
sulphur can be obtained.

Precipitation of dissolved sulphides is normally
performed using iron salts, such as ferric chloride or
ferrous sulphate. Iron salts can be added prior to
sulphide formation or to wastewater already containing
sulphides. A higher concentration of iron salt is required
if dosing is conducted before sulphide formation,
because iron hydroxides and carbonates are formed, and
iron cations only partially react with dissolved sulphide
ions [15]. Sulphides form black ferrous sulphide (FeS)
according to Equation (3) in the presence of Fe?', Fe*"
can remove sulphides by chemically oxidizing them to
elemental sulphur (Equation (4)), while the Fe** formed
during the reaction can subsequently produce FeS
(Equation (3)). According to Firer et al., the stoichiom-
etry of the reaction with Fe?" is approximately 1.3 mole
of Fe*" per 1 mole of S*” removed, and with Fe**, 0.9
mole is required per 1 mole of S* removed [16].
According to the results of Zhang et al. [17] the addition
of Fe*" also inhibits SRB activity of anaerobic sewer
biofilms, which is beneficial if ferric salt is dosed
upstream of sewers.

2 -
Fe{o,) +HSp) — FeS( +H” 3)
3 - 2 0

2Fe(;q) +HSq —>2Fe(;q) +S, +H" 4)

Common issues that arise when iron chemicals are used
include the corrosion of equipment and a localized

1IV/2

decrease in the pH at the feeding point, which can
release hydrogen sulphide into the sewer atmosphere.
Because of the corrosive nature of the chemicals,
special materials, such as titanium, are used in the tanks
and piping, increasing capital costs of equipment
[10,18].

Electrocoagulation (EC) is an evolving technology
that has been effectively applied in the treatment of
industrial wastewater containing various pollutants,
such as textile wastewaters, chemical mechanical
polishing wastewaters and olive mill wastewaters [19—
21]. Anodes can be made of iron or aluminium, whereas
cathodes can also be made of other materials, such as
titanium or graphite, depending upon the wastewater to
be treated and the contaminants to be removed [22,23].
Coagulants dissolved from the anodes during the elec-
trochemical process cause destabilization of the pollut-
ants. Iron anodes can produce ferrous or ferric ions
according to Equation (5). Ferrous and ferric hydrox-
ides are produced according to Equation (6), where m
depends on the pH, and the value of m ranges from 0-2
for ferrous and 0-3 for ferric ions in the pulp and paper
mill wastewater pH range [24]. Hydrogen formation on
the cathode (Equation (7)) is usually the main reduction
reaction occurring on the iron electrodes during EC
treatment [23]. Fe’'is oxidized to Fe*', according to
Equation (8), in the presence of dissolved oxygen and
neutral or high pH (above 7.0).

Fe(s) = Fe(pq) + e ©)
Fe(yr) +mOH™ > Fe(OH)G ™" (6)
2H,0+2e” — Hy, +20H" @)

4Fels) +10H,0+0,(,q) — 4Fe(OH)y, +8H" (8)

Hydrogen evolution can induce flotation of particles
[23]. This electroflotation technology can be used for
efficient separation of precipitated, coagulated or floc-
culated material. Utilization of electroflotation technol-
ogy for the treatment of chemically coagulated paper
mill wastewater has been studied by Mansour ef al.
[25].

Murugananthan et al. [26,27] and Feng et al. [28]
have studied sulphurous ion removal from tannery waste-
water by electrocoagulation. According to results of
Murugananthan et al., sulphide ions were precipitated as
metal sulphides during the treatment, whereas sulphites
and sulphates were enmeshed in the metal hydroxides
[26,27]. Sulphides such as pyrite, marcasite, makhinaw-
ite, greigite as well as elemental sulphur were detected
in the samples. According to Feng et al. [28], sulphide
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removal was significantly higher with iron electrodes
than with aluminium electrodes. When aluminium
electrodes were used, Al,S; was produced, which is
unstable in the solution and is converted to Al(OH);.Stud-
ies made with tannery wastewaters indicate that electro-
coagulation can be used to precipitate sulphides present
in wastewaters. However, sulphide removal as a function
of iron consumption has not been studied. It is an impor-
tant parameter when considering the efficiency of the
treatment and operating costs in real applications.

Electrocoagulation is a widely studied technology
that has several advantages over chemical coagulation.
Because of the high conductivity of pulp and paper mill
wastewaters and their high concentrations of sulphurous
compounds, electrochemical technologies can be poten-
tial alternatives for treating pulp and paper mill efflu-
ents. Hydrogen sulphide gas formation can be
prevented, prior to or after the sulphide formation, using
precipitation or oxidation technologies. In this work,
EC treatment of sulphide odour from pulp and paper
mill wastewater was studied using samples in which
sulphide formed due to the metabolic activity of anaer-
obic bacteria. The suitability of EC for sulphide precip-
itation after long transport in pipelines can be evaluated
based on the results. The dissolved iron concentration
was measured at various current densities to estimate
the efficiency of the dissolving reaction, the required
iron dosage per unit of sulphide precipitated and the
amount of side reactions. These parameters have a
major influence on the operating cost of the treatment.

Pulp and paper industry wastewaters are typically
deficient in phosphorus and cannot be efficiently treated
using conventional biological treatment processes with-
out addition of supplementary nutrients, such as urea
and phosphoric acid [29]. Precipitation of phosphorus
was analysed in this research because its removal
during the sulphide precipitation process would be
undesirable. The reduction in dissolved organic carbon
(DOC) was measured to estimate the coagulation of
organic matter during the odour treatment.

2. Experimental

Wastewater was collected from a Finnish pulp and
paper mill and stored in a cold room between experi-
ments. It was filtered through a coarse sieve (mesh size
0.2 mm), and 5 L of the wastewater was slowly stirred
for 2—4 days in a closed bottle at 40 °C to promote
growth of SRB in the wastewater and to produce the
required sulphide concentration. During the experi-
ments nitrogen was supplied continuously to the bottle
to prevent oxidation of sulphides. Reference samples
were measured before and after electrochemical treat-
ment to detect the possible oxidation of sulphides by
atmospheric oxygen. Reference samples were treated

IV/3

similarly to the electrocoagulated samples to ensure that
sulphides were not removed from the solutions by
oxidation. The redox potential was measured from all
the samples to further ensure that they were not signifi-
cantly oxidized during the electrocoagulation and filtra-
tion steps. The composition of the wastewater before
electrocoagulation treatment is presented in Table 1.

To ensure comparability of the results, the experi-
mental set-up was similar to that used in our previous
research [13]. The volume of wastewater used in elec-
trocoagulation was 500 mL. Tests were conducted using
an Agilent model 6555A power source in constant
current mode. The electrocoagulation cell was
constructed from four monopolar iron plates with
surface areas of 70 cm? per plate and inter-electrode
gaps of 5 mm. Water was stirred (250 rpm) with a
magnetic stirrer during the treatment to keep the sample
homogeneous. During the experiments wastewater was
first pumped into the beaker with a tube pump, then the
electrodes were immersed into the solution and finally
the electricity was switched on. Table 2 presents exper-
imental parameters of the study.

Phosphorous and dissolved sulphide concentrations
were measured from samples that were filtered through
filter paper (VWR 415) and through 0.45 pm pore size
membrane filters. Dissolved sulphide was measured
immediately after the treatment to minimize oxidation
of the samples and the release of sulphide to the air.
Sulphate and chloride concentrations were measured
from the unfiltered samples. Dissolved sulphide and
phosphorus measurements were done using a HACH
Lange photometer (DR 2800 VIS spectrophotometer)
using Lange cuvette tests.

Iron concentration was measured from acidified
samples (nitric acid) using a Thermo Electron iCAP
6000 series ICP. Samples for DOC measurements were
filtered through 0.45 nm pore size membranes, and the
DOC was measured using a TOC-5000A Analyser.
Chemical oxygen demand (COD) was measured from

Table 1. Composition of the pulp and paper mill wastewater
before the experiments.

Parameter

pH 6.5-7.1
Conductivity (mS/cm) 1.4-3.0
Redox (mV) —300 to =200
Sulphate (mg/L)* 600
Dissolved oxygen (mg/L) 0.5-2.0
Dissolved sulphide (mg/L) 7.5-9.5
Phosphorus (mg PO,/L) 1.3-1.5
COD (mg O,/L) 800-1500
DOC (mg/L) 300450

“Measured from one sample.
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Table 2. Parameters of the experiments.

Current Current density Voltage Time
(A) (mA/em?) V) (s)
Sulphide and phosphorus tests 0.5 3.6 2223 10-60
1.0 7.1 4.6-5.2 20-60
1.5 10.7 5.6-6.1 30-120
2.0 14.3 6.7-7.0 10-60
2.5 17.9 7.9-8.4 10-60
1.0 7.1 6.7-7.3 120-600
DOC tests 2.0 143 10.2-11.2 120-600
2.5 17.9 8.5-9.6 60-900
unfiltered samples as stated in the standard method w_ M,
SFS 5504 [30]. Dissolved oxygen, conductivity, pH T o ©

and redox potential were measured using VWR
DO0O200, VWR EC300, and VWR pH100 equipment,
respectively.

3. Results and discussion
3.1. Dissolution of the iron electrodes

The concentration of dissolved iron was measured from
the samples that were treated at various current densi-
ties to examine the influence of current density on the
proportion of anodic side reactions. It can be seen
(Figure 1) that the dissolved iron concentration was
dependent on electric charge per volume added (C/L),
and current density had a minor effect on the current
efficiency of the reaction. The theoretical dissolution
rate (mg Fe/C) can be calculated according to Faraday’s
law:

2
100 ® 3.6 mA/lcm -
5 .
0 ® 10.7 mAicm’ ‘/"
.
A 143 mAlcm? i
80 4 Pt
4 179 mAlcm? "
7
70 1 Linear fit (R = 0.988) 73
e
—~ 60 4~ = -~ 95% confidence level ¢
3 i
P
E 501 g
€ 40 7
A
30 4 s
3
20 4 2
e
104 77
0 T T T T T T T |
0 50 100 150 200 250 300 350 400

Electric charge (C/L)

Figure 1. TIron dissolution during the tests as a function of
electric charge per volume. Slope of the linear regression is
0.27 mg Fe/C. The 95% confidence interval of the linear re-
gression is presented in the figure.

V/4

where 7 is the current (A), ¢ is the operation time (s), M,
is molecular weight of the substance, F' is Faraday’s
constant (96,485 C/mol), n is the number of electrons
involved in the reaction (2 for Fe?" and 3 for Fe**) and
w is the quantity of metal dissolved.

According to the linear regression presented in
Figure 1, iron dissolved at a rate of 0.27 mg Fe/C. The
theoretical dissolution rate for Fe*" is 0.29 mg/C and for
Fe** it is 0.19 mg/C. It can be concluded based on the
current efficiency of the iron-dissolving reaction that
iron dissolved from the anodes mostly in the ferrous
(Fe*") form. The dissolving of ferric (Fe*") iron would
require a higher electric charge per unit of produced
coagulant. According to the R* and confidence interval
values of the linear regression, iron concentration vari-
ance is explained predominantly by the applied electric
charge per volume. However, the current efficiency of
the iron-dissolving reaction was slightly lower at 14.3
mA/cm?* and 17.9 mA/cm? than it was at 3.6 mA/cm?
and 10.7 mA/cm?. This indicates that the amount of side
reactions or ferric ion formation increases when higher
current densities are used.

Sasson et al. studied the behaviour of iron electrodes
during electrocoagulation and concluded that iron
dissolves from the electrodes in Fe*" form [31]. The
oxygen saturation level of the water remained stable or
decreased during the treatment, which indicates that no
significant amount of oxygen or chlorine is produced on
the anodes. The results of our research support the
conclusions of Sasson et al.

Dissolved iron can form various hydroxides in
solution, according to Equation (6). Hydroxides can
coagulate impurities in wastewater and form larger
agglomerates. The iron concentration in filtered and
unfiltered samples indicates that particle size increases
when electric charge per volume increases (Figure 2).
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Figure 2. Iron concentration of the unfiltered and filtered
samples as a function of electric charge per volume.
Samples were electrocoagulated with a current density of
10.7 mA/cm?.

Iron concentration decreased in the filtered samples
when the electric charge per volume was higher than
250 C/L. Precipitation of sulphides as ferrous sulphides
occurred at the beginning of the electrochemical treat-
ment when the sulphide concentration in the wastewater
was high. Iron hydroxide began to form and particle
size increased significantly after most of the sulphide
was precipitated. The concentration of dissolved
oxygen in the samples was below 2 mg/L before elec-
trochemical treatment, wastewater pH was in the neutral
region, and the redox potential slightly decreased during
the electrocoagulation. Based on these results, it can be
concluded that no significant oxidation of Fe’* to Fe**
occurred during the electrocoagulation or filtration
(Equation ()).

Wastewater pH increased slightly during the
sulphide odour treatment, with the maximum increase
being 0.3 units (<300 C/L treatments). Hydroxyl ion
formation occurs on the cathode simultaneously with
hydrogen evolution, according to Equation (7), and the
slight increase in pH indicates that the amount of
hydroxide ions produced on the cathode is higher than
the amount of hydroxide ions consumed by iron ions.
This has also been confirmed by other researchers
[22]. The release of CO, during hydrogen formation
can also cause an increase in pH as the carbonic acid
concentration of the wastewater decreases. A reduction
in dissolved inorganic carbon in the electrocoagulated
samples was noticed during total organic carbon
(TOC) measurements (inorganic carbon content is
measured simultaneously with TOC). The inorganic
carbon concentration decreased from 41.15 mg/L to
7.79 mg/L when current density of the treatment was
14.3 mA/cm? and applied electric charge per volume
was 2400 C/L.

IV/5

3.2.  Precipitation of sulphides during
electrochemical treatment

After immersion of the electrodes in the wastewater and
initiation of the experiment, the colour of the wastewa-
ter turned rapidly to dark grey and black, which was
probably due to the formation of black iron sulphides.
Bubble formation on the cathodes was vigorous but
significant flotation occurred only when the highest
electric charges per volume were used during the DOC
reduction tests (>1000 C/L). A small amount of grey
material remained in the filtrate after passage through a
0.45 um pore size membrane filter. Therefore, some
FeS particles were smaller than the membrane pores.
The initial dissolved sulphide concentration varied
from 7.5 mg/L to 9.5 mg/L (Figure 3). The demand for
electric charge and iron concentration per unit of
precipitated sulphide was low at the beginning of the
treatment and increased as the sulphide concentration
decreased. Sulphide reduction as a function of electric
charge per volume is explained in Figure 3 using
asymptotic fitting. Regression predicts the initial
sulphide value of the test series to be 8.55 mg/L (0 C/
L). According to the regression, an electrocoagulation
process applying 10 C/L consumes 3.92 C/mg S*~ while
a process applying 60 C/L consumes 7.99 C/mg S*.
Residual sulphide concentrations of the wastewaters are
6.00 mg/L (30% reduction) and 1.05 mg/L (88% reduc-
tion), respectively. The sulphide concentration
approaches zero when high electric charges are used.
Iron consumption per unit of precipitated sulphide
can be calculated using the linear correlation between
iron concentration and electric charge (0.27 mg Fe/C).
For a 10 C/L process, iron consumption per unit
of precipitated sulphide is 1.06 mg Fe/mg S*" and, for a

9 _r B 7.1 mAlcm?
10.7 mA/cm?

A 143 mAlcm?
17.9 mA/cm?

Asymptotic fit (R? = 0.968)
5 4 -~~~ 95% confidence level

S% (mg/L)

Ao

1 T 1 T 1
0 50 100 150 200 250 300
Electric charge (C/L)

Figure 3. Sulphide concentrations plotted as a function of
applied electric charge per volume. Asymptotic regression
Y =0.043 + 8.51 x 0.965 was fitted to the results together
with 95% confidence interval.
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60 C/L process, it is 2.16 mg Fe/mg S*". According to
these results, sulphides were precipitated efficiently by
electrochemically produced iron. However, consump-
tion of electricity and iron by the process depends
greatly on the required level of purification.

Current density did not have a noticeable effect on
the electric charge or iron concentration required per
unit of sulphide precipitated. This is important when
considering full-scale applications where the required
electrode surface area of the system depends on the
current (A) and current density (A/m?) targets of the
treatment. However, high current density increases volt-
age and power consumption of the system and also,
therefore, the operating cost of the purification process.

Redox potentials of the solutions were in the range
of =290 mV to —412 mV after electrocoagulation. A
slight decrease in the redox potential as a function of
electric charge was observed, which could be due to the
formation of ferrous iron and hydrogen during the
process. Based on redox potentials, no substantial
amount of oxidants, such as chlorine or oxygen, was
produced on the electrodes. It can also be concluded
that oxidation of sulphides by atmospheric oxygen was
insignificant.

3.3.  Phosphorous and organic matter removal

Figure 4 shows the effect of electrocoagulation treat-
ment on phosphorous precipitation. As seen with
sulphide, the phosphorus precipitation as a function of
electric charge per volume can be explained using an
asymptotic fitting. The initial phosphorus concentration
predicted by the regression is 1.38 mg/L. According to
the regression, an electrocoagulation process applying

3.6 mAJcm?
15 4 "
2
14 3 * 7.1 mAfem’
13 'i\‘ A 107 mA/cm?
—~ 124\ ¢ 143 mAicm?
= \
g 114 N\ O 17.9 mAlcm?
2 101 ' Jal Linear fit (R? = 0.988)
E 0.9 4 P - - == 95% confidence level
3
2 08
£
o 074
0.6 4
0.5 4 R
0.4 4 A .-
0.3 T T T T T 1
0 50 100 150 200 250 300

Electric charge (C/L)

Figure 4. Phosphorus concentrations plotted as a function
of electric charge per volume. Asymptotic regression
Y =0.531 + 0.846 x 0.983* was fitted to the results together
with 95% confidence interval.
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10 C/L consumes 75.0 C/mg PO, while a process
applying 60 C/L consumes 110.4 C/mg PO,. Predicted
residual phosphorus concentrations of the wastewaters
are 1.24 mg/L (10% reduction) and 0.83 mg/L (40%
reduction), respectively. The regression curve
approaches a value of 0.53 mg/L when high electric
charge per volume is applied. According to this, some
part of the phosphorus could not be removed during the
process.

Current density did not show a significant effect on
the phosphorous removal rate at 3.6 mA/cm?, 7.1 mA/
cm? and 10.7 mA/cm®. However, current efficiency
decreased slightly when current densities were 14. mA/
cm? and 17.9 mA/cm?. This can be attributed to a faster
flotation and a shorter contact time between pollutants
and the coagulants produced.

Based on the sulphide and phosphorus results, some
phosphorus precipitation occurred simultaneously with
sulphide precipitation. However, sulphide precipitation
requires a lower electric charge per unit of pollutant,
especially during the initial phase of the electrocoagula-
tion (low electric charge per volume).

Coagulation of DOC by electrocoagulation required
a high electric charge per volume and iron concentra-
tion. The current efficiency of the iron-dissolving reac-
tion indicates that iron dissolved mainly in the ferrous
form, and redox potentials of the samples showed that
ferrous iron was not oxidized significantly to the ferric
form during the tests. Ferrous iron produced from
anodes does not coagulate organic matter well [24]. The
removal rate increased slightly when current density
decreased, as can be seen from Figure 5. However, no
significant coagulation of organic matter occurred
during the precipitation of sulphides when electric
charge per volume was less than 300 C/L.

0
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Figure 5.  DOC concentration as a function of electric charge
per volume. Cp is the DOC concentration after electrocoag-
ulation and C . is the DOC concentration of the reference
sample (0 C/L).
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Table 3. Comparison of dissolved sulfide removal by electrocoagulation and electro-oxidation. Similar experimental procedures

were used in both studies.

Electrocoagulation Electro-oxidation
Electrode material ITron Mixed metal oxide
Surface area (per anode/cathode) 140 cm? 70 cm?
Mechanism of S*~ removal Precipitation Oxidation
Electricity consumption ~4-8 C/mg S* 25-67 C/mg S*
Electrode consumption ~1.1-2.2 mg Fe/mg S* Negligible consumption
Cost of electrode material Low High

Other effects

Coagulation of organic matter
Phosphorus precipitation
Increased pH

Increased redox potential
Inhibits bacteria growth
Gas formation

Gas formation

3.4. Comparison of electrocoagulation and electro-
oxidation technologies for sulphide odour treatment

The main results for sulphide odour treatment by electro-
oxidation [13] and electrocoagulation (present study) are
summarized in Table 3. According to the results of these
studies, both technologies can be employed for removal
of dissolved sulphide from pulp and paper wastewater.
However, electrocoagulation has a lower electricity
consumption and lower material costs for the electrodes,
which makes it a more economical solution than electro-
oxidation.

4. Conclusions

The removal of dissolved sulphides from pulp and
paper mill wastewater by electrocoagulation was found
to be highly effective. The current efficiency of the
dissolving reaction of the iron electrodes was close to
theoretical values calculated according to Faraday’s
law. Iron was dissolved from the anodes mainly in the
ferrous (Fe?") form and the proportion of anodic side
reactions was low based on the current efficiency of
the dissolving reaction. Electric charge per volume
varied from 3.92 to 7.99 C/mg S*, while the sulphide
removal rate ranged from 30% to 88%. Iron consump-
tion, in the same range, varied from 1.06 to 2.16 mg
Fe/mg S*.

Gas formation on the cathodes was vigorous.
However, no significant flotation occurred during the
precipitation of sulphides (<300 C/L). Some phospho-
rus was precipitated simultaneously with the sulphides.
When sulphide removal was 88%, phosphorus removal
was 40%. The DOC removal during the precipitation of
sulphides was found to be negligible. According to the
results of this study, electrocoagulation can be an
economically viable solution for treatment of sulphide
odour in pulp and paper wastewater
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This study investigated the effect of electrocoagulation treatment on toxic pollutant removal from pulp
mill effluents. Synthetic wastewaters containing wood rosin and copper or pure resin acids were used to
investigate the removal of resin acids and copper by electrocoagulation. Removal of pollutants by elec-
trocoagulation was also tested with real debarking effluent. In this study, statistical experimental design
and partial least squares modeling were used to investigate the effect of initial pH, current (current den-
sity) and treatment time. Electrocoagulation and subsequent filtration removed resin acids and copper
from the synthetic wastewaters with high efficiency. Toxicity to algae (Pseudokirchneriella subcapita)
was completely eliminated by the treatment, however reduction of bacterial toxicity (Vibrio fischeri)
was more limited. While the initial ECso value for bacteria in debarking effluent was around 8-14 vol%,
toxicity was approximately halved by electrocoagulation. Toxicity removal from the debarking effluents
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was associated with color removal.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Pulp and paper mills generate large amounts of wastewater in
their manufacturing processes. Pollutants are produced during
the wood debarking, digesting, pulp washing, pulp bleaching and
papermaking processes. Effluents often contain high amounts of
toxic chemicals which originate from raw materials, such as resin
acids and tannins, or are produced during the manufacturing pro-
cesses, such as chlorinated organic compounds. These pollutants
can cause long-term toxic effects on animal life, such as respiratory
stress, toxicity, mutagenicity and genotoxicity [1].

Soil, dirt and bark are removed from the wood raw material
during the wood preparation stages [2]. Debarking can be carried
out by means of wet processes [3]. Wet processes usually circulate
water in order to reduce water consumption and produce lower
effluent levels. Wet debarking processes remove large amounts
of organic matter from the wood and transfer them into the circu-
lating water. The effluents are highly colored due to their tannin
content, which contributes to up to 50% of the COD of debarking
wastewater [4]. The effluents are known to exhibit toxicity to bac-
teria and fish due to their interaction with enzymes [4-7].

Debarking waters also contain a high concentration of resin
acids, which are weak hydrophobic acids. Commonly found resin
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acids in pulping wastewaters include isopimaric, sandacopimaric,
levopimaric, abietic, dehydroabietic, neoabietic and palustric acids
[1,8-10,14]. According to Peng et al., resin acid toxicity is strongly
affected by wastewater pH which has an effect on the solubility of
the resin acids [8]. Their toxicity correlates inversely with their sol-
ubility, the least soluble being the most toxic. According to the re-
sults of Peng et al. and Wilson et al. [8,11], in pulp and paper mill
wastewaters isopimaric acid is the most toxic resin acid, although
it is not the most prevalent. In studies with rainbow trout, acute
lethal concentrations (LCso) of individual resin acids have been
found to be in the range of 0.4-1.1 mg/l [12-14]. Oikari et al. re-
ported the minimum effective concentration of dehydroabietic
acid to be as low as 20 pg/l [15].

Aerobic and anaerobic biological processes are able to remove
resin acids from the effluent streams [1,9,10,17,18]. However, dis-
charged residue can still be toxic to aquatic organisms [9,10].
Debarking effluents also cause problems in wastewater treatment
due to their toxicity to microbes in the treatment process. Tannins
have been found to be effective inhibitors of methanogens, which
may in turn inhibit anaerobic biological treatment processes
[4,19]. Oligomeric tannins have highest toxicity as they can form
strong hydrogen bonds with proteins [6,20].

Chemical coagulation has been proposed as a treatment for
toxic mechanical pulping effluents and bleaching filtrates [21,22].
Resin acids are poorly water soluble, in particular under acidic con-
ditions, and are present as colloids, which could be destabilized by
chemical coagulants. Stephenson et al. studied toxicity removal
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and metal salt recovery of a mechanical pulping effluent [21].
According to their results, chemical coagulation eliminated toxicity
efficiently. Toxicity was completely eliminated from four-times di-
luted effluent at a ferric chloride dose of 5 g/l. Ferrous chloride was
more effective than ferrous sulfate in decreasing Microtox toxicity.
However, coagulants, especially ferrous sulfate, were themselves
toxic at high concentration. It is possible that sulfate anions of
the coagulant contributed to toxicity to some extent.

Electrocoagulation (EC) is an evolving technology which can be
used to remove various chemical species of pollutants in effluents
[23,24]. The EC cell consists of electrodes and an AC or DC power
source. Anodes can be constructed from iron or aluminum,
whereas the cathode material can also be inert, such as titanium.
When sufficient external current flows in the cell, the iron anodes
dissolve according to Eq. (1) producing iron cations (n = 2 for fer-
rous and 3 for ferric ions) which are further hydrolyzed according
to Eq. (2), where m is the amount of hydroxyl anions bound with
metal ions. According to this, the degree of hydrolysis depends
on the pH of the solution.

Fei) — Fejy +ne” (1)

Fel, + mOH" « Fe(OH)"™* (2)

Iron cations and hydrolyzed species cause destabilization of the
particles or chemical aggregates in the solution [23,24]. It is prob-
able that EC mainly removes impurities that are in colloidal form,
as in chemical coagulation, and the main mechanisms of particle
removal are the same for electrocoagulation and inorganic chemi-
cal coagulants: double layer compression, adsorption destabiliza-
tion, bridging and precipitation [16]. However, there are
significant differences between chemical coagulation and electro-
coagulation, such as:

e No anions, such as sulfate or chloride, are added together with
metal cations and hydroxides during electrocoagulation.

e Hydrogen produced at the cathode induces flotation that can
separate agglomerated particles from water.

e Water pH increases during electrocoagulation, whereas typical
iron and aluminum coagulants decrease water pH.

Electrocoagulation can also remove toxic pollutants from efflu-
ents. Toxicity caused by Cr(VI) [25-27], dyes [28-31], olive mill
wastewater pollutants [32-34] and poultry manure wastewater
pollutants [35] have been successfully removed by EC. Polypheno-
lic substances are mainly responsible for the toxic effects of olive
mill wastewaters. According to the findings of Khoufi et al., EC
and subsequent sedimentation decreased the inhibition of Vibrio
fischeri luminescence by 66%, and further increased the biotrans-
formation of pollutants in the subsequent anaerobic treatment
[32]. Yetilmezsoy et al. used EC with anaerobic sludge blanket trea-
ted poultry manure wastewaters [35]. According to their results,
90% of chemical oxygen demand (COD) and 92% of residual color
were removed during the treatment. They tested the toxicity with
guppy fish (Lebistes reticulates), revealing no mortality or behav-
ioral changes after 48 h exposure to the EC treated wastewater.

Chowwanapoonpohn et al. studied the recovery of tannins from
tree bark by EC [36]. They first elutriated tannins from the bark
with water, treated this solution with electrocoagulation, dissolved
the coagulum in hydrochloric acid, extracted the tannins with
1-butanol, and evaporated the solution. The procedure increased
tannin enrichment by 0-48% when compared to simple aqueous
extraction and evaporation. However, the effect of EC treatment
on the toxicity of debarking effluents has not been studied. High
removal of organic matter in the EC process could enable reuse
of water in the debarking process. Reducing the amount of toxic

compounds going to the biological wastewater plant could en-
hance the stability of the biological wastewater treatment opera-
tion and decrease pollution of the receiving water body.

In this study, the effect of EC treatment on the removal of toxic
components from pulp mill effluents was investigated. Synthetic
wastewaters containing softwood rosin and copper or exclusively
pure resin acids were used to investigate the removal of resin acids
and copper by EC. Toxic pollutant removal by EC was also assessed
for debarking effluents. Statistical experimental designs and partial
least squares modeling were used to investigate the effect of initial
pH, current (current density) and treatment time on pollutant
removal.

2. Experimental
2.1. Test solutions

Synthetic wastewaters were used in order to analytically study
the removal of resin acids and a metal pollutant (Cu) and their tox-
icity by electrocoagulation. These solutions contained Polish wood
rosin (Hercules Corporation, Wilmington, DE, USA) and copper
nitrate Cu(NOs),. The main components of the Polish wood rosin
are shown in Table 1. Additional tests were conducted using pure
dehydroabietic acid (DHAA) and isopimaric acid (IPA) (purity
99.0%, Helix Biotechnologies, Canada).

Filtered Finnish oligotrophic lake water (Lake Palosjdrvi,
Toivakka) was used to dilute the mother solutions to final test con-
centrations. Lake water was used to obtain a realistic background,
such as salts and metals concentration, for the electrocoagulation
tests. Solution pHs were adjusted to 5, 7 or 9 using 0.5 M sulfuric
acid or sodium hydroxide. To ensure adequate conductivity of
the synthetic wastewaters, 20 ml of 0.5 M sodium sulfate (purity
99%, Merck) solution was added to the water.

Debarking effluent was collected from a Finnish pulp and paper
mill and stored in a cold room. The effluent had a high organic mat-
ter content and dark color, and was filtered through a coarse sieve
(0.2 mm mesh size) to remove bark fragments and needles prior to
electrochemical treatment.

2.2. Electrochemical treatment

Electrochemical treatment was conducted in a standard
1000 ml glass beaker. For synthetic wastewaters, a volume of
600 ml was used during electrocoagulation treatment. The corre-
sponding volume for debarking effluents was 400 ml. The electro-
chemical cell construction consisted of four iron electrodes which
were connected to the power supply using a monopolar arrange-
ment (Fig. 1). The plate dimensions were 70 x 50 mm and the
iron electrode surface area 70 cm? per plate (double-sided), total-
ing an anode surface area of 140 cm? The distance between
anodes and cathodes was 10 mm. A laboratory DC power source

Table 1
Breakdown of resin acids content of the Polish wood rosin (Hercules Corporation,
USA) used in this study.

Resin acid % (wjw)
Pimaric acid 8.0
Sandaracopimaric acid 1.7
Isopimaric acid 3.1
Palustric acid 20.7
Dehydroabietic acid 30.6
Abietic acid 224
Neoabietic acid 53
Levopimaric acid 8.2

V/2
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Fig. 1. Schematic diagram of the EC reactor with monopolar electrodes.

(Instek PSP-405, Taiwan) was used in constant current mode in
all tests. The voltage varied in the tests between 19 and 28 V.

Synthetic wastewaters were treated at room temperature with
a constant current of 2 A (current density 14.3 mA/cm?). The ap-
plied current was a test variable in the tests with debarking efflu-
ent and varied from 1A (7.1 mA/cm?) to 3A (21.4 mA/cm?).
Wastewater samples were stirred during the electrochemical
treatments at a speed of 350 rpm using a standard magnetic stirrer.
Electrodes were washed with 10% HCl acid solution between treat-
ments and rinsed with tap water and distilled water. The treatment
parameters for synthetic wastewaters are shown in Table 2.

After electrocoagulation treatment the samples were allowed to
settle for 10 min and then filtered through a glass fiber filter (GF/C
Whatman, nominal pore size 1.2 um) to simulate particle separa-
tion by filtration, sedimentation or flotation.

Table 2
Removal percentages of resin acids and copper in electrocoagulation and filtration.

2.3. Toxicity analysis

Bacterial toxicity was measured using a Microtox-Flash assay
based on the bioluminescence of the marine bacterium V. fischeri.
Physical and chemical interference (toxicity) affects the metabo-
lism of the bacterial cells and can break down the cell structures,
reducing their bioluminescence. The analysis was carried out using
the BioTox™ method (Aboatox, BO1243-500, Turku, Finland) using
a Sirius luminometer (Berrthold Detection Systems, Germany).
Measurements were conducted according to the Aboatox manual,
standard draft ISO/CD 2006b, and the method developed by Lapp-
alainen et al. [37]. Luminescence was measured after 15s, 5, 15
and 30 min exposure times at five different sample concentrations.
The sample concentration required to reduce bioluminescence by
50% (ECs0) was calculated based on the results. The negative con-
trol solution was 2% NaCl, whereas K,Cr,0; was used as the posi-
tive reference chemical.

Toxicity to algae (Pseudokirchneriella subcapita) was analyzed
according to standard 1SO:8692 (1989). In contrast to the standard
procedure, the sample size was reduced to fit 48-well microplates
(Greiner bio-one GmbH, Germany). The average algal cell concen-
tration prior to exposure to wastewaters was measured using a
microscope (Olympus BX40, Japan) and cytometer (Assistant, Ger-
many). Fluorescence emitted by the algae was measured prior to
exposure and 24, 48 and 72 h after exposure to wastewaters using
a fluorometer (Fluoroscan Ascent, Labsystems, Finland). A negative
control was conducted with nutrient solutions. K,Cr,0; was used
as the positive reference substance.

2.4. Chemical analysis

The metal concentrations of the acidified samples were mea-
sured using an ICP system (Thermo Electron Corporation, USA).
DOC samples were filtered through 0.45 pm pore size PTFE mem-
branes and analyzed using a TOC system (Shimadzu, Japan). Color
(PtCo) was measured using a photometer (Hach Lange DR2800,
Germany) and turbidity using a turbidimeter (Model 2100P ISO
turbidimeter, Hach, Germany). Resin acids were measured accord-
ing to the method described by Soimasuo et al. [38] using a GC-MS
system (HP 6890, Hewlett-Packard, Germany) with an HP-5 capil-
lary column. Z-potentials were measured using a Zetasizer Nano ZS
(Malvern, USA).

2.5. Design of experiments and modeling

The design of experiments (DOE) and modeling of the results
were performed using Umetrics MODDE 8.0. The DOE was carried
out using a Central Composite Face (CCF) design. The model factors

Initial pH Treatment time (s) Initial resin concentration Initial Cu concentration
25 mg/l 75 mg/l 125 mg/l 0.25 mg/l 0.75 mg/l 1.25 mg/l
5 0 (filtration) 74 66 54 19 36 1
60 86 94 97 80 95 96
300 84 92 88 91 98 100
600 86 93 98 99
7 0 (filtration) 63 63 57 21 25 0
60 93 93 93 72 94 97
300 90 87 85 89 99 100
600 74 86 86 84 100 99
9 0 (filtration) 64 46 2 27 31 0
60 83 92 77 78 95 97
300 85 83 55 91 99 100
600 59 95 62 99 99 100

VI3



144 M. Vepsdldinen et al./Separation and Purification Technology 81 (2011) 141-150

Table 3
Factor range and levels of the experimental design for wood debarking effluent.

Variable Factor range and levels

-1 0 1
Xj, Current (A) 1 2 3
X5, Time (s) 60 210 360
X3, Initial pH 4 6 8

used were current (X;), treatment time (X>) and initial pH (X3). The
range and levels of the factors are shown in Table 3. The DOE in-
cluded 18 experiments, although one dataset was excluded from
the model due to sampling error. The measured response variables
were DOC, color (PtCo), iron, toxicity, final pH and zeta potential.

The fit method used in the modeling was Partial Least Squares
regression (PLS). PLS is a statistical method which finds the rela-
tionship between response variables (matrix Y) and the predictor
of factor variables (matrix X). The method is especially useful when
dealing with a small number of observations and a high number of
predictor variables. As with other statistical regression methods,
such as multiple linear regression (MLR), an equation describing
the relationship between the response variable and predictor vari-
ables (factors) is gained. The general form of the regression equa-
tion including single terms, square terms and interaction terms is
shown in Eq. (3), where Y is the response variable, b are the coef-
ficients of the model, and X are the factor variables.

Y= bg + Z:.;lb,‘xi + Zli(:l bi,‘XiZ + Z:<j2jbfjxixj‘ (3)

single terms square terms interaction terms

The quality of the regression equation can be evaluated using
analysis of variance (ANOVA). R? is the amount of variance ex-
plained by the model whereas Q? is an estimate of the predictive
ability of the model. Q* is calculated by cross-validation. Detailed
descriptions of PLS regression and ANOVA are given elsewhere
[39].

3. Results and discussion
3.1. Synthetic wastewaters
The effect of filtration alone on resin acid removal was studied

by filtering untreated reference samples through a glass fiber filter
(Table 2). Initial concentration and pH had a significant effect on

70

the solubility of the resin acids and their corresponding removal
by filtration, with the removal yield decreasing in line with in-
creased pH, especially at the highest initial concentration. Accord-
ing to the results, pH had a significant effect on the solubility of the
resin acids. At low pH, a higher proportion of resin acids was asso-
ciated with particles and they were removed during filtration. Re-
moval of pimaric-type acids was slightly higher than abietic-type
resin acids. Filtration removed 0-36% of copper from the reference
samples.

Electrocoagulation improved resin acid removal in all test con-
ditions except when the initial concentration was 25 mg/l, the pH
was 9 and the treatment time was 600 s (5% decrease in removal
yield compared to filtration only). Resin acid removals were higher
at pH 5 and pH 7 than at pH 9, especially when the initial resin acid
concentration was high. The highest removal yield (97%) was thus
obtained when the initial pH was 5, the treatment time was 60 s
and the initial concentration was 125 mg/l. The lowest residual
concentration (1.80 mg/l) was measured from samples which had
an initial concentration of 25 mg/l, an initial pH of 7, and a electro-
coagulation treatment time of 60 s. According to the results, long
treatment may reduce resin acid removal. This may be due to
restabilization of particles when the coagulant concentration is
very high [16].

EC removed pimaric-type resin acids with higher efficiency than
abietic-type acids. The proportion of pimaric acid in the samples
decreased from 21% (unfiltered samples) to 0.87-14.7% in electro-
coagulated samples. The lowest pimaric acid concentration
(0.04 mg/1) was measured from samples which had an initial con-
centration of 125 mg/l, an initial pH of 5 and a treatment time of
60 s (Fig. 2a). Dehydroabietic acid was the main component in
the samples after electrocoagulation (Fig. 2b). Overall, abietic-type
resin acids had a lower removal percentage at all initial pHs. The
results thus revealed that the soluble fraction contained a higher
proportion of abietic-type resin acids, which were not as easily re-
moved by EC as pimaric-type acids. According to Peng et al. [8],
abietic-type acids have higher water solubility than pimaric-type
resin acids. The most soluble, and least toxic, resin acid in their
studies was dehydroabietic acid.

The effect of EC on resin acid removal was also studied with
samples containing pure dehydroabietic and isopimaric acids.
Removal yields with filtration after EC and sole filtration were
significantly lower with pure chemicals than with Polish wood
rosin (Fig. 3). This indicates that pure chemicals were more soluble
or resin particles in the water were smaller (filter pore size 1.2 um)
than those formed from whole wood rosin. Electrocoagulation had
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Fig. 2a. Concentration of resin acids in the experimental waters. Samples had an initial pH of 5 and initial resin acid concentration of 125 mg/I.
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Fig. 2b. Concentration of resin acids in the water samples. Samples had an initial resin acid concentration of 125 mg/l and were treated with electrocoagulation for 60 s.

45

40

35 1

30 1

25

20 4

15 1

Concentration (mg/l)

10 1

04 T

Filtered (0 s) 60

300 600

Treatment time (s)

m Dehydroabieticacid @ lsopimaric acid

Fig. 3. Concentration of dehydroabietic acid and isopimaric acid in the samples after electrocoagulation and filtration.

a stronger effect on isopimaric acid removal than dehydroabietic
acid removal, which is consistent with the results gained with Pol-
ish wood rosin.

Electrocoagulation and filtration removed copper from the
solutions with very high efficiency. Treatment for 60 s followed
by filtration removed 72-97% of copper from the solutions.

60.0

Proportionally, the lowest reduction was measured from
samples with the lowest initial concentration (0.25 mg/l). How-
ever, the residual concentration of the samples was similar for
all samples after electrocoagulation (0.01-0.07 mg/l). As ex-
pected, iron concentrations in the electrocoagulated samples
were higher than in the references. Iron concentrations were

50.0
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30.0

20.0 1

10.0

ECs, solution strength (%)

0.0 4

Filtered (0s) 60
Treatment time (s)

300 600
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Fig. 4. Bacterial toxicity of the samples after electrocoagulation and filtration. ECso values are based on the solution strength (%) causing a 50% reduction in bioluminescence.
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Table 4
Factors and response values of the CCF design.
Run Factor Response
Current Time Initial pH DOC (mg/l) Zeta (mV) Final pH Color PtCo Fe (mg/l) Toxicity (%)
1 -1 -1 -1 excluded
2 1 -1 -1 405.7 -154 5.12 2680 85.8 12.3
3 -1 1 -1 3835 -159 4.94 2790 126.5 115
4 1 1 -1 3222 —4.66 5.46 560 703 12
5 -1 -1 1 4414 —20.1 7.60 3780 25.1 13
6 1 -1 1 409.8 215 7.77 3490 56.1 185
7 -1 1 1 384.2 215 8.48 368 46 21.9
8 1 1 1 335.2 -234 9.92 154 0.4 13.4
9 -1 0 0 4206 205 6.90 3680 70.8 0.4
10 1 0 0 348.4 -19.1 7.69 6110 14 1.1
1 0 -1 0 439.7 -18.4 7.03 2480 35.1 6.4
12 0 1 0 346.7 -20.6 8.19 93 1.0 14.7
13 0 0 -1 355.6 -15.4 527 946 98.7 11.4
14 0 0 1 377.7 -22.6 9.19 253 1.5 15.6
15 0 0 0 372.4 -19.5 7.40 379 12.6 13.2
16 0 0 0 369.3 -21 7.37 250 10.2 6.6
17 0 0 0 373.6 -20.2 7.34 258 8.5 16.4
Table 5
Analysis of variance (ANOVA) of the model.
Variable DOC Zeta potential Final pH Color Fe Toxicity
R? 0.95 0.93 0.98 0.88 0.81 0.87
R? adjusted 0.86 0.83 0.96 0.70 053 0.67
Q@ 0.51 0.57 0.78 0.61 0.41 0.34
Regression (degrees of freedom =9)
Sum of squares 1.78E+04 1.68E+00 3.06E+01 4.63E+00 7.94E+00 3.71E+00
Mean square 1.98E+03 1.87E-01 3.40E+00 5.15E-01 8.82E-01 4.13E-01
P-value 0.004 0.007 0.000 0.032 0.108 0.045
F-value 11.47 8.97 36.49 4.96 2.85 431
Lack of fit (degrees of freedom =4)
Sum of squares 1.02E+03 1.10E-01 5.57E-01 6.02E-01 1.84E+00 4.67E-01
Mean square 2.56E+02 2.74E-02 1.39E-01 1.51E-01 4.61E-01 1.17E-01
P-value of lack of fit 0.019 0.234 0.007 0.064 0.016 0.337
F-value of lack of fit 52.03 3.50 144.71 14.88 6233 2.19
Pure error (degrees of freedom =2)
Sum of squares 9.85E+00 1.56E-02 1.92E-03 2.02E-02 1.48E-02 1.07E-01
Mean square 4.92E+00 7.82E-03 9.62E-04 1.01E-02 7.40E-03 5.33E-02
apparently due to increased solubility of iron electrodes at acidic
pH, a higher proportion of ionic iron, more soluble iron com-
440 il ™5 pounds, or slow oxidation of ferrous iron to ferric form [16,40]. Iron
concentrations of samples which were treated with the shortest
420 a0 treatment times were unacceptably high for final effluent. Addition
2 of oxidant and base to promote oxidation of ferrous iron to ferric
= 400 form could reduce the concentration of soluble iron.
z 7Y Bacterial toxicity (V. fischeri) was analyzed from pure chemicals
@ . . . .
& 380 P f and from samples having the highest concentration of Polish wood
o . rosin and copper. For pure chemicals, the ECso values for copper
AL and wood rosin were 17.0 and 38.2 mg/], respectively. The experi-
a2 A0 . . A . . .
340 y mental combination of dehydroabietic and pimaric acids had an
“ ECso value of 28.1 mg/l. Toxicity to algae (P. subcapita) was mea-
320 sured from the samples having an initial wood rosin concentration
of 125 mg/l and an initial pH of 9. In this study, the ECsq value of
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Fig. 5. Observed values versus predicted values of the PLS model for wastewater
DOC (mg/l).

highest (1.59-10.59 mg/l) with shortest treatment times (60 s),
decreasing as treatment time increased. The highest iron concen-
trations were measured in experiments with an initial pH of 5,

copper to algae was 0.1 mg/l. The toxicity of wood rosin to algae
was thus significantly lower (ECso = 142 mg/l) than its toxicity to
bacteria.

The bacterial toxicity of the samples did not decrease directly as
a function of wood rosin concentration, any specific resin acid con-
centration or copper concentration (Fig. 4). At an initial pH of 5, the
solution strength causing a 50% reduction in bioluminescence
(ECso) increased by 7-14%, which indicates a small reduction in
toxicity. At an initial pH of 9, toxicity slightly decreased with the

V/6



M. Vepsidldinen et al./Separation and Purification Technology 81 (2011) 141-150 147
Table 6
Coefficients of the model.
Response Constant X, Xo X3 X2 X2 X3 XixXo Xq#X3 Xo#X3
DOC 4.49E+02 —6.42E+01 —3.10E-01 2.18E+01 1.15E+01 4.81E-04 —1.68E+00 —5.75E-02 6.41E-01 —1.10E-03
Zeta potential® —4.53E-02 6.09E-01 4.99E-03 1.52E-03 —1.39E-02 —7.28E-07 1.32E-02 —2.49E-04 —8.32E-02 —7.37E-04
Final pH 1.06E+00 5.58E-01 —1.30E-02 1.41E+00 —3.54E-01 5.73E-06 —9.22E-02 2.26E-03 1.09E-01 1.41E-03
Color® 5.81E+00 —3.83E+00 3.62E-03 3.83E-01 8.47E-01 —5.90E-06 —4.21E-02 —4.92E-04 6.32E-02 —5.61E-04
Fe® 4.21E+00 —9.44E-01 4.22E-03 —4.25E-01 3.33E-01 3.12E-06 3.34E-02 —1.54E-03 —5.62E-02 —9.01E-04
Toxicity* —2.23E+00 4.43E+00 —1.60E-03 —1.27E+00 —8.52E-01 1.79E-05 1.15E-01 —2.26E-03 —3.94E-02 6.73E-05

2 Logarithmic transformation Log;o(Y) +24.
b Logarithmic transformation Log;o(Y).
¢ Logit transformation Logyo[Y/(100 — Y)].

Zetapotential~
C_1 Tim
EC'Tim

Final pH

pH*pH bz

I oH
EC*pH

Color~ Fe~ Toxicity~
E== EecEc D Tim*Tim
EESS TimepH

Fig. 6. Normalized coefficients of the PLS model. EC is electric current, Tim is treatment time and pH is the initial pH of the wastewater.

shortest treatment time (60 s) but increased with longer treatment
times. The effect of initial pH on toxicity was not due to protons
alone, because the pH was adjusted to 7 prior to assay measure-
ment. However, pH adjustment may have affected the solubility
or speciation of resin acids and metals in the solution, and could
partially explain the lack of correlation.

Toxicity to algae decreased as a function of copper concentra-
tion. Filtered samples which were not treated with electrocoagula-
tion were highly toxic to algae (ECso with 3.7% solution). EC
removed toxicity completely (ECso with 95-110% solution) and,
according to cell count measurements, electrocoagulated samples
stimulated algal growth when compared to control algae tests.
Due to the low toxicity of wood rosin to algae (ECso 142 mg/l), re-
moval of resin acids by EC did not have any further contribution in
terms of algal toxicity.

3.2. Debarking effluents

The measured response values of the CCF design are shown in
Table 4. According to the R? of the responses (Table 5), the model
explained the response variance with good accuracy. However,
iron concentration and toxicity had markedly low Q? values
(<0.5), thus indicating poor cross-validation results and therefore
low predictability of these responses. According to ANOVA, this is
mainly related to model error. Examples of observed values versus
predicted values of wastewater DOC are presented in Fig. 5.

The coefficients of the model terms are shown in Table 6 and
the normalized coefficients in Fig. 6. The direction and magnitude

\i

of the normalized coefficients in the figure visualize the effect of
single, square and interaction terms on the responses. Normalized
coefficients (mean zero value and dataset variance of 1.0) enable
simultaneous comparison of the effect of the terms on the re-
sponses. For example, it can be seen from Fig. 6 that current (cur-
rent density) and time are the most important terms affecting DOC
values, and both in the same direction. It should be noted that the
statistical model is valid only within the limits of the experimental
data obtained.

DOC removal was low in the tested factor ranges. As mentioned
above, the main terms affecting DOC removal were electric current
(current density) and treatment time. DOC concentration de-
creased as current density and treatment time increased. The min-
imum DOC value predicted by the model was 314 mg/l, while the
minimum measured DOC value was 322 mg/l (26.3% removal).
According to the model, color removal was not directly linked to
DOC removal. Electrocoagulation removed color with high effi-
ciency (Fig. 7). Color decreased as a function of treatment time
while the other main term affecting color removal was the square
term of electric current. The model predicts total color removal at
intermediate current density, high treatment time, and high initial
pH. At low pH, a high residual iron concentration may have in-
creased color values. According to previous studies, EC treatment
effectively removes color and toxicity caused mainly by polyphe-
nols (tannins) from olive mill wastewaters [32-34].

Initial pH was the main parameter affecting the final pH and
zeta potential of the samples. Current density and treatment time
slightly increased the final pH. Electrocoagulation increases pH due
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Fig. 8. Contour plots of debarking water bacterial toxicity (% based on solution strength) predicted by the PLS model.

to the production of hydroxyl ions at the cathodes, which are not
totally consumed by formation of ferrous or ferric hydroxides.
The zeta potential was measured from the filtered samples. At
low pH, the zeta potential decreased as a function of electric charge
and current density. This was not predicted at higher pH, where
ferrous and ferric iron form flocs containing ferrous and ferric
hydroxides and are easily separated during filtration. At low pH,
ferrous and ferric ions and hydroxides are in more soluble form
and also have higher charge, leading to more effective charge neu-

tralization of pollutants by EC. This was confirmed by the residual
iron concentrations, which were high at low initial pH.

The initial ECsq value of the filtered debarking effluent sample
was 7.6%. Toxicity as inhibited bioluminence of the filtered refer-
ence samples at pH 4, 6 and 8 was also measured, and the ECsq val-
ues were 7.7%, 8.4% and 13.8%, respectively. It seems that simple
pH adjustment prior to filtration significantly decreased the toxic-
ity of the samples. According to the model, high toxicity removal is
predicted when the initial pH is either low or high, the current
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density is intermediate and the treatment time is long (Fig. 8). Tox-
icity change was also related to color removal of the samples. The
color of debarking effluents is mainly caused by tannins, which are
known to exhibit toxicity to microbes [1]. Highest color removal
was observed at high initial pH, whereas high toxicity removal
was observed both at low and high initial pH. This is probably
due to the effect of iron on color values at low initial pH. The model
predicts minimum toxicity, ECso at 43% solution in the tested factor
ranges at 1.4 A, 360 s and initial pH 8. It is possible that these val-
ues are unrealistically high due to model error, as the lowest mea-
sured toxicity (ECso) was 21.9%. However, according to the results,
electrocoagulation enhanced toxicity removal. Longer treatment
times could increase toxicity removal, but would raise the operat-
ing cost of treatment. It can be noted that prior the EC treatment,
resin acids were minor toxic species in the debarking effluents
compared to tannins. According to the results for synthetic waste-
waters, the toxicity of the effluents after EC treatment could be
caused by residual resin acids or toxic compounds formed during
EC treatment.

4. Conclusions

This study investigated the effect of electrocoagulation treat-
ment on toxic pollutant removal from pulp mill effluents. Synthetic
wastewaters containing wood rosin and copper or pure resin acids
were used to investigate the removal of resin acids by electrocoag-
ulation. According to the results, the following conclusions can be
drawn:

o Electrocoagulation enhanced resin acid removal in the subse-
quent filtration stage. Maximum removal (97%) was obtained
with an initial pH of 5, a treatment time of 60 s, and an initial
concentration of 125 mg/l. Pimaric-type acids were removed
with higher efficiency than abietic-type resin acids.

Copper was efficiently removed with a short treatment time. A
60 s treatment with 2 A current removed 72-97% of the copper
from the experimental solution.

ECso values for copper and wood rosin to bacteria (V. fischeri)
were 17.0 and 38.2 mg/l, respectively. Electrocoagulation had
no significant effect on bacterial toxicity despite a high removal
efficiency of resin acids and copper.

Electrocoagulation and filtration completely eliminated the tox-
icity of synthetic wastewaters to algae (P. subcapita) even with
the shortest treatment time (60 s).

Toxic pollutant removal by electrocoagulation was also studied
with debarking effluents. Statistical experimental design and par-
tial least squares modeling were used to investigate the effect of
initial pH, current (current density) and treatment time on pollu-
tant removal. According to the results:

o Electrocoagulation enhanced color removal. The model predicts
optimum removal with intermediate current, long treatment
time, and high initial pH. The lowest measured color value
was 93 PtCo. Some DOC was removed with high current density
and long treatment time.

e According to the model, toxicity was associated with sample
color. Optimum toxicity removal is predicted with same param-
eters as optimum color removal. The lowest ECsq value based on
the solution strength was 22%.

In summary, electrocoagulation combined with separation
technologies such as filtration, sedimentation or flotation offers a
potential method for the removal of toxic pollutants from pulp mill
wastewaters. However, further studies are required to optimize the
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treatment. Addition of oxidants to mill wastewater could further
increase the efficiency of coagulation due to enhanced oxidation
of ferrous iron to ferric form, which is known to have better coag-
ulation performance.
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