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Cost-effective methods are required to treat a wide range of wastewater pollutants in a diverse range of conditions. As compared
with traditional treatment methods, electrocoagulation provides a relatively compact and robust treatment alternative in which
sacrificial metal anodes initiate electrochemical reactions that provide active metal cations for coagulation and flocculation.
The inherent advantage of electrocoagulation is that no coagulants have to be added to the wastewater and hence the salinity
of the water does not increase after treatment. Electrocoagulation is a complex process involving a multitude of pollutant
removal mechanisms operating synergistically. Although numerous publications have appeared in the recent past, the lack of
a holistic and systematic approach has resulted in the design of several treatment units without considering the complexity of
the system and process control mechanisms. Due to the fact that electrocoagulation is thought to be an enigmatic, promising
treatment technology and a cost-effective solution for sustainable water management in the future, it will become increasingly
important to provide a deeper insight into the pollutant removal mechanisms involved, kinetic modelling and reactor design.
Considering the abovementioned facts, in this paper, industrial wastewater electrocoagulation applications have been reviewed
with special emphasis placed on the major reaction mechanisms involved in these applications. Evaluation was based on
specific pollutant parameters of the sector as well as operation costs including solid waste management, sacrificial electrode
materials and electrical energy requirements.
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General principles of the electrocoagulation
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has been greatly expanded, and there is currently much

process
1.1. Historical development and reaction mechanism

Electrocoagulation was first proposed by Vik et al. [1],
describing a sewage treatment plant in London built in 1889
where electrochemical treatment was employed via mixing
the domestic wastewater with saline (sea)water. In 1909,
J.T. Harries received a patent for wastewater treatment by
electrolysis using sacrificial aluminium and iron anodes
in the United States [1]. Matteson et al. [2] described the
‘Electronic Coagulator’, which electrochemically dissolved
aluminium from the anode into the reaction solution that
interacted with the hydroxyl ions produced at the cathode
to form aluminium hydroxide. The hydroxides flocculated
and coagulated the suspended solids, purifying the polluted
water. A similar process was used in Great Britain in 1956
[2], in which iron electrodes were used to treat polluted river
water. Thereafter, a wide range of water and wastewater
applications followed under a variety of conditions.

In early reports, the electrocoagulation process was
applied to remove suspended solids [2]; heavy metals [3];
petroleum products [4]; colour from dye-containing solu-
tion [5]; aquatic humus [1]; fluorine from water [6]; and
urban wastewater [7]. In the last two decades the application

interest in using electrocoagulation for treatment of a vari-
ety of effluents containing metals, foodstuff, olive oil, textile
dyes, fluorine, polymeric wastes, organic matter from land-
fill leachate, turbidity, chemical and mechanical polishing
wastes, aqueous suspensions of ultrafine particles, nitrate,
phenolic waste and arsenic [8—15] as well as municipal
wastewater [16].

The electrocoagulation process basically involves the
dissolution of metal cations from the reactor anode with the
simultaneous formation of hydroxyl ions and hydrogen gas
at the cathode:

M —> M" +ne” (1)
2H,0(l) — OH™ + H,(g) (2)

A current is passed through a metal electrode, oxidising
the metal (M) to its cation (M™) (Equation (1)). Simultane-
ously, water is reduced to hydrogen gas and the hydroxyl ion
(OH™) (Equation (2)). Electrocoagulation thus introduces
metal cations in situ, using sacrificial anodes (typically
iron, stainless steel or aluminium) that need to be periodi-
cally replaced [17,18]. The overall reaction mechanism is
a combination of removal mechanisms functioning syner-
gistically. The dominant mechanism may vary throughout
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the dynamic process as the reaction progresses, and will
certainly shift with changes in treatment conditions, oper-
ating parameters and in particular pollutant types [19-21].
During electrocoagulation, highly charged cations (AI’*;
Fe?*) formed at the anode destabilize colloidal particles by
the formation of monomeric and polymeric hydroxo com-
plex species. These metal hydroxo complexes have high
adsorption properties, forming strong aggregates with pol-
lutants [22]. The extent of metal hydrolysis depends upon
the total metal cation concentration and the pH, as well as
the type and concentration of other species present in solu-
tion [23]. Electrolysis in the presence of an iron electrode
produces Fe>* upon anodic oxidation and iron hydroxide,
Fe(OH),,, where n can be 2 or 3. The Fe(OH),(s) remains
in the aqueous phase as an amorphous suspension, which
can remove the pollutants from the wastewater by either
complexation or electrostatic attraction followed by coagu-
lation. In surface complexation mode, the pollutant acts as
a ligand (L) to chemically bind hydrous iron [24]:

L-H(aq) + (OH)OFe(s) — L-OFe(s) + H,O() (3)

The pre-hydrolysis of ferric iron ions also leads to the for-
mation of reactive clusters for wastewater treatment [25].
Ferric iron ions generated by electrochemical oxidation
of the iron electrode may form Fe(OH)s;, monomeric and
polymeric hydroxo complexes depending on the pH of the
aqueous medium [26]. These impart a strong affinity for dis-
persed particles as well as (negatively charged) counter ions
to cause coagulation [24,27]. The gases (H,, O,) evolved
at the electrodes may be strong enough to cause flotation
of the coagulated materials. Once the floc is generated, the
electrolytic gas creates a flotation effect, removing the pol-
lutants to the floc-foam layer at the liquid surface [28].
In the case of aluminium electrodes, soluble and insolu-
ble pollutants can be coagulated by aluminium hydrates
and hydroxides and then effectively removed from effluent
owing to the existence of monomeric and polymeric species
of aluminium. Upon hydrolysis, aluminium ions generate
many monomeric and polymeric species over a wide pH
range [29]. Major interactions taking place in the reaction
solution during electrocoagulation are listed as: (i) migra-
tion to an oppositely charged electrode (electrophoresis) and
aggregation due to charge neutralization; (ii) the metallic
cation or the hydroxyl ion forms a precipitate with the pol-
lutant; and (iii) the metallic cation interacts with hydroxyl
ions to form a hydroxide depending upon the pH [28,30].
The metal hydroxide usually has high adsorption proper-
ties, thus bonding to the pollutant (bridge coagulation), or
the hydroxides form larger lattice-like structures and sweep
through the water (sweep coagulation), entrapping parti-
cles; depending on reaction conditions, electrode type and
oxygen concentration, oxidation or reduction of the pol-
lutants to less toxic species may occur (decolourization,
dehalogenation, etc.), as well as removal by electroflotation
and adhesion to rising gas bubbles.

Due to the multitude of reactions occurring simultane-
ously, it becomes very difficult to model and control the pro-
cess and its removal mechanism. Consequently, adequate
scale-up parameters, a systematic approach for process
optimization and performance prediction of the electro-
coagulation reactor are yet to be established. Advantages
and benefits of using electrochemical techniques include
environmental compatibility, versatility, energy efficiency,
safety, selectivity, amenability to automation and cost effec-
tiveness. In addition, the following advantages can be added
for the treatment of pollutants with the electrocoagulation
process: compact and simple reactors due to rapid reac-
tions instead of using chemicals (coagulants, oxidants) and
microorganisms; and the systems employ only electrons to
facilitate water treatment. The formed aluminium and iron
hydroxide flocs are relatively dense and easier to dewater,
having a low sludge volume index (SVI). Hence, sludge
management through electrocoagulation becomes more
attractive than via coagulation and precipitation methods
with conventional coagulants and hydrated lime [28,31].
On the other hand, electrocoagulation has several disad-
vantages [28]: the sacrificial electrodes are dissolved and
hence lost into wastewater streams as a result of oxidation
and need to be regularly replaced periodically; the use of
electricity may result in high electrical energy costs, and
electrical energy costs are very high in some countries; oper-
ation costs (sludge disposal, electrical energy consumption
and electrode replacement) may become high, depending
on the case in question; an impermeable oxide film may be
formed on the cathode, leading to loss of efficiency; and high
conductivity of the wastewater suspension is required. In
some cases electrolytes have to be added to the wastewater;
gelatinous metal hydroxides may tend to solubilize in some
cases; the presence of high electrolyte concentrations (chlo-
ride) may result in the formation of toxic, organically bound
halogens (AOX, EOX, POX); and in some cases pretreat-
ment (pH adjustment, equalization, etc.) may be required
prior to electrocoagulation.

1.2.  Process parameters
1.2.1.  Current density

Current density is one of the most critical operation param-
eters in electrocoagulation, having an integral effect on
process efficiency [20,30,32,33]. This parameter deter-
mines both the rate of electrochemical metal dosing to the
water and the density of electrolytic bubble production.
Literature sources report a wide range of current densi-
ties applied between 1—-100 mA /cm? depending on the case
study. Obviously, different current densities are desirable in
different situations. High current densities are needed for
separation processes involving flotation cells or large set-
tling tanks, while small current densities are appropriate
for electrocoagulators that are integrated with conventional
sand and coal filters. A systematic analysis is required



4 1. Kabdasli et al.

to define and refine the relationship between the applied
current density and targeted removal (separation) effects.
In a typical electrocoagulation experiment, the electrode
or electrode assembly is usually connected to an external
direct current source [34]. The amount of metal dissolved
or deposited is directly proportional to the amount of elec-
tricity passed through the electrolytic solution. A simple
relationship between current density (mA/cm?) and the
amount of substances (M) dissolved (g of M/cm?) can be
derived from Faraday’s law [30]:

W=JxtxM/n) xF 4)

where W is the quantity of electrode material dissolved (g
of M per cm?); J is the applied current density (mA /cm?);
t the electrolysis time in s; M the relative molar mass of the
electrode material under study; # the number of electrons in
oxidation/reduction reaction; and F is Faraday’s constant
(96,500 C/mol).

1.2.2. Reaction pH

The pH of the reaction solution changes during the elec-
trocoagulation process, and the final pH of the effluent
actually affects the overall treatment performance [35,36].
It has been reported that when the initial pH value is less
than 4 (acidic), the effluent pH increases, while it tends to
decrease when the initial pH value is higher than 8 (basic),
and the pH of the effluent changes only slightly when
the initial pH value is in the neutral range (around 6-8).
This situation indicates a pH buffering effect during elec-
trocoagulation which is different from traditional chemical
coagulation. This pH buffering capacity can be attributed
to the balance between the production and consumption of
hydroxyl ions during electrocoagulation and the need for
charge neutralization before the ultimate transformation of
soluble aluminium compounds into aluminium hydroxides.
Thus, the formation of Al(OH); near the anode may lead
to the decrease of pH. On the other hand, it has also been
reported that ultimate pH values increase rapidly during
electrocoagulation such that the ultimate pH values reached
at the end of electrocoagulation are always greater than
89 [24]. This is not surprising, since continuous hydroxyl
ion production occurs at the cathode (see Equation (2)).
Under alkaline conditions, the formation of AI(OH); com-
plexes is the major reason for a decrease in pH. Moreover,
hydrogen bubbles produced at the cathode are smallest and
finest at neutral pH, providing sufficient surface area for
gas—liquid—solid interfaces and mixing efficiency to favour
the aggregation of tiny destabilized particles and colloids
[23,37].

1.2.3.  Electrolyte type and concentration

Sodium chloride (NaCl) is usually employed to increase
the conductivity of the water or wastewater to be treated.

Wastewater conductivity affects the Faradic yield, cell volt-
age and therefore energy consumption in electrocoagulation
cells. In addition, increasing water conductivity using NaCl
has other advantages; for example, chloride anions can sig-
nificantly reduce the adverse effects of other anions, such as
HCO; and SO;™ [38]. Indeed, the existence of carbonate
anions may lead to the precipitation of Ca?* ions. These
ions can form an insulating layer on the surface of the
cathode, which can increase the ohmic resistance of the
electrochemical cell:

HCOj; 4+ OH™ — CO%™ + H,0 (5)
Ca’" + CO3™ — CaCOs(s) (6)

Conversely, an excessive amount of NaCl induces an
overconsumption of the aluminium electrodes due to ‘corro-
sion pitting’; aluminium dissolution may become irregular
[38]. This is the reason why NaCl addition should be lim-
ited and optimized. Salts of monovalent ions appear to be
the best electrolytes [20,28]. NaCl is usually employed
as the electrolyte to increase the conductivity of wastew-
ater to be treated by an electrochemical process, and
decreases the passivation of the aluminium surface to
promote electrocoagulation efficiency [36]. The addition
of NaCl can also reduce the electrical energy consump-
tion of electrocoagulation, as it increases the conductivity
of the wastewater. Compared with no addition of elec-
trolyte, NaCl addition in the ‘g/L’ range usually saves
much electrical energy, and hence decreases operating
costs. This can be explained by the fact that the cell volt-
age decreases with an increase of conductivity at constant
current density; moreover, the total resistance in the solu-
tion decreases and thereby the consumed electrical energy
is decreased. Considering that an excessive concentration
of NaCl causes overconsumption of the anode material
due to corrosion pitting, electrode dissolution may become
irregular at NaCl overdoses [30]. On the other hand, dur-
ing electrocoagulation in the presence of NaCl, formation
of hypochlorite (OC1™) and hypochlorous acid (HOC]) is
possible so that besides serving as an electrolyte, NaCl
may also provide an additional, in situ-formed oxidizing
agent to the reaction solution provided that the pH remains
below 11 and the reaction temperature does not increase
significantly [39]:

2CI" (aq) — Cla(g) + 2¢~ (7)
2H,0 + 2¢~ — Hy(g) + 20H" ®)
Cly(g) + H,0 — HOCl(aq) + HCI )
HOCI + H,0 < H;0" + OCI~ (10)

Adsorbable, organically bound halogens (AOX) includes
chemicals of different structures and toxicological profiles
[40]. Tt is known that the use of low-cost disinfectants such
as sodium hypochlorite can create AOX in wastewater. On
the other hand, both chemical oxidation (e.g. chlorination
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and ozonation) may lead to the formation of chlorinated
organic compounds [40]. Although the environmental sig-
nificance of AOX is controversial, many jurisdictions have
adopted strict regulatory requirements limiting its discharge
[13]. For instance, according to the German Sewage Water
Administration Regulation, the AOX threshold limit is
given as 500 ug/L [41]. AOX formation during electro-
coagulation due to the reaction of hypochlorous acid with
the high organic carbon content of reactive dyebath efflu-
ent ingredients and its subsequent abatement cannot be
ruled out [39].

1.2.4. Electrode type and arrangement

In most studies reported in the scientific literature, alu-
minium (Al), iron (Fe), mild steel and stainless steel
(SS) electrodes have been used as the electrode materi-
als [42]. Do and Chen [5] compared the performance of
iron and aluminium electrodes for removing colour from
dye-containing solutions. Their conclusion was that the
optimum electrocoagulation operation conditions varied
with the choice of iron or aluminium electrodes, which in
turn were determined by Holt et al. [43]: namely, initial pol-
lutant concentration, pollutant type, solution pH and stirring
rate. Baklan and Kolesnikova [42] investigated the relation-
ship between ‘size’ of the cation introduced and treatment
efficiency. The size of the cation produced (10-30 um for
Fe’* compared with 0.05—1 pm for AI’") was suggested
to contribute to the higher efficiency of iron electrodes.
Hulser et al. [34] observed that electrocoagulation was
strongly enhanced at aluminium surfaces in comparison
with steel electrodes. This was attributed to the in situ
formation of dispersed aluminium—hydroxide complexes
through hydrolysis of the aluminate ion, which does not
occur when employing steel electrodes. In a monopolar
electrode arrangement of an electrocoagulation cell, each
pair of sacrificial electrodes is internally connected with
each other, and has no interconnections with the outer elec-
trodes [28]. This arrangement of monopolar electrodes with
cellsin series is electrically similar to a single cell with many
electrodes and interconnections. In series cell arrangement,
a higher potential difference is required for a given current
to flow because cells connected in series have higher resis-
tance. In this arrangement the same current flows through all
the electrodes. On the other hand, in a parallel arrangement
the electric current is divided between all electrodes in rela-
tion to the resistance of the individual cells. Some authors
have used bipolar electrodes [28] with cells connected in
parallel, where the sacrificial electrodes are placed between
two parallel electrodes without any electrical connection.
Only the two monopolar electrodes are connected to the
electric power source, with no interconnections between the
sacrificial electrodes. This type of cell arrangement provides
a simple set-up, which facilitates easy maintenance during
operation. When an electric current is passed through the
two electrodes, the neutral sides of the conductive plate

will be transformed to charged sides, which have opposite
charge compared with the parallel side beside it. The sac-
rificial electrodes, in this case, are also known as bipolar
electrodes [28].

1.2.5. Electrode passivation

One of the greatest operational issues with electrocoagula-
tion is electrode passivation. The passivation of electrodes
is a serious concern for the longevity of the process. Passi-
vation of aluminium electrodes has been reported in several
studies [3,44,45]. Passivation was also observed when, dur-
ing electrocoagulation with iron electrodes, deposits of
calcium carbonate and magnesium hydroxide were formed
at the cathode and an oxide layer was formed at the
anode. Nikolaev et al. [44] suggested various methods to
minimize/prevent electrode passivation, such as changing
the polarity of the electrode, hydromechanical cleaning of
the electrodes, mechanical cleaning of the electrodes and
introducing inhibiting agents.

1.2.6. Reactor design

Electrocoagulation reactors have been built in a number
of configurations. Each system has its own set of advan-
tages and disadvantages, among which are varying degrees
of treatment ability. Often the electrocoagulation units are
used simply as a replacement for chemical dosing sys-
tems and do not always take advantage of the electrolytic
gases produced in the electrocoagulation process. To date,
no single empirical or systematic approach has emerged
over the years in the design of electrocoagulation reac-
tors [21]. Therefore, it becomes very difficult to compare
the performance of different reactor configurations. Reactor
geometry affects several operational parameters, including
bubble path and size, flotation effectiveness, floc forma-
tion, fluid flow regime and mixing/settling characteristics.
From the scientific literature, the most common approach
involves aluminium and iron plate electrodes with batch or
continuous operation mode. In a continuous system, water
to be treated is dosed with dissolved metal ions as it passes
through the electrocoagulation cell. A downstream unit is
often required to separate the pollutant from the water. The
surface area to volume ratio (S/V) has been shown to be
a significant scale-up parameter [43]. The electrode area
influences current density, position and rate of cation dos-
ing, as well as bubble production and bubble path length.
Mameri et al. [6] reported that as the S/V ratio increases
the optimal current density decreases. In a study conducted
by Zolotukhin [46], an electrocoagulation—flotation system
was scaled up from laboratory to industrial size. The fol-
lowing dimensionless scale-up parameters were chosen to
ensure correct sizing and proportioning of the reactors: the
Reynolds number (fluid flow regime), the Froude number
(buoyancy), Weber criteria (surface tension), gas saturation
and reactor geometry were kept similar.
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2. Textile industry wastewater

Textile industries are among the major polluting industries
in terms of discharged volume and characteristics. Tex-
tile preparation, dyeing and finishing operations contribute
to the complexity of the total effluent, rendering its treat-
ment a rather difficult task. Due to their colour content,
dyebath effluents, in particular, are not only aesthetic pol-
lutants, but may also interfere with light penetration in the
receiving bodies of water, thereby disturbing biological pro-
cesses [47]. Furthermore, textile industry effluent contains
a variety of dye-assisting chemicals (wetting, scouring,
sequestering, cleaning, anti-creasing agents, acid donors,
etc.), which are in some cases bio-inhibitory, toxic and/or
refractory, as well as a significant amount of salts, creating
an additional ecotoxicological impact in receiving water
bodies [48]. Conventionally, textile industry wastewaters
are treated through different biological, physical and chem-
ical methods [47]. Biological treatment processes are often
ineffective in removing dyes, which are highly branched
and structured macromolecules with high stability and
hence low biodegradability [49]. On the other hand, vari-
ous physicochemical treatment methods including chemical
coagulation—flocculation [50,51], adsorption on to low-cost
materials [52] and activated carbon beds, reverse osmosis
and ultrafiltration [53] are also available for dye removal.
However, these phase-transfer treatment processes have
had rather limited success and applicability in the effec-
tive decolourization of textile effluent. Further, the main
drawback of chemical coagulation is the addition of further
chemicals. In recent years, ozonation [54], electrochemical
[55,56] photochemical, photocatalytic [57] and photoelec-
trocatalytic [58] advanced oxidation processes have been
proposed as alternative treatment techniques because they
were qualified as being very effective. However, the high
operating costs of these advanced alternative treatment
methods have limited their feasibility and full-scale imple-
mentation [59]. More recently, electrochemical processes,
and in particular electrocoagulation, have been proposed
to treat complex waste streams including textile indus-
try wastewater. These promising applications are reviewed
in this paper on the basis of characteristic/target pollu-
tant parameters of the effluent produced by this industrial
sector.

2.1. Colour

Many studies have been devoted to the electrocoagulation
of single aqueous dye solutions or synthetically prepared
dyehouse samples containing a mixture of dyes and NaCl
as the common electrolyte. In these treatability studies, it
could be demonstrated that colour caused by the presence
of dyes could be effectively removed at a range of 95-99%
during electrocoagulation using iron or aluminium elec-
trodes. Decolourization kinetics were typically followed
by spectrophotometry and obeyed the first-order law on

the basis of absorbance (colour) abatement profiles. Most
of these studies aimed at finding optimal operation condi-
tions for colour removal from dye solutions or synthetic
dyehouse effluent by controlling/modifying the process
variables. The highest colour-removal efficiencies were
usually obtained at near neutral to slightly acidic pH val-
ues, whereas the current intensity, and hence treatment
time, had to be increased to improve colour removal effi-
ciencies. This is because the key process parameter for
electrocoagulation is in fact the amount of electrogener-
ated coagulant, which is directly related to the product of
applied current density and treatment time. Colour removal
is typically observed earlier than organic carbon (chemi-
cal oxygen demand (COD), total organic carbon (TOC))
removal, since in electrocoagulation several mechanisms
play a significant role and this treatment process is not
solely based on a phase-transfer mechanism. Interpreta-
tion based on Infrared and Fourier Transform Infrared
Spectrometric analyses revealed that in addition to coag-
ulation, precipitation and adsorption, colour removal is
also attributable to the cleavage of colour-causing bonds
in the dye structure. This cleavage is speculatively not due
to direct anodic oxidation, but occurs indirectly in paral-
lel to the oxidation of ferrous iron to ferric iron via the
reductive pathway. A limited number of studies have been
reported for real textile industry wastewater, and only a
few works investigated the treatability of both dye solu-
tions and actual effluent via electrocoagulation. It should
be noted that experimental dye solutions cannot repre-
sent real textile industry wastewater, the latter bearing a
broad spectrum of organic and inorganic chemicals known
as dye auxiliaries. The ingredients of dyehouse effluent
are extremely variable in time and composition accord-
ing to customer orders, fabric type, fashion and period of
the year.

Merzouk et al. [60] studied the efficiency of electro-
coagulation using Al electrodes for the removal of COD,
TOC, colour and turbidity from a real textile wastewater
(COD: 1065mg/L; TOC: 354mg/L, pH: 7.2), two aque-
ous 2-naphthoic acid and 2-naphthol solutions (two disperse
dyes, concentration: 100 mg/L; absorbance at 503 nm-Ap,y:
0.2cm™"), and the same real textile effluent containing the
abovementioned disperse dyes. Treatment efficiencies were
compared and modelled by considering adsorption equilib-
rium and mass balances for single and multiple substrates
(pollution parameters) adsorbed on the formed aluminium
hydroxide flocs. The removal of colour from the dyestuff
solutions was satisfactory, whereas that of the real tex-
tile wastewater appeared to be less efficient. The higher
removal efficiency obtained for the single aqueous dye solu-
tions as compared with the real textile wastewater was
attributed to the complexity and higher organic carbon
content of the wastewater. The decrease in the removal effi-
ciencies with increasing pollution load was more additive
than synergistic.
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The performance of continuous electrocoagulation
employed for decolourization and COD removal from a syn-
thetically prepared textile wastewater (COD: 2500 mg/L;
initial dye concentration: 200 mg/L) using aluminium elec-
trodes was examined by Merzouk et al. [61]. In this
work, electrocoagulation was optimized in terms of key
operating conditions and parameters conductivity (1500—
5000 mg/L), influent pH (3-9) and inlet dye concentration
(25-200mg/L), as well as current density and hydraulic
residence time (Q: 25.2-78 L/h). The length of the elec-
trodes was maximized to reduce their height to enhance H,
bubble formation; this design was used to enhance mix-
ing in the first compartment, using both the liquid flow and
H, bubbles for this purpose. An increase in current density
from 20.83 to 62.5mA/cm? yielded an increase in colour
removal efficiency from 78% to 93%. The results showed
that the colour induced by a red disperse dye was effec-
tively removed by at least 85% when the pH ranged from
69, the hydraulic residence time was 14 min, the current
density was 31.25mA/cm? (I: 1.5 A) and the conductivity
was 2.4 mS/cm for an inter-electrode distance of 1 cm. As
the disperse dye concentration was increased from 25 to
100 mg/L, not only did the dye removal yield increase, but
also the final dye concentration in the effluents decreased
from about 11 to 4 mg/L. However, the adsorption capacity
of flocs became exhausted when the initial dye concen-
tration was increased further from 100 to 200mg/L. At
lower current densities, increasing the electric conductivity
of the wastewater had no notable effect on colour removal
efficiency, but at high current densities specific colour and
COD removal yields, as well as specific electrical energy
consumption, decreased appreciably. Two basic removal
mechanisms are generally considered to explain disperse
dye removal via electrocoagulation: (i) precipitation for pH
lower than 4; and (ii) adsorption for higher pH values (6-9).
Under these conditions, COD abatement was at least 80%,
indicating that colour and COD parameters were removed
in parallel.

The work of Cerqueira et al. [62] reports the viability
of the electrocoagulation process for COD, turbidity and
colour removal from a raw effluent originating from a par-
ticular textile industry related to hemp manufacture (COD:
11792553 mg/L; colour (absorbance): 0.503—0.842 cm™!;
conductivity: 2.204.61 mS/cm; pH: 9.9—11.6). Current
density, initial pH, electrolysis time, material of the elec-
trode (iron, aluminium, or iron—aluminium) and inter-
electrode distance were optimized, and thereafter the effects
of these parameters on specific electrical energy con-
sumption were studied under optimized electrocoagulation
conditions. The highest removal efficiencies were obtained
as 93% for colour, 99% for turbidity and 87% for COD
using aluminium electrodes, an initial pH of 5, a cell oper-
ation time of 30 min and a current density of 1.5 mA /cm?.
Higher colour removal efficiency was obtained when the
process was conducted with aluminium electrodes at an
initial pH of 5, probably due to the higher production of

solid Al(OH); becoming significant at this pH value. In the
case of iron electrodes, higher removal efficiencies were
obtained at an initial pH of 7, where higher production of
amorphous Fe(OH); occurs; this ferric hydroxide complex
may be responsible for the removal of the major part of
the impurities in the textile wastewater. A hybrid (Fe + Al)
electrode configuration was also developed with the pur-
pose of a simultaneous release of both iron and aluminium
ions into the solution, and to assess its effect on treatment
efficiencies. The system was constructed with eight plates,
four being Al and four Fe plates. The experiment was run
at an initial pH of 6, which is an intermediate value of pH
used for the iron and aluminium electrodes, that is, pH 5
and pH 7, respectively. With variation of the current density
from 2.5-12.5mA /cm? the highest removal efficiencies of
COD (56% and 55%), colour (81% and 88%) and turbidity
(96% and 97%) were obtained. As far as pollutant removal
is concerned, the results obtained with the hybrid electrode
are very promising. Under the studied treatment conditions,
electroflocculation of these effluents may constitute a viable
alternative for removal of COD, turbidity and colour.
Phalakornkule et al. [63] investigated the opera-
tion of a continuous upflow electrocoagulation reac-
tor for the removal of the azo dye Direct Red 23
(disodium 3-[(4-acetamidophenyl)azo]-4-hydroxy-7-[[[[5-
hydroxy-6-(phenylazo)-7-sulphonato-2-naphthyl] amino]
carbonyl] amino] naphthalene-2-sulphonate). A sample of
100 mg/L aqueous Direct Red 23 solution was treated at
an initial pH adjusted to 9.6 with NaOH and an electric
conductivity of 850-890 uS/cm with NaCl. Batch-mode
operation was employed first to optimize the process for
the parameters of electrode type, electrode distance, cur-
rent density and electrocoagulation time. Except at a current
density of 4 mA/cm?, electrocoagulation with aluminium
anode required at least Smin to achieve a removal effi-
ciency >80%, whereas during electrocoagulation with iron
electrodes colour removal efficiencies of >90% could be
achieved with a 2min treatment. Based on removal effi-
ciencies and energy consumption, optimum conditions were
found to be iron anode, an electrode distance of 8 mm and
a current density of 3mA/cm? at contact time of 5min.
The continuous upflow reactor performed satisfactorily,
resulting in 95% colour removal and energy consumption
in the order of 0.6-0.7kWh/m?>. This set of parameters
was further employed to treat real textile wastewater. The
initial COD of the textile wastewater ranged between
278736 mg/L. The colour removal efficiency was not
always satisfactory; from six samplings, four were satisfac-
tory (>80%), but two failed (<80%). Removal of colour
from the textile wastewater was more difficult than from
the synthetically prepared wastewater. On the other hand,
direct dyes have been generally reported to be more easily
removed by the electrocoagulation method than reactive
dyes, which are more polar and water soluble. Another
possible explanation was that the real textile wastewater
may have contained some chemicals which may inhibit the
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electrocoagulation mechanism. The electrical energy con-
sumption ranged from 0.2—0.9 kWh/m? for the real textile
effluent.

Essadki etal. [64] reported the performance ofa 1420 L
capacity external-loop airlift reactor being used as an
electrochemical cell to treat polluted water using batch
electrocoagulation without mechanical agitation, pumping
requirements or air injection. Mixing and complete flota-
tion of the pollutants were achieved using only the overall
liquid recirculation induced by hydrogen microbubbles gen-
erated by water electrolysis. A red dye mixture (2-naphthoic
acid and 2-naphtol) typically used in the Moroccan textile
industry was used to validate this novel application. The
conductivity of the dye solution was adjusted with NaCl
to the range 1.0-29 mS/cm. Colour removal was measured
as the absorbance at 450 nm (A4450). The specific electrical
energy consumption per kg dye removed and the specific
electrode consumption per kg dye were calculated. The
objective was to achieve A5y in the treated water lower
than 0.07 cm™!. This gave a condition on colour and turbid-
ity removal. In addition 80% COD removal was demanded,
to achieve the Moroccan limits for COD in textile wastew-
ater. It was shown that the axial position of the aluminium
electrodes and the residence time in the separator section
were the key parameters to achieve good mixing conditions,
to avoid bubbles/particles recirculation in the down-comer
and to prevent floc break-up/erosion by hydrodynamic
shear forces. The above-explained conditions corresponded
to an optimum liquid recirculation velocity that was corre-
lated to the applied electric current, electrode position and
dispersion height. The electrocoagulation time required for
80% COD and 80% colour removals was modelled as a
function of the applied current density. Similarly, specific
energy and electrode consumptions were correlated to cur-
rent, electrode gap and conductivity, which provided the
necessary tools for scale-up and process optimization. The
time required to achieve 80% colour and COD removals
did not follow first-order kinetics; the amount of pollution
removed was not proportional to the amount of aluminium
ions released by the electrodes. This may be due to the
complexity of dye removal; the dye is formed by two con-
stituents, the second being an oxidized form of the first.
Consequently, their affinity for flocculation may differ and
vary with current density. In addition, at a high current
density, other parallel reactions may be encountered at the
anode, such as the direct oxidation of one or both con-
stituents of the dye, but also oxygen formation at the anode,
which plays a negative role in electrocoagulation:

40H™ — 0O1(g) + 2H,0 + 2e~ (11

Conversely, high current density allows passivation of
the cathode to be reduced, but an increase in energy con-
sumption induces heating by the Joule effect. As a result,
too high current densities have generally to be avoided.
Operation time and removal efficiencies were similar to

those reported in conventional electrocoagulation cells, but
the specific energy and electrode consumptions were less
since there was no need for mechanical agitation, pump-
ing requirements and air injection, consumption efficiencies
which could not be achieved in other kinds of conventional
gas—liquid contactors.

Arslan-Alaton et al. [65] examined the treatability of
real reactive dyebath effluent (COD: 500mg/L; Auzs:
3.00cm™"; Asys: 5.50em™"; Agyo: 0.70 cm™'; conductiv-
ity: 27.6mS/cm; chloride: 7800 mg/L; total suspended
solids (TSS): 220 mg/L; pH: 11.2) comprising an exhausted
reactive dyebath and its sequential rinses with electroco-
agulation using aluminium (Al) and stainless steel (SS)
electrodes. The experimental study focused on the effect of
applied current density (22-87 mA/cm? at an initial opti-
mized pH of 5.5) on decolourization and COD removal rates
using Al and SS as electrode materials. Colour removal rates
could be fitted to first-order kinetics. Results indicated that
treatment efficiency was enhanced appreciably by increas-
ing the applied current density when Al electrodes were
used for electrocoagulation. No clear correlation existed
between current density and removal rates for electrocoag-
ulation with SS electrodes; the treatment efficiency could
only be improved when the applied current density was
in the range of 33-65mA/cm?. Electrocoagulation with
SS electrodes was superior in terms of decolourization
(99—100% colour removal obtained after 10—15 min elec-
trocoagulation at all studied current densities), whereas
electrocoagulation with Al electrodes was more beneficial
for COD removal in terms of electrical energy consump-
tion (5 kWh/m? wastewater for electrocoagulation with Al
electrodes instead of 9kWh/m? wastewater for electroco-
agulation with SS electrodes). Regarding colour removal
mechanisms for electrocoagulation with Al and SS elec-
trodes, the following conclusions could be drawn from this
work: Al electrodes cannot act as reducing agents since
they enter the solution only in the ‘+III’ valence state.
In contrast, SS (or Fe) anodes cause ferrous iron release
that may act as the reducing agent for azo dyes when all
dissolved oxygen in the reaction medium is consumed.
Moreover, it has been postulated that the reduction poten-
tials and dissolved oxygen concentrations are appreciably
lower during electrocoagulation with steel electrodes than
those measured for Al electrodes, providing evidence that
conditions are more favourable for reduction reactions when
steel electrodes are employed. The observed colour and
COD abatement profiles clearly revealed that electrocoag-
ulation involving SS (or Fe electrodes) is a two-stage redox
process, and hence proceeds more slowly than electroco-
agulation with Al electrodes, due to the following anodic
reactions taking place sequentially:

2Fe(s) — 2Fe’*(aq) + 4e~ (12)
2Fe’*(aq) + 5H,0 + 1/20, — 2Fe(OH);(s) + 4H*
(13)
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Unlike most chemical and biological treatment pro-
cesses, no increase in electrical conductivity (salinity) was
observed, which is clearly attributable to the removal mech-
anism of electrocoagulation. In this study, bicarbonate and
carbonate ions may have been removed by the same reaction
mechanisms so that the overall electrical conductivity did
not change significantly after applying electrocoagulation.
Similar amounts of iron or aluminium hydroxide sludges
(range: 5000—-6000 mg/L) were formed after treatment with
Al and SS electrodes.

Zaroual et al. [66] studied electrocoagulation with iron
electrodes to treat real textile wastewater (COD: 485 mg/L;
BODs; 80 mg/L; chloride: 27,069 mg/L; Ago: 0.663 cm™!;
Asys: 0.415ecm™"; Agze: 0.286 cm™!; pH: 10.6) in a batch
reactor. The effects of the operating parameters electroco-
agulation time (2—8 min) and electrolysis potential (300—
700 mV) on decolourization and COD removal efficiency
were investigated. The findings indicated that 100% colour
accompanied with 84% COD removal could be achieved
after a 3min treatment at a potential of 600 mV. The
effluent quality of the wastewater by far exceeded the
discharge criteria. In addition, the removal mechanism
could be explained by employing zeta potential mea-
surement. Zeta potential measurements demonstrated that
Fe(OH), is probably responsible for the electrocoagulation
process.

Daneshvar et al. [67] investigated the decolourization
of the azo dye Orange II (Acid Orange 7) by direct cur-
rent electrocoagulation. The effects of initial pH, stirring
rate, dye concentration, electrode distance, current den-
sity and temperature were tested. The experimental results
revealed that the colour of the dye solution was effectively
removed (>98%) accompanied by a significant COD reduc-
tion (>84%) when iron was used as the sacrificial anode and
the concentration of Orange II was lower than 200 mg/L.
The optimum current density was found as 3.5 mA/cm?
with an optimal initial pH of around 8. After 20 min of
treatment, adsorbed dyes desorbed into the solution, and
consequently the removal efficiency decreased. The ease
of desorption may be the reason for the physical adsorption
mechanism. A temperature raise to 30°C caused an increase
in dye removal efficiency which could be explained by the
increase of mobility and collision of ions with hydroxyl
polymers. On the other hand, at higher temperatures the
removal efficiency decreased because of the formation of
unsuitable flocs and/or the increase of solubility of formed
precipitates. Pollutants desorbed from the ferric hydroxide
sludge were separated and their structures were identified
in order to propose a removal mechanism for Orange II
electrocoagulation. Ultraviolet, Fourier Transform Infrared
spectrometry and nuclear magnetic resonance analyses indi-
cated that one of the compounds was sulphanilic acid
and the other was Orange II. It could be concluded that
Orange II was reduced and cleaved into 1-amino-2-naphtol
and sulphanilic acid salt. The 1-amino 2-naphtol was not
extractable.

Overall, several mechanisms have been proposed for
colour removal during electrocoagulation. It may involve,
besides adsorption, complexation with the metal hydroxide,
forming ionic bonds. Colour removal can also take place if
reaction conditions (dissolved oxygen concentrations) are
suitable to allow reduction processes to occur simultane-
ously with iron oxidation in the solution bulk (Fe?* to Fe*™*).
Further studies are necessary in order to increase the reliabil-
ity of the electrocoagulation technique for decolourization
of real textile wastewater.

2.2. Organic matter

The mechanism of electrocoagulation for wastewater treat-
ment is known to be very complex. It has been postulated
that organic matter (COD, TOC) removal may involve elec-
trochemical oxidation, adsorption by electrostatic attraction
and physical entrapment. Textile industry wastewater is
known to contain a variety of complex organics including
pigments, dyestuffs, surfactants, sequestering agents, wet-
ting agents and carboxylic acids that impart the effluent
a medium-to-high strength organic carbon load. More-
over, the biodegradability of these compounds is relatively
poor, creating problems in conventional activated sludge
systems.

Arslan-Alaton et al. [68] examined the treatability of
simulated reactive dyebath effluent (COD: 300 mg/L; chlo-
ride: 12,955mg Cl~/L; alkalinity: 12,955 mg CaCO;3/L;
Ayze = 0.532 cmfl, Asps = 0.693 cm~ ! and Ao =
0.808 cm™!; pH: 11.23) employing electrocoagulation with
Al and SS electrodes. Optimization of critical operation
parameters such as initial pH (3—11), applied current den-
sity (22-87mA/cm?) and electrolyte type (either NaCl
or Na,SO,4) improved the overall treatment efficiencies,
resulting in effective decolourization (99% using SS elec-
trodes after 60 min, 95% using Al electrodes after 90 min
electrocoagulation) and COD abatement (93% with SS elec-
trodes after 60 min, 86% with Al electrodes after 90 min).
Optimum electrocoagulation conditions were established
as follows: an initial pH of 5 and an applied current den-
sity of 22 mA /cm? for both electrode materials. An applied
current density value of 22mA/cm? was already suffi-
cient to achieve the desired treatment goals. COD and
colour-removal efficiencies also depended on the elec-
trolyte type. Formation of AOX associated with the use
of NaCl as the electrolyte during electrocoagulation was
also detected. A dramatic retardation of colour and COD
removal rates was observed when Na,SO4 was used as
the electrolyte instead of NaCl. This could be attributed
to the passivating effect of sulphate ions hindering effec-
tive anodic dissolution of the electrode materials. On the
other hand, it should also be pointed out that the higher
COD and colour removals recorded while using NaCl as
the electrolyte material were at least partially a conse-
quence of hypochlorous acid formation, which contributed
to oxidation of dyebath ingredients at pH values below
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11, in addition to COD and colour removals achieved via
co-precipitation with metallic sludge. An economical eval-
uation was also carried out within the frame of the study; for
a COD removal efficiency of 83-84%, 1.8 and 3.6 kWh/m?
electrical energy were consumed when Al and SS elec-
trodes were employed, respectively. These electrical energy
requirements are appreciably lower than those reported
for degradation of recalcitrant pollutants with advanced
oxidation processes.

Ozonation has often been applied to industrial wastew-
ater prior to biological treatment in order to enhance its
biodegradability by destroying — or at least converting —
recalcitrant organic pollutants to less toxic and/or degrad-
able oxidation intermediates. It has been reported that an
increase in the BOD5/COD ratio refers to an enhancement
in the biodegradability of a wastewater, and this positive
impact has often been reported for ozonation applications.
However, studies where real industrial wastewater has been
treated by ozonation alone did not achieve high levels of
pollutant removal. In a study conducted by Hernandez-
Ortega et al. [69] it was demonstrated that the final quality
of real industrial wastewater could be improved signif-
icantly when the existing biological treatment process
was enhanced with electrocoagulation and ozonation pre-
treatments. The wastewater (COD: 2142 mg/L; colour:
8440 Pt-Co; turbidity: 400 NTU) used in this study orig-
inated from an industrial complex of 140 large factories.
The combined electrocoagulation and ozonation process
was found to be a suitable pre-treatment option for tradi-
tional biological processes, and a very useful combination
to treat the effluent parameter values down to the required
environmental standards set for discharge into municipal
wastewater treatment works (sewers). The combined treat-
ment systems were able to decrease the colour and the
turbidity of the wastewater by more than 90% and the
COD by more than 60%. The COD removal mechanism
by electrocoagulation was explained by sweep coagula-
tion. A significant increase in the COD removal rate was
obtained with iron in the solution, improving the effi-
ciency by 20% (0.120 mg COD/mg O3 without iron versus
0.144 mg COD/mg O; with iron). This synergistic effect
supports the use of this technology as a complement to
the electrocoagulation process. This was also verified by
the BODs/COD relationship: it was observed that the
biodegradability of the wastewater, originally around 0.07,
increased considerably by the coupled electrocoagulation +
ozonation process for ultimate treatment with the biologi-
cal system. With ozonation it was possible to reduce the
pollutant load of the wastewater, but results obtained with
stand-alone ozonation were relatively poor as compared
with electrocoagulation. None of the stand-alone treatment
methods appeared to be efficient in textile wastewater treat-
ment, emphasizing the requirement for combined treatment
systems.

The electrocoagulation method offers several advan-
tages over traditional chemical treatment processes in that

less coagulant ion is required. Can et al. [70] studied the
effect of preliminary chemical coagulant (polyaluminium
chloride or alum) addition on COD removal from tex-
tile wastewater (COD: 3422 mg/L; TOC: 900 mg/L; TSS:
1112mg/L; conductivity: 3.99mS/cm; turbidity: 5700
NTU; pH: 6.95) by employing electrocoagulation in batch
mode (treated volume: 250 mL) with aluminium electrodes.
The two coagulants exhibited the same performance, but
in the combined electrocoagulation, polyaluminium chlo-
ride was found to significantly enhance the COD removal
rate and efficiency, depending on the amount of the total
aluminium supplied by initial addition and in situ elec-
trochemical generation. The highest COD removals were
obtained during electrocoagulation at slightly acidic pH
(5.5), resulting in 60—65% COD removal (the final pH
was 7.8). Addition of aluminium salt to the wastewa-
ter shifted the initial pH towards more acidic and sta-
bilized the solution pH during electrolysis, depending
upon the amount of aluminium salt but not its type. A
comparative operation cost analysis was also provided,
and it was found that for the same operation cost per
mass of COD removed, the combined electrocoagulation
performance was 80% in contrast to electrocoagulation,
which was limited to only 23% for an operation time
of Smin for an addition of 800mg/L polyaluminium
chloride.

Kobya et al. [71] demonstrated that the use of iron
and aluminium as sacrificial electrode materials in the
treatment of textile wastewater (COD: 3422 mg/L; TOC:
900 mg/L; TSS: 1112mg/L; conductivity: 3.99 mS/cm;
turbidity: 5700 NTU; pH: 6.95) by electrocoagulation was
strongly pH dependent. According to their findings, in a
slightly acidic medium (pH around 5—6) COD and turbidity
removal efficiencies for aluminium were higher than those
for iron, while in neutral and alkaline medium (7-9) iron
was the preferable electrode material. High conductivity
favours high process performances. On the other hand, for
the same turbidity and COD removal efficiencies, electro-
coagulation with iron electrodes required a current density
of 8-10 mA /cm?, while for aluminium electrodes a current
density of 15mA/cm? had to be applied for an operation
time of 10min. The experiments delineated that opera-
tion time and current density exhibited similar effects on
the process performances, electrical energy and electrode
consumption values. Finally, the energy consumption cal-
culated in kWh per kg COD removed was found to be lower
for iron electrodes, while the electrode consumption per kg
COD removed was generally lower with aluminium. It is
obvious that these two important operation costs (electri-
cal energy and electrode material) will affect the decision
about the type of sacrificial electrode material for given
wastewater characteristics. Ultimately the COD, colour and
turbidity (TSS) removal levels required by environmen-
tal consents for industrial process effluents may determine
whether electrocoagulation should be applied to remove the
target pollutants.
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2.3. Toxicity

It is expected that after application of electrocoagulation
using iron or aluminium electrodes and NaCl as the elec-
trolyte, residual iron and aluminium as well as chlorinated
organics will be present in the treated reaction solution. As
a consequence, toxicity assessment of the effluents being
subjected to electrocoagulation is an important task. How-
ever, only few case studies exist where the toxicity of
the treated dyehouse effluent has been reported. Palacio
et al. [72] studied the electrocoagulation with iron elec-
trodes of a textile dyeing wastewater (COD: 1640 mg/L;
sulphate: 2680 mg/L; NH3-N: 1.3 mg/L; Org-N: 4.6 mg/L;
CI7: 3850 mg/L; turbidity: 310 NTU; pH: 12.5) containing
the commercial fibre direct dyes Solophenyl Orange TGL,
Solophenyl Blue 71, Solophenyl Scarlet BNLE, Solophenyl
Yellow ARL, Solophenyl Black FR and Navy Blue 98.
From their respective stock solutions, a mixture of dye-
ing standards was also prepared, resulting in a final dyeing
concentration of 8.33 mg/L, and then a sufficient amount
of NaCl was added in order to reach the same conductiv-
ity value (16.88 mS/cm) of the dyehouse effluent samples
for electrocoagulation measurements. The treatment sys-
tem was optimized by the application of a 3° full factorial
experimental design. The process response was evaluated
on the basis of COD and colour removals. Analysis of vari-
ance (ANOVA) indicated that the variables treatment time
and current density were statistically significant parame-
ters for COD and colour removals. For a current density
of 14.3 mA /cm? and an initial pH of 7, after 15 min treat-
ment, 92%, 62% and 41% removals were achieved for
turbidity, COD and TOC parameters, respectively. For the
sulphate parameter, 75% removal was reached in the first
5 min. Moreover, complete decolourization was achieved
above 30 min electrocoagulation. Acute toxicity was exam-
ined with lettuce seeds (Lactuca sativa) and brine shrimps
(Artemia salina). The lowest toxicity levels were achieved
after 5Smin electrocoagulation, and extending the treat-
ment time to 30 min did not decrease the high toxicity
level, suggesting that this electrochemical process could
only be used as part of a complete effluent treatment
system.

2.4. Other pollution parameters

Zongo et al. [73] carried out electrocoagulation of two
textile industry wastewaters (WWy; COD: 1790 mg/L;
turbidity: 115NTU; conductivity: 2.8 mS/cm; pH: 7;
WW,: COD: 1240 mg/L; turbidity: 110 NTU; conductiv-
ity: 2.4mS/cm; pH: 9) in a batch system provided with
aluminium or iron electrodes as well as liquid recirculation.
The system was examined on the basis of COD, turbid-
ity and colour (A436) removals. The two electrode metals
were found to be of comparable efficiency. The applied cur-
rent density was varied in the range of 520 mA /cm?. The
results could be interpreted by a simple model involving the

overall equilibrium between the metal ion dissolved in the
form of hydroxides and the removed pollutant. Turbidity
and absorbance at 436 nm could be totally removed, while
COD abatement ranged from 74—88% for the two effluent
types, respectively. Abatement of the turbidity parameter
was observed to obey another kinetic, with a sharp reduc-
tion after a preliminary phase, while electrocoagulation
accumulation of metal hydroxide has no effect on this vari-
able. Taking into account the stoichiometry of the metal
dissolution, the molecular weight of these metals and the
current efficiency of metal dissolution, the energy consump-
tion for the treatment of 1000 mg/L COD was estimated at
1.75kWh/m? with iron electrodes and 1.53 kWh/m? with
aluminium electrodes. These values could be reduced by
30% with a two-fold increase in the effluent conductiv-
ity; the addition of NaCl at 1000 mg/L would allow such a
reduction in the electric energy consumption.

When electrocoagulation is considered as a treatment
application, the costs of aluminium and iron sludge manage-
ment should be taken into account. Hence, sludge volume
and settlability are critical parameters that need to be min-
imized to reduce sludge management costs. Zodi et al.
[74] dealt with the treatment of textile wastewater (COD:
3260 mg/L; turbidity: 310 NTU; conductivity: 1.9 mS/cm;
TSS 1700 mg/L; pH: 7) by electrocoagulation with empha-
sis on the subsequent sludge settling process. The influence
of electrode material, current density, pH, treatment period
on sludge settling characteristics was investigated in detail.
The textile wastewater under study had a high suspended
solids and turbidity together with a fair COD. The initial
pH and conductivity (NaCl concentration) of the reaction
solutions were adjusted before electrocoagulation. The cur-
rent density was supplied in the range of 520 mA /cm?.
The electric current was kept constant for each run. The
reaction solution was stirred at 200 rpm and continuously
circulated in the flow circuit by means of a peristaltic
pump at 50 mL/min. The total duration of the electroly-
sis was 60 min unless stated otherwise. Iron or aluminium
electrodes were used for electrocoagulation, with various
conditions of initial pH ranging from 3-9, current den-
sity and electrolysis time. The proposed treatment process
consisted of a sequential electrocoagulation + settling sys-
tem. Sludge settling velocity after electrocoagulation was
measured depending on the operating conditions and used
to compare the efficiency of various empirical models for
estimation of sludge settling velocity. Finally, the sludge
aptitude to settling was studied in terms of SVI to determine
the most suitable operating conditions. For electrocoagula-
tion with iron electrodes, more rapid settling was observed
than with aluminium electrodes. The interface velocity
was determined as 4.00, 3.75, 3.15 and 3.85cm/min at
5, 10, 15 and 20mA /cm?, respectively. For the effluent
treated with aluminium electrodes at an initial pH of 9,
the solid/liquid interface descended with an initial veloc-
ity of 2.15 cm/min, whereas for the initial pH values of 3,
5, 6 and 7, the initial velocity was determined as 0.53, 0.55,
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0.74 and 2.05 cm/min, respectively. In addition, the sedi-
ment height for electrocoagulation conducted at an initial
pH of 9 was lower. The settling velocity after electroco-
agulation with iron electrodes was found as 1.90, 2.80,
3.20, 3.75 and 3.13 cm/min for the pH values of 3, 5, 6,
7 and 9, respectively. With aluminium electrodes, SVI var-
ied with the applied current density and the lowest value of
125 mL/g was obtained at 10 mA /cm?, whereas the highest
SVI was found as 215mL/g for 15mA/cm?. The treat-
ment was more efficient with iron electrodes with regards
to obtained SVI values, varying from 61 mL/g at 5 mA /cm?
down to 52 mL/g at20 mA /cm?. SVI values decreased with
increasing pH reaching a minimum level at alkaline pH,
attaining 73 and 61 mL/g with aluminium and iron elec-
trodes, respectively. In accordance with the performance
observed in terms of settling velocity, suspended solids
and turbidity abatements, electrocoagulation with iron elec-
trodes seems to be more efficient for the treatment of textile
wastewaters. The results presented probably depend on the
dimensions of the settling chamber.

2.5. Economic analysis

As with other treatment processes, electrocoagulation
requires comprehensive study discerning the effects of
continuous variables such as pH, current density and elec-
trolysis time as well as electrode material, electrode distance
and connection mode. In some studies devoted to electro-
coagulation applications, special emphasis has been placed
on electrical energy and operating costs (i.e. costs of elec-
trode materials, electricity, electrode replacement, chemi-
cals used for pH and electric conductivity adjustment). Due
to the fact that among the prevailing chemical treatment pro-
cesses electrocoagulation appears to be the most promising
in terms of full-scale implementation potential, attention
has been paid to the economic issues of the application of
electrocoagulation.

Essadki et al. [64] used an external-loop airlift reactor
to carry out batch electrocoagulation experiments without
mechanical agitation, pumping requirements or air injec-
tion. Mixing and complete flotation of the pollutants were
achieved using only the overall liquid recirculation induced
by the hydrogen gas bubbles produced in situ. A red dye
from the Moroccan textile industry was used to assess
the performance of the airlift reactor. Results showed that
best treatment conditions corresponded to an optimum lig-
uid overall recirculation velocity that was correlated to
current, electrode position and dispersion height. Colour
(80%) and COD (80%) removal efficiencies, specific energy
requirements and electrode consumptions were correlated
to current, electrode gap and conductivity, which provided
the major tools for scale-up and process optimization. Oper-
ation time and removal efficiencies were similar to those
reported in conventional electrocoagulation cells, but spe-
cific energy and electrode consumptions were smaller than
those experienced with conventional gas—liquid contacting

devices. For the application studied in this work, four key
points were established: (i) from the economic point of
view that accounts both for specific energy and electrode
consumption, the optimal conditions correspond to a low
current (1 A) and a high operation time (36 min); (ii) on the
other hand, considering capital /investment costs, the size of
the equipment and hence the operation time should be lim-
ited by increasing the current density; (iii) considering the
full-scale implementation procedure, it is preferable to oper-
ate at medium current densities 15 mA/cm? (about 2 A) to
avoid unnecessary AI(OH); sludge formation in the treated
effluent; (iv) it is important to avoid extreme current density
(more than 30 mA /cm?) due to the sludge-formation issue
addressed above, as well as to optimize specific removal
efficiencies and minimize operation costs.

Specific electrical energy consumptions for COD and
colour removals (15-20kWh/kg COD and dye, respec-
tively) decreased considerably with increasing conductiv-
ity. However, high chloride content usually exceeded the
maximum acceptable concentration in receiving waters des-
tined for reuse. A conductivity of 5 mS/cm seems to be a
reasonable compromise because it offers a moderate value
of electrical energy consumption by the Joule effect, while
preventing a rapid degradation of the electrode surface
(corrosion pitting).

Kobya et al. [75] conducted a detailed techno-economic
evaluation for electrocoagulation of a textile industry
wastewater (COD: 2031 mg/L; TSS: 102 mg/L; conduc-
tivity: 2.31 mS/cm; turbidity: 671 NTU; pH: 8.88) using
aluminium and iron electrodes connected in three modes,
namely monopolar-parallel (1), monopolar-serial (2) and
bipolar-serial (3). Different cost items including electrical,
sacrificial electrodes, labour, sludge handling, maintenance
and depreciation costs have been considered in the calcu-
lation of the total operating cost. Results indicated that the
monopolar-parallel mode was more cost effective for both
electrode types. Although both electrode materials show
similar results in terms of COD and turbidity removals, Fe
should be preferred as it is a low-cost material. It was also
evident that electrocoagulation was fast and efficient, ren-
dering it an economically attractive process. As compared
with chemical coagulation, electrocoagulation consumed
fewer chemicals and produced less sludge, and the efflu-
ent pH was more stable. The lowest energy consumption
was calculated as 0.63 kWh/m? for iron and 0.70 kWh/m?
for aluminium for the monopolar-parallel electrode connec-
tion. Sludge production varied between 0.65-1.00 kg/m?
for iron and 0.90-1.30 kg/m? for aluminium electrodes.
Electrocoagulation of textile wastewater using iron elec-
trodes under the experimental conditions pH 7, 3 mA /cm?
and 15 min electrocoagulation resulted in a treatment cost
of 0.245USD/m> wastewater.

Bayramoglu et al. [76] examined economic perfor-
mance for the electrocoagulation of a textile effluent (COD:
2031 mg/L; TSS: 102mg/L; conductivity: 2.31 mS/cm,;
turbidity: 671 NTU; pH: 8.88) from a plant producing
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wastewater at a rate of 1000 m3/d. Aluminium and iron elec-
trode materials were used as sacrificial electrodes in parallel
and serial connection modes. An initial pH of 7 for iron elec-
trodes and an initial pH of 5 for aluminium electrodes were
found to be the most suitable in terms of COD and turbid-
ity removals, respectively. Increasing the applied current
density from 3 to 6mA/cm? did not increase the energy
requirements and associated operating costs considerably
when monopolar-parallel electrode connections were used.

Bayramoglu et al. [77] studied the effects of various
parameters such as electric conductivity and pH, cur-
rent density and operating time on the operating cost for
electrocoagulation of a textile industry effluent (COD:
3420 mg/L; TOC: 900 mg/L; TSS: 1112mg/L; conduc-
tivity: 3.88 mS/cm; turbidity: 5700 NTU; pH: 6.95) with
aluminium and iron electrode materials, separately. The
preliminary analysis of the total operating cost included
material (electrodes) cost, electrical energy cost as well as
well as labour, maintenance and other fixed costs. The latter
costs items are largely independent of the type of the elec-
trode material. Thus energy and electrode material costs
were taken into account as major cost items in the present
work as kWh per kg of COD removed:

Total operation cost = Operation cost + Cenergy

+ Celectrode (1 4)

where Cenergy and Celectrode, ar€ consumption quantities per
kg of COD removed, which were obtained experimentally
in this work.

Cost calculations showed that in the case of iron
electrodes, the operational cost was approximately
0.10 USD/kg COD removed, and for aluminium electrodes
it was calculated as 0.3 USD/kg COD removed. Electrode
consumption cost accounted nearly 50% of the total cost for
iron and 80% of the total cost for aluminium. The electro-
coagulation process also comprised additional and different
equipment than an electrolysis unit. A detailed economic
and technical analysis of the entire process is necessary for
more exact comparison of the electrode materials.

3. Leather tanning industry

Electrocoagulation for the treatment of leather tanning
industry wastewaters has recently attracted great attention.
This process, utilizing aluminium, iron and steel electrodes,
has proven very effective in removing organic matter as well
as some specific inorganic pollutants such as sulphide, triva-
lent chromium, oil and grease, and ammonia from leather
tanning industry effluents. The high chloride content of the
wastewaters (2000-8000 mg/L), originating from soaking
and washing of salted hides and sheepskins, offers an inher-
ent advantage for treating leather tanning industry effluents
with electrocoagulation, since the presence of high amount
of chloride leads to a decrease in energy consumption for
the process owing to the increase in conductivity. Moreover,

high concentration of chloride induces in situ electrochem-
ical generation of the chlorine/hypochlorite couple acting
as oxidants [20,78,79].

3.1. Organic matter, colour and turbidity

Two mechanisms involved in the abatement of organic
matters in terms of COD and TOC via electrocoagulation
are of importance for the leather tanning industry efflu-
ents [78,80]. The first mechanism is the removal of organic
matters by indirect oxidation, apparently through chlorine
species formed from chloride ions. The second mechanism
with a role in the removal of organic matter, particularly
in the colloidal form, is adsorption/entrapment on freshly
produced metal hydroxide flocs. This mechanism is also
responsible for the removal of the suspended solids cor-
responding to turbidity from the leather tanning industry
effluents [80]. Therefore, it has been commonly inferred that
increasing the amount of metal hydroxide flocs results in an
improvement in the removal of organic matter and turbidity.
Current density or cell current plays a determining role on
the floc formation rate and on the rate and size of the bub-
ble production. At higher cell current or current density, the
larger amount of metal dissolution from sacrificial anode
accelerates, and brings about a greater amount of metal
hydroxide flocs for the removal of pollutants [78]. Further-
more, bubble density increases and bubble size diminishes
with elevating cell current or current density, resulting in
faster removal of pollutants. Hence, a number of laboratory-
scale studies have been carried out to reveal the influence
of this key process variable on organic matter, colour and
turbidity removal performance.

Studies performed to determine the effect of cell cur-
rent on organic matter removal from raw leather tanning
industry effluents by electrocoagulation using either iron
or aluminium electrodes in plate form have revealed that
COD removal as well as TOC abatement were enhanced
with elevating cell current due to acceleration of the rate of
formation of metal hydroxide flocs [78,80,81]. In these stud-
ies, combined leather tanning industry effluents with COD
concentrations ranging between 2000-8000 mg/L under-
went an electrocoagulation process performed at low cell
currents, and up to 90% COD removals were achieved
[78,80,81]. On the other hand, Sengil and co-workers [82]
have reported that there was an optimum current density
value (35 mA /cm?) yielding the highest COD removal effi-
ciency (82%) for the treatment of tannery liming drum
wastewater with electrocoagulation, since COD abatement
efficiency did not improve further when the current den-
sity was elevated from 35 to 70 mA /cm?. As their effluent
was more concentrated in terms of COD (25,300 mg/L) and
sulphide (3000 mg/L) than the combined leather tanning
industry effluents, elevated current densities were required
to attain satisfactory COD removal efficiencies. Taking into
account that the lowest current density applied in their study
was in the range of the low cell current employed for the
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treatment of combined leather tanning industry effluents, it
can be concluded that the increase in cell current or current
density up to an optimum value has a positive influence on
organic matter and turbidity abatement rates.

Anodic material plays a major role in electrocoagula-
tion process performance. Three types of anodic materials,
namely aluminium, steel and iron, have been commonly
employed to treat leather tanning industry effluents. Find-
ings indicate that the relative performance of the electrode
material is variable and depends on the target pollutant to be
removed. In a study by Benhadji and co-workers [80], elec-
trocoagulation was performed using an aluminium anode
and either an aluminium or steel cathode in plate form
to treat leather tanning industry effluent. Aluminium was
selected as an anode material because this material required
relatively less oxidation potential. In their study, the best
COD removal efficiencies as well as BODs and turbidity
abatement rates were obtained when the aluminium cathode
was used, and good performance of the aluminium elec-
trode as both anode and cathode was attributed to its low
hydrogen overvoltage during electrocoagulation. Results
from another comparative study indicated that electroco-
agulation with aluminium electrode pairs yielded better
effluent quality than electrocoagulation with aluminium and
iron electrodes used in different combinations as anode and
cathode, respectively, for the treatment of leather tanning
industry effluent [83]. Contrary to these findings, iron or
steel electrodes were found to be more effective in reducing
COD from leather tanning industry effluents in the work of
Sengil et al. [82]. In their study, the effectiveness of alu-
minium electrodes in removing colour and turbidity has
also been reported. Feng and co-workers [78] proposed
a two-stage electrocoagulation application as a pretreat-
ment step to treat leather tanning industry effluent, instead
of using a combination of anodic materials. In their trial,
sulphide removal was targeted together with COD, TOC
and ammonia abatements in the first-stage electrocoagu-
lation with mild steel sheets, and in the following stage
aluminium sheets were used to facilitate coagulation and
flotation. The best pollutant removal performances were
obtained by applying two-stage electrocoagulation. On the
other hand, data obtained by Espinoza-Quifiones et al. [84]
showed that electrocoagulation using aluminium electrodes
exhibited better organic matter removal performance than
that using iron electrodes, while iron electrodes were more
effective in removing some inorganic pollutants such as
chromium, calcium and zinc. It can be deduced from the
published data that the selection of the appropriate anodic
material with respect to the target pollutant is of great impor-
tance in order to achieve acceptable or satisfactory process
performance.

Electrolysis time or circulation flow rate is an impor-
tant operating parameter affecting pollutant removal per-
formance as well as operational and maintenance costs.
Electrolysis time is a function of process variables such
as current density and wastewater character [85]. As

mentioned earlier, current density governs the formation
rate of metal hydroxide flocs and the rate and size of H,
bubbles evolved [33]. Hence, the floc formation rate appre-
ciably accelerates by increasing either the current density or
electrolysis time. Considering that adsorption/entrapment
on freshly produced metal hydroxide flocs is a dominant
removal mechanism for organic matter from leather tan-
ning industry effluents, organic matter removal efficiency
improves with increasing current density or extending
electrolysis time providing that the electrocoagulator is
designed properly and other process variables, such as ini-
tial pH etc., are selected correctly. On the other hand, in the
relevant literature it is clearly evident that the organic matter
abatement rate is very fast for the first 10-30 min of electro-
coagulation applications [78,80,82—84,86]. Therefore, an
electrolysis time interval varying between 10 and 30 min,
corresponding to low energy consumption, has been recom-
mended as an optimum time period to achieve satisfactory
pollutant removal efficiencies. Similar to electrolysis time,
high circulating flow rates provide high organic matter
removal efficiencies, since they can promote either turbu-
lent flow or collision between active species and pollutant
molecules [81].

As mentioned earlier, initial pH is important process
variable influencing process performance. Therefore, the
effect of this process variable on the organic matter removal
from leather tanning industry effluents has been sought in
some scientific works. The results have revealed that an
initial pH in the range of 6.5-9.0 provided practically the
same level of organic matter removal efficiencies for both
iron and aluminium electrodes [81,84,86]. Hence, it can be
concluded that the effect of initial pH on the organic matter
removal efficiency is not significant within the pH range of
6.5-9.0.

In the electrocoagulation process, COD or TOC removal
efficiency is closely related to initial organic matter con-
centration. The study results of Gilpavas and co-workers
[83] indicated that both COD and TOC abatement rates
were highly dependent on their initial concentrations, and
anincrease in the initial organic matter concentration caused
a deceleration in both COD and TOC abatements.

Reaction kinetics for removal of organic matter, sul-
phide and oil-grease from source-based liming effluent by
an electrocoagulation process operated in batch mode were
expressed as pseudo-second-order kinetics [82]. Table 1
summarises the pseudo-second-order rate coefficients cal-
culated by Sengil et al. [82]. As can be seen from the table,
the regression coefficients are greater than 0.98, indicating
very good fitness in all pollutants.

3.2. Ammonia and nitrate

Since ammonia salts are the most common chemicals
used in the deliming process following the unhairing step,
leather tanning industry effluents contain high concentra-
tions of ammonium [87]. Two mechanisms are involved
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Table 1. Pseudo-second-order reaction rate coefficients [82].

kx 10° Electrocoagulation

(L/mg x min) R? operation conditions Electrode
2.5cop 0.991 J =17.85 mA/cmz; pH, = 3; ¢ = 10min Mild steel
4.254ulfide 0.987 J =7.85mA/cm?; pH, =3;¢t=10min  Mild steel
2.97 vil-grease 0996 J=785mA/ecm?; pH, =3;¢=10min  Mild steel

in ammonia removal from leather tanning industry efflu-
ent via electrocoagulation [78]. The first mechanism is the
volatilization of ammonia, taking place at the pH values
above 9.5. Therefore, ammonia elimination by this mecha-
nism is closely related to pH increases experienced during
the electrocoagulation process. When electrocoagulation is
commenced near neutral pH values, the solution pH con-
tinuously increases as a consequence of cathodic hydroxyl
formation and may reach alkaline pH values greater than
9.5, resulting in ammonia volatilization. Feng et al. pointed
out that the H, bubbles produced during electrocoagula-
tion helped the stripping of ammonia gas [78]. The second
mechanism is the decomposition of ammonia to nitrogen
gas by means of the chlorine/hypochlorite couple gener-
ated in situ [78]. The reactions responsible for the second
mechanism are analogous to those of break-point chlorina-
tion [78]. The data obtained by Feng et al. [78] indicated that
under the same electrocoagulation operation conditions,
both aluminium and mild steel electrodes yielded the same
level of ammonia removal efficiencies (around 30%). They
have also reported that ammonia elimination performance
could be improved by applying two-stage electrocoagu-
lation, which would provide an additional 13% ammonia
removal efficiency.

Nitrate is another nitrogen form originating from leather
tanning industry effluents [87]. The mechanism and effi-
ciency of electrochemical nitrate reduction depend on the
cathode material used in the electrocoagulation application.
Nitrate can be reduced by many metals such as magnesium,
iron, tin, aluminium, etc. [88,89]. Therefore, the main mech-
anism of nitrate removal by electrocoagulation/floatation
process with aluminium electrodes has been explained
based on the reduction of nitrate by powdered aluminium
[88,89]. According to this, aluminium oxidizes at the anode
that can decompose and reduce nitrate to nitrite from water.
Then, nitrite is converted to ammonia and nitrogen gas by
the following reactions [80,89]:

3NOj + 2Al + 3H,0 — 3NOj + 2AI(OH); (15)
NO; + 2Al + 5H,0 — NH; + 2A1(OH); + OH™ (16)
2NO; + 2Al + 4H,0 — N, + 2A1(OH); 4+ 20H™ (17)

The results of the study carried out by Emamjomeh
et al. [89] using synthetically prepared samples containing
nitrate indicated that (i) ammonia was the primary reaction
product (40—70%) for electrocoagulation/floatation process

using aluminium electrodes performed under different oper-
ation conditions; (ii) nitrate removal efficiency decreased
with increasing initial nitrate concentration; (iii) an increase
in initial pH in the range of pH 8-12 enhanced nitrate
removal efficiency; and (iv) an increase in current density
or an extension in electrolysis time significantly improved
nitrate removal performance. Similar conclusions were also
reached by Benhadji et al. [80] for nitrate removal from a
leather tanning industry effluent by electrocoagulation with
aluminium electrodes.

3.3. Sulphide

In the leather tanning industry, the unhairing process is com-
monly accomplished using sodium sulphide and lime in
order to eliminate the hair on the skin [87]. Hence, sul-
phide concentrations may reach several thousand mg/L in
the effluents originating from the beamhouse in leather tan-
ning facilities [90]. In combined leather tanning effluents,
sulphide concentrations vary in the range of 20278 mg/L
if the unhairing process is employed [91]. Henceforth, con-
trol of sulphide compounds is an important task in the
wastewater management of such leather tanning facilities.

When iron or steel electrodes are used in the electroco-
agulation process, the produced ferrous and ferric iron ions
may react with sulphide species in two different ways. Fer-
rous iron tends to precipitate with sulphide species to form
a variety of precipitants [92]. Ferric iron oxidizes sulphide
to either sulphite or sulphate while being reduced itself into
ferrous iron [92]. The reaction of ferrous iron with sulphide
can be simplified as follows:

Fe>™ + 8>~ — FeS(s) | (18)

Other possible reactions between ferrous iron and sul-
phide have been described by Wei and Osseo-Asare [93].
The precipitation reaction proceeds via formation of inter-
mediate species before precipitating FeS(s). The formation
of intermediate species is a rapid reaction and completes in
the first few minutes (Equation (18)). On the other hand,
the conversion rate of these intermediate species to FeS(s)
is slow (Equation (19)). These reactions can be presented
as follows [92,93]:

Fe’t +nHS™ — Fe(HS)>™ (19)
Fe(HS)2™ — FeS(s)} + HF + (n — DHS™  (20)
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In addition, one of the abovementioned intermediates
may involve in the precipitation of solid pyrite (FeS,) under
anaerobic conditions according to the following reactions
[92,94]:

FeS + H,S — Fe(HS), (21)
Fe(HS), — FeS,(s)| + Hy (22)

Under aerobic conditions, the following reactions have
been suggested for the pyrite precipitation [92,95]:

FeS + S° — FeS,(s)| (23)
Fe?* 4+ 2HS™ + 0.50, — FeS,(s) | +H,O0 + H' (24)

In the case of ferric iron, either ferric iron or insoluble ferric
hydroxide solid reacts with HS™ or H,S to form a variety
of species according to the following reactions [92,96]:

8Fe’t + HS™ + 4H,0 — 8Fe’* + 805~ + 9H"  (25)

2Fe’t + HS™ — 2Fe?™ + S°(s)| (26)

2Fe(OH);(s) 4 3H,S — 2FeS(s)| + S°(s) + 6H,0
(27

2Fe(OH);(s) 4+ 3H,S — Fe,S3(s)d (28)

It has been also suggested that more stable and insoluble
species, for example FeS, and greigite (Fe;S4), may be
produced via further transformation of Fe,S3(s) [92,96].

In the case of aluminium, the following reaction between
aluminium and sulphide takes place [78,97]:

2APT 43877 — ALS;(s)) (29)

As Al,S; is an unstable solid phase, it converts into sta-
ble Al(OH); and sulphide releases into the solution as a
consequence of this transformation [78].

Sulphide removal from combined leather tanning efflu-
ents and source-separated beamhouse effluents by elec-
trocoagulation using either aluminium, mild steel or iron
anodes has been investigated in a few studies [78,82,97].
The results of a study carried out using a combined leather
tanning industry effluent revealed that the initial elimina-
tion of sulphide (91.9%) was quite fast and realized within
Smin when mild steel anodes were used. In the study of
Feng et al. [78] mild steel anodes were found to be superior
to aluminium anodes, since less than 12% sulphide removal
was obtained by aluminium anodes at the end of 60 min
of electrolysis time and the initial pH of 7.85. This low
sulphide removal efficiency was attributed to the conver-
sion of Al,S;3 into AI(OH);. A similar conclusion has been
made by Sengil et al. [82], as aluminium and mild steel
anodes yielded around 20% and 60% sulphide removal effi-
ciencies, respectively, under the same electrocoagulation
operating conditions (J = 6.42mA/cm? and pH, = 3.0).
For sulphide removal from a tannery liming drum efflu-
ent, optimum electrocoagulation operating conditions were

determined as a current density of 35 mA/cm?, an electrol-
ysis time of 10 min and an initial pH of 3.0 in their exper-
imental study. Under optimum operation conditions, 90%
sulphide removal was achieved. It should be pointed out
that the initial pH of 3.0, determined as the optimum pH in
their study, may speed up the evolution and volatilization of
toxic H,S gas, causing serious health problems. In addition
to this, as the liming drum streams contain extremely high
amounts calcium resulting in a pH than higher 12, addition
of a large amount of acid is required to decrease the liquor
pH to 3.0. Presumably because of these disadvantages, elec-
trocoagulation applications were commenced at the original
pH (11.86) of a beamhouse effluent in the study of Muru-
gananthan et al. [97]. Compared with the experimental
data of Sengil et al. [82], initiating the electrocoagulation
process at an alkali pH value had a deleterious effect on sul-
phide removal efficiency. When iron anodes were used 73%
sulphide removal efficiency was obtained. Although the
effectiveness of iron anodes in removing sulphide has also
been reported in their study, sulphide removal efficiency
was only 4% higher than that of aluminium anodes (69%)
under the same electrocoagulation operating conditions
(J/ = 47mA/cm?, pH, = 11.86 and ¢ = 20 min).

It should be pointed out that, in the literature cited
here, the reaction liquor turns into a dark colour as a
result of insoluble FeS formation, and the sulphide con-
centration drops rapidly in the case of iron and mild steel
electrodes.

3.4. Trivalent chromium

When tanning and retanning processes are undertaken using
trivalent chromium salts, trivalent chromium-bearing efflu-
ents are generated from the leather tanning facilities [87].
Trivalent chromium concentrations vary in the range of
5-1329mg/L in combined leather tanning industry efflu-
ents [91]. Although chemical precipitation is a fully proven
trivalent chromium removal method when applied to com-
bined leather tanning industry wastewaters, electrocoagu-
lation using either aluminium or iron-based electrodes has
been recently nominated as a candidate technique for the
treatment of trivalent chromium-bearing wastewaters orig-
inating from the leather tanning industry due to its several
inherent advantages.

The main mechanism in the treatment of trivalent
chromium by electrocoagulation is hydroxide precipitation,
which occurs as a consequence of hydroxyl ion production
at the cathode. Hydroxide precipitation is based on the low
solubility of metal hydroxides at a specific pH value, termed
as optimum pH [98]. Solubility of a certain metal reaches
minimum at the optimum pH, which is a characteristic
value for each metal. Although the optimum pH of trivalent
chromium is 9.0, resulting in 0.007 mg/L chromium solu-
bility, chromium solubilities of less than 0.01 mg/L can be
obtained by hydroxide precipitation at a wide range of pH
values varying between 7.0 and 11.0 [98].
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Published data have disclosed that complete trivalent
chromium removal can be achieved by applying electro-
coagulation using either aluminium or iron-based anodes
[80,81,83,84,86]. As mentioned above, trivalent chromium
removal performance is closely related to the solution pH
reached through the electrocoagulation process. Hence,
researchers have focused on the effect of initial pH on triva-
lent chromium removal efficiency. The results demonstrated
that trivalent chromium removal efficiency did not depend
on initial pH, and almost complete trivalent chromium
removal could be attained when electrocoagulation was
commenced at initial pH values of 6.5-9.0. This indepen-
dence can be attributed to the low solubility of trivalent
chromium in the pH range of 7.0—11.0. On the other hand,
it has been reported that other electrocoagulation opera-
tional parameters, such as current density and electrolysis
time, affected trivalent chromium removal from leather tan-
ning industry effluents. An increase in current density or an
extension in electrolysis time improved trivalent chromium
removal efficiencies. Nevertheless, it has been pointed out
that an electrolysis time in the range of 1545 min would be
enough to attain cost-effective trivalent chromium removal
[80,81,84,86]. In addition, it has been reported that (i) the
removal rate was very low at low initial trivalent chromium
concentrations; (ii) at high initial trivalent chromium con-
centrations the removal efficiency decreased very quickly,
owing to electrode saturation as a result of the formation of
an oxide layer on the electrode surface; and (iii) higher triva-
lent chromium concentrations required a longer electrolysis
times to achieve the same removal efficiency [83].

Gilpavas and co-workers [83] have implemented a
response surface method in order to establish optimal elec-
trocoagulation operation conditions for maximum trivalent
chromium abatement from leather tanning industry efflu-
ent. By applying a quadratic regression model they obtained
the following equation to represent the percentage trivalent
removal efficiency (%R) as a function of the current den-
sity (J), the distance between electrodes (G) and the initial
chromium concentration (C,):

%R =109.4140.293 x J 42887 x C, —42.26 x G
—0.0024 x J —0.028 x J x C;, +0.016 x J x G

—10.98 x C2 +1.08 x C, x G+9.5 x G* (30)

The optimal operation conditions based on statistical anal-
ysis for trivalent chromium removal by electrocoagulation
process were determined by Gilpavas et al. as a current den-
sity of 57.87 mA /cm?, an electrode gap of 0.5 cm, an initial
trivalent chromium concentration of 3596 mg/L, and alu-
minium as the electrode material [83]. In another study, a
fractional factorial 2° experimental design was applied in
order to determine optimal values of the system variables
[84]. ANOVA for effluent trivalent chromium concentra-
tion has confirmed the model predicted by the experimental
design within a 95% confidence level.

3.5. Other pollutants

Electrocoagulation is also an effective technique in the treat-
ment of oil and grease-bearing wastewaters. The capability
of the process in the removal of oil and grease from several
industrial effluents has been well documented. Therefore,
the effectiveness of the process in the treatment of oil and
grease originating from the leather tanning industry has
been investigated in a few works [81,82]. The results indi-
cated that almost complete oil and grease removal could
be achieved by electrocoagulation operated under optimum
conditions. In these studies, the best oil and grease removal
performances were obtained when aluminium anodes were
used. Results revealed that (i) oil and grease removal effi-
ciency was not significantly affected by electrocoagulation
operating parameters such as the initial pH, the electroly-
sis time, the flow rate and the current density; and (ii) an
electrolysis time in the range of 5—10 min was enough to
achieve almost complete oil and grease removal.

3.6. Energy consumption

Table 2 outlines the energy consumptions that have been
reported for the treatment of leather tanning industry efflu-
ents by electrocoagulation. As seen from the table, there is
no correlation among the reported energy consumptions,
and energy consumption varies significantly depending
on electrocoagulation operating conditions and the target
pollutant to be treated.

4. Pulp and paper industry

The pulp and paper industry is water intensive, consuming
large volumes of water in the preparation of feed material

Table 2. Electrical energy consumptions (EEC) for the treatment of leather tanning industry

wastewater by electrocoagulation.

EEC Electrocoagulation

kWh/m? operation conditions Electrode [Ref]
0.13 J =22.4mA/cm?; pH, = 7 — 9; t = 20 min; general Aluminium [81]
5.768 J =35 rnA/cmz; pH, = 3; t = 10 min; for COD Mild steel [82]
0.524 J =35mA/cm?; pH, = 3; ¢ = 10 min; for S Mild steel [82]
15%x107%  J=3.5mA/cm?; pH, = 3; ¢t = 10 min; for oil and grease =~ Mild steel [82]

0.25 J=0.57 mA/cmz; pH, = 7.85; t = 20 min; for COD

Aluminium [78]
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and in the overall production process. The most significant
sources of pollution among various operation stages in pulp
and paper industry are wood debarking, pulping, pulp wash-
ing, pulp bleaching and papermaking processes. Pulp and
paper industry wastewaters are characterized by high levels
of organic matter (e.g. COD and TOC), suspended solids
and strong colour. The strong colour of the wastewater is
mainly attributed to the complex compounds derived from
polymerization between lignin-degraded products and tan-
nin during pulping/bleaching operations. Pulp and paper
industry wastewaters also contain various toxic chemicals
including organic substances (resin acids, tannins, phe-
nols, chlorinated organic compounds), heavy metals, alkali
and alkaline earth metals, and metalloids. Thus, the pres-
ence of strongly toxic species, or species that are difficult
to degrade, (e.g. lignin), not only affects the wastewater
COD levels but also renders their disposal very problem-
atic. The effects of pulp and paper industry wastewaters on
the environment are bacterial and algal slime growth, ther-
mal impacts, scum formation, colour problems and loss of
both biodiversity and aesthetic beauty [99]. The toxic pol-
lutants in pulp and paper industry wastewaters can cause
long-term toxic effects on animal life, such as respiratory
stress, toxicity, mutagenicity and genotoxicity.

Several authors have reported that current density has
significant influence on the efficiency of the electrocoag-
ulation process. This can be attributed to the fact that the
applied current density determines the coagulant and bub-
ble production rate, size and floc growth. In addition, it
has been demonstrated that bubble density increases and
size decreases with increasing current density, resulting in
a greater upwards flux and a faster removal of pollutants
and sludge flotation. It is also advisable to limit the applied
current density in order to avoid excessive oxygen evolu-
tion, as well as to eliminate other adverse effects such as
heat generation. Hence, researchers have focused on the
effects of current density on the treatment of pulp and paper
industry wastewaters by electrocoagulation. In these stud-
ies it has been reported that removal efficiencies in terms
of COD, BOD:s, turbidity and colour as well as phenol
content were increased with increasing current density to
an optimum value; however, further increase did not show
any significant improvement in treatment performance. In
the study of Zaied and Bellakhal [100] the highest cur-
rent (16.7mA /cm?) produced the quickest treatment, with
80% COD reduction occurring after only 30 min by using
aluminium electrodes. Khansorthong and Hunsom [101]
investigated colour and COD removal efficiencies at differ-
ent current densities in the range of 1.04-3.11 mA /cm? with
a fixed circulating flow rate of wastewater of 6.9 L/min by
iron plate electrodes. The initial wastewater pH, colour and
total COD values were 7.90, 1909 Pt-Co unit and 623 mg/L,
respectively. Colour reduction was very fast, with approxi-
mately 80% reduction within 15 min at all current densities,
and attained a constant level by 30 min. In their study, the
optimum current density chosen as 2.07 mA/cm? yielded

93.7% and 73.6% reductions in colour and total COD levels,
respectively, leaving remnant levels of colour (119 Pt-Co
units) and total COD (237 mg/L) in the treated wastewater.
Electrocoagulation was proposed as a suitable technology
to meet standards of water discharge and, even better, as a
treatment option for removal of turbidity by Terrazas et al.
[102]. In their work, electrocoagulation using aluminium
plate electrodes was evaluated in terms of turbidity removal,
and the effects of current density and cell voltage in the
overall process were discussed. The turbidity removal effi-
ciency showed a slight improvement as the current density
increased but, as expected, there was also an increase in
cell voltage and therefore energy consumption, which was
attributed to the decrease in conductivity. The highest tur-
bidity removal was achieved as 92% where the removal of
COD and BODs was not higher than 1322 mg/L (50%) and
1012 mg/L (60%), respectively. The results of Ugurlu et al.
[10] have also confirmed that the removal of lignin, phenol,
BODs and COD increased with increasing current intensity.
In experiments carried out at different current intensities,
higher removal levels were explained through a decrease in
intra-resistance of the solution and consequently an increase
in the transfer speed of organic species to electrodes. In
addition, it was observed that a range 0f 2.5-5 mA /cm? was
sufficient for the removal of the pollutants investigated.

Vepsilidinen et al. [103] studied the removal of dissolved
sulphide and phosphorus in pulp and paper industry wastew-
ater by electrocoagulation. According to their results, cur-
rent 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
(mA /cm?) targets of the treatment. However, high current
density increases the voltage and power consumption of
the system, and consequently the operating cost of the elec-
trocoagulation process. In their study, current density did
not show a significant effect on phosphorous removal rates
at 3.6mA/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?, and this was attributed
to a faster flotation and a shorter contact time between
pollutants and the coagulants produced.

The electrocoagulation process was proposed as a pre-
treatment step for pulp and paper industry wastewaters by
Soloman et al. [104]. In their study, the best operational con-
ditions giving maximum improvement in biodegradability
of the effluent were determined using response surface
methodology. Their study demonstrated that the biodegrad-
ability index was directly related to both electrolysis time
and current density. There was a decrease in the resulting
biodegradability index after treatment duration of 6.9 min
and current density of 11.29 mA/cm?. At the early stage
of treatment, long-chain organic matter such as lignin was
converted into lower molecular weight components that
did not considerably reduce COD but increased BODs,
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resulting in an increase in biodegradability. The effect
of current density on biodegradability index was also
explained as a result of the relative contribution of the oxi-
dation and coagulation mechanisms. At a higher current
density, the optimal time for maximum biodegradability
index was expected to be reached at the early stages of
electrocoagulation. In the investigation, the oxidation and
coagulation mechanisms started attacking the more eas-
ily degradable part at 11.29 mA /cm? when compared with
lower current density values, which may result in a decrease
in the biodegradability index.

The influence of electrode material on the treatment
of pulp and paper industry wastewaters has been exten-
sively studied. Aluminium and iron electrodes were used
as anode and cathode materials in these studies. Differ-
ent combinations of these materials were also tested and
the treatment performances of electrocoagulation processes
were evaluated. Both electrode materials as well as their
combinations were found to be effective in the treatment of
pulp and paper industry wastewaters by electrocoagulation.
However, the results indicated that aluminium electrodes
produce better treatment performance than iron electrodes.
Zaied and Bellakhal [100] found that both materials (alu-
minium and iron) showed similar efficiency in reducing
COD and polyphenol index. Nevertheless, with increasing
time, rates of COD and polyphenol removal obtained with
the aluminium electrode were slightly higher than those
achieved with iron electrodes. In addition, aluminium is
more effective than iron in removing colour. Similar obser-
vations were also made by Zodi et al. [105] for COD and
arsenic removal. In their study, the maximum COD removal
at 10 and 15 mA /em? were 47% and 68%, respectively, with
aluminium electrodes, and 32% and 41%, respectively, with
iron electrodes. In their study, more than 91.5% of arsenic
was removed with aluminium electrodes at 10 mA/cm?.
Arsenic removal efficiency reached 86% and 88% at 10
and 15 mA/cm?, respectively, when iron electrodes were
used. Treatment with iron and aluminium electrodes had
different kinetics in terms of turbidity removal [105]. In
fact, with iron electrodes, turbidity decreased rapidly dur-
ing the early stages of electrocoagulation; nevertheless, at
the end of the treatment, removal remained incomplete. In
contrast, with aluminium electrodes there was no turbid-
ity abatement during the early stages of electrocoagulation,
but in the later stages aluminium electrodes had higher
removal efficiency than that of iron electrodes. On the con-
trary, Parama Kalyani et al. [106] concluded that the COD
and colour removals were higher in the case of a mild steel
anode than the aluminium anode for the same operating
conditions. Katal and Pahlavanzadeh [107] recommended
effective electrode combinations for removal efficiencies in
treating pulp and paper industry wastewater in the follow-
ing order: (i) aluminium—aluminium electrode combination
for removing colour; (ii) iron—iron electrode combination
for removing COD and phenol; and (iii) aluminium—iron
or iron—aluminium electrode combination for removing

colour, COD and phenol at high efficiencies. Ugurlu et al.
[10] concluded that formation of the coagulate depends on
the structures of the contaminants, thus on the ability of
contaminant molecules to be adsorbed on hydrolysis prod-
ucts or flocs. In their study, it was observed that experiments
carried out at 12V, treatment time of 2 min and a current
intensity of 77.13 mA were sufficient for the removal of
lignin, phenol, BODs and COD with aluminium and iron
electrodes. The removal capacities of the process using an
aluminium electrode were 80% of lignin, 98% of phenol,
70% of BODs and 75% of COD after 7.5 min. By using iron
electrodes the removal capacities were found to be 92%,
93%, 80% and 55%, respectively.

Electrode material also plays a major role on the sludge
characteristics generated during the electrocoagulation pro-
cess. Sludge volume index (SVI) was used by Zodi et al.
[105] in order to characterize the settling characteristics of
electrocoagulation sludge generated by aluminium and iron
electrodes. The high SVI values obtained for aluminium
electrodes were due to the fact that the sludge formed was
light and fluffy, hence settleability was hindered. On the
contrary, SVI values obtained for the sludge formed by iron
electrodes was considerably lower than the sludge formed
by aluminium electrodes. This was attributed to the fact that
the sludge formed by iron electrodes was heavy enough to
produce a compact layer.

The effect of the electrode gap (electrode distance) on
the treatment performance of electrocoagulation has been
evaluated in some studies [102,108]. It was reported that
the treatment performance of the electrocoagulation process
decreased with gap increment. This effect was associated
with the process of flocculation, as the clots would be more
disperse and therefore floc formation would be retarded.
However, it was also reported that lower electrode gaps
resulted in inefficient removal of pollutants, as the close gap
between anode and cathode obstructed solid and fluid trans-
fer [108]. The results of the study carried out by Terrazas
et al. [102] showed that a separation gap of 1 cm produced
a faster build-up of sludge; however, it favoured better tur-
bidity removal and lower energy consumption than larger
separations gaps. The electrode gap should be considered
very carefully for reactor design, as it greatly impacts the
performance of the process.

Another important parameter is the retention time or
treatment (electrolysis) time of the wastewater in the reac-
tor. The literature has indicated that electrocoagulation
treatment performance increases by increasing the treat-
ment time, due to the acceleration effect of treatment time
on floc formation rate [10,100,106]. In the electrocoagula-
tion process, metal hydroxide flocs (Al(OH); or Fe(OH)3)
are generated in situ once the charge is applied, and the
generated flocs adsorb the organic molecules present in
the effluent, resulting in the removal of pollutants with
treatment time. It is also thought that increasing the treat-
ment time improves the efficiency of removal by inducing
faster aggregation of the hydrolysed products [10]. On the
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other hand for lignin removal, when an aluminium elec-
trode was used, initially a rapid increase was observed with
increasing treatment time; however, after a certain treatment
time period, the percentage of lignin removal remained
approximately constant [10].

Depending upon the degree of acid re-treatment and
bleaching of wood pulp, along with the local water pH for
washings, pulp and paper industry wastewater may range
in pH from acidic to mildly alkaline; these conditions will
potentially affect the electrocoagulation process [101]. All
reported experimental results have revealed that treatment
efficiency was very poor either at low (<2.0) or high pH
(>8.0) values, with the optimal pH at around 7.0 at which
higher phenol, colour, COD and BODs removal efficiencies
could be reached, by using either aluminium or iron elec-
trodes. [100,106—108]. It was concluded that at these pH
values freshly formed amorphous AI(OH); or Fe(OH); has
large surface areas, which are beneficial for fast adsorption
of soluble organic compounds and entrapping of colloidal
particles, and hence more reduction of phenol, colour, COD
and BOD:s. Further increasing the pH beyond 7.0 decreased
the reduction of phenol, colour, COD and BODs, mainly
due to the formation of AI(OH), or Fe(OH); which did
not contribute to the reduction of phenol, colour, COD and
BODs [106-108].

As previously noted, the electrocoagulation process
requires the presence of salts as supporting electrolytes to
increase solution conductivity. Solution conductivity affects
cell voltage, current efficiency and consumption of electri-
cal energy in electrolytic cells [109]. The effect of solution
conductivity on electrocoagulation performance for the
treatment of pulp and paper industry wastewaters has been
investigated in a number of studies. In these studies, NaCl
was used as the supporting electrolyte to increase solution
conductivity, and it was concluded that increasing the solu-
tion conductivity increased the removal efficiencies up to
an optimum value. However, beyond this value, removal
efficiencies were not enhanced by increasing the solution
conductivity [106,108]. The enhancement of removal effi-
ciencies can be explained as follows: when chlorides are
present in the solution, the products of anodic discharge
are Cl, and OCI~. The OCI™ itself a strong oxidant and
capable of oxidizing the organic molecules present in the
effluent. Thus, the supporting electrolyte not only increases
the conductivity but also contributes as a strong oxidizing
agent.

In the study of Parama Kalyani et al. [106], it was
stated that the COD removal percentage is proportional
to pollutant concentration and the amount of hydrox-
ide flocs generated for the treatment of pulp and paper
industry wastewaters by electrocoagulation. Ugurlu et al.
[10] also used a pseudo-first-order kinetic approach for
expressing the kinetics of COD, lignin, phenol and BODs
removal. Table 3 provides the pseudo-first-order reaction
rate constants (k, 1/min), and respective R? values for phe-
nol, lignin, COD and BODs removals from the relevant

scientific literature. The data obtained by Khansorthong
and Hunsom [101] indicated that the kinetics of the rate of
colour and total COD removal were directly proportional to
the applied current density, and the rate constant of colour
removal was a little higher (faster) than that of total COD
under the same conditions.

One of the integral parameters that must be eval-
uated prior to implementation of the electrocoagulation
process is the operating cost (the costs of electricity,
electrodes and sludge treatment). Selection of appropri-
ate operational conditions (optimum operating parameters)
should be performed to meet all economic aspects for
successful implementation [110]. Table 4 summarizes the
energy consumptions that have been reported for the treat-
ment of the pulp and paper industry wastewaters by the
electrocoagulation process.

5. Olive mill wastewaters

Olive mill wastewater is one of the most complex effluents
generated by industrial activities. Due to the unique fea-
tures associated with this type of agro-wastewater, namely
seasonal and localized production and a high organic car-
bon content quite resistant to biodegradation, olive mill
wastewater constitutes a serious environmental problem
[111-113]. The characteristics of olive mill wastewater
largely depend on the type (two- or three-phase process) as
well as mode (continuous or batch) of the olive oil extrac-
tion technique employed. The strong organic carbon content
of olive oil wastewaters — often associated with a COD
level in excess of 30,000 mg/L —inherently involves a great
variety complex organic pollutants, including several aro-
matic (e.g. p-coumaric acid, benzofurane, hydroxytyrosol,
tyrosol) and aliphatic (e.g. hexane, decanoic acid, dichloro-
propene) compounds [114,115]. Olive mill wastewater also
contains inorganics such as potassium and sodium chlo-
rides, sulphates and phosphates, as well as calcium, iron,
magnesium, sodium, copper and traces of other elements.
Treatment of olive mill wastewater has always been con-
sidered as a challenging issue for scientists. Consequently,
the wastewater has served as a platform of trial and error for
a large spectrum of different treatment options [116]. In the
recent past, electrocoagulation has been tested for the treat-
ment of olive mill wastewater [117—123]. In these studies,
numerous experimental runs have been carried out in order
to determine the performance of the electrocoagulation pro-
cess as a function of operating conditions such as current
density, electrode material, initial pH, etc., and the response
of the process has been evaluated in terms of removal effi-
ciencies of pollutants and energy consumption. However,
the reported results also identified significant drawbacks,
and indicated that no single technology could be applied to
olive mill wastewater as a stand-alone treatment option.
Electrocoagulation prior to biological treatment was
considered a suitable pretreatment stage owing to the treat-
ment performance of the process [120,123]. Khoufi et al.
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Table 3. Summary of the kinetic data of the pulp and paper industry wastewaters by the electrocoagulation

process.
Parameter & (1/min) R2 Electrocoagulation operation conditions Electrode [Ref]
COD 0.085 0.990 CP*=12V;pH, =7.6;¢t = 5min Iron [10]
0.118 0.810 CP=12V;pH, =7.6;¢t= 5min Aluminium  [10]
0.050 - J =10mA/cm~; pH, = 5.0; NaCl = 400mg/L ~ Aluminium  [106]
0.058 - J = 10mA/cm?; pH, = 5.0; NaCl = 400mg/L  Mild Steel [106]
0.046 - J = 10mA/cm?; pH, = 7.0, NaCl = 400mg/L ~ Aluminium  [106]
0.070 - J = 10mA/cm?; pH, = 7.0; NaCl = 400mg/L  Mild Steel [106]
0.046 - J = 10mA/cm?; pH, =9.0; NaCl = 400mg/L  Aluminium  [106]
0.061 - J = 10mA/cm?; pH, = 9.0; NaCl = 400mg/L  Mild Steel [106]
0.021 - J = 5mA/cm?; pH, = 7.0; NaCl = 400 mg/L Aluminium  [106]
0.023 - J =5mA/cm?; pH, = 7.0; NaCl = 400 mg/L Mild Steel [106]
0.051 - J =10mA/cm?; pH, = 7.0, NaCl = 400mg/L  Aluminium  [106]
0.073 - J = 10mA/cm?; pH, = 7.0; NaCl = 400mg/L  Mild Steel [106]
0.051 - J = 15mA/cm?; pH, = 7.0; NaCl = 400mg/L ~ Aluminium  [106]
0.073 - J = 15mA/cm?; pH, = 7.0; NaCl = 400mg/L  Mild Steel [106]
0.038 - J = 10mA/cm?; pH, = 7.0; NaCl = 200mg/L  Aluminium  [106]
0.057 - J = 10mA/cm?; pH, = 7.0; NaCl = 200mg/L  Mild Steel [106]
0.055 - J = 10mA/cm?; pH, = 7.0; NaCl = 400mg/L  Aluminium  [106]
0.071 - J = 10mA/cm?; pH, = 7.0; NaCl = 400mg/L  Mild Steel [106]
0.058 - J =10mA/cm?; pH, = 7.0, NaCl = 600mg/L  Aluminium  [106]
0.082 - J = 10mA/cm?; pH, = 7.0; NaCl = 600mg/L  Mild Steel [106]
BODs 0.119 0.800 CP=12V;pH, =7.6; ¢t = 5min Iron [10]
0.159 0910 CP=12V;pH, =7.6;¢t = 5min Aluminium  [10]
Lignin 0.086 0920 CP=12V;pH, =7.6;t = 5min Iron [10]
0.281 0890 CP=12V;pH, =7.6; ¢t = 5min Aluminium  [10]
Phenol 0.456 0990 CP=12V;pH, =7.6; t = 5min Iron [10]
0.335 0900 CP=12V;pH, =7.6; ¢t = 5min Aluminium  [10]
*Cell potential.

Table 4. Summary of the energy consumption data for the treatment of pulp and paper industry wastewaters by the
electrocoagulation process.

SEC*
kWh/kg of EEC Electrocoagulation
pollutant kWh/m? operation conditions Electrode [Ref]
10.1-129  J = 15mA/cm?; pH, = 7.0; t = 20 min; NaCl = 0.5 — 2 g/L; Aluminium  [108]
Rotational Speed = 50200 rpm; for colour
<1.2 J =1.04—-3.11mA/cm?; pH, = 5.57 — 9.33; for colour and COD  Iron [101]
1.17-1.21 - J =11.29mA/cm?; pH, = 7.3; t = 6.9 min; for COD Iron [104]
~1.6 - J = IOmA/cmz; pH, = 12.0; ¢ = 50 min; for COD Iron [100]
~5.0 - J = 10mA/cm?; pH, = 12.0; ¢ = 50 min; for polyphenols Iron [100]
~1.4 - J = 10mA/cm?; pH, = 12.0; t = 50 min; for COD Aluminium  [100]
~4.0 - J = 10mA/cm?; pH, = 12.0; ¢ = 50 min; for polyphenols Aluminium  [100]
0.6 0.136 CP = 12V; pH, = 7.6; ¢ = 5 min; for COD Iron [10]
0.5 0.105 CP = 12V; pH, = 7.6; = 5min; for COD Aluminium [10]
11.0 0.113 CP = 12V; pH, = 7.6; ¢t = 5 min; for BODs Iron [10]
5.1 0.091 CP = 12V; pH, = 7.6; t = 5 min; for BODs Aluminium [10]
7.13 x 10* 96.25 CP = 12V; pH, = 7.6; t = 5 min; for lignin Iron [10]
7.15 x 10* 95.52 CP = 12V; pH, = 7.6; t = 5 min; for lignin Aluminium  [10]
17.37 x 10* 92.93 CP = 12V; pH, = 7.6; t = 5 min; for phenol Iron [10]
14.89 x 10* 79.66 CP = 12V; pH, = 7.6; ¢t = 5 min; for phenol Aluminium [10]

*Specific energy consumption

[120] investigated the effect of the electrocoagulation pro- anaerobic post treatment. For that aim, investigation of the
cess, in which most phenolic compounds were polymerised, main chemical and physical characteristics of olive mill
as a pretreatment to detoxify olive mill wastewater for wastewater was carried out on crude and electrocoagulated
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wastewater. Biodegradability was measured according to
the ratio between the BODs and COD, whose value must
be less or equal to 0.5. After electrocoagulation the soluble
COD of olive mill wastewater decreased to approximately
33.6% of the initial value (initial COD = 36,900 mg/L)
and the BODs/COD ratio was increased to 0.58 (initial
BODs/COD = 0.33). This result highlighted the ability of
the electrocoagulation process using iron electrodes to elim-
inate soluble compounds present in olive mill wastewaters.
Chromatography analysis and the Folin—Ciocalteu method
confirmed the removal of most low molecular mass phe-
nolics (removal efficiency = 76.2%) and ortho-diphenols
(removal efficiency = 47.5%). The pretreatment of olive
mill wastewater by electrocoagulation also decreased the
inhibition of Vibrio fisheri luminescence by 66.4%, whereas
untreated olive mill wastewater exhibited 100% inhibi-
tion. The electrocoagulation process applied to olive mill
wastewater resulted in the removal of a large amount of
recalcitrant polyphenolic compounds, and consequently a
decrease in toxicity [124]. Using electrocoagulation for the
removal of phenolic compounds and possibly other toxic
materials that inhibit the growth of anaerobic microorgan-
isms contributed significantly to increasing the efficiency
of anaerobic digestion.

In another study conducted by Hanafi et al. [123] olive
mill wastewater was pretreated first by electrocoagula-
tion using aluminium electrodes, and then by a biological
process using a selected strain of Aspergillus niger van
Tieghem. The effects of the treatments were assessed
through COD removal, reduction of total phenols and the
decrease of phytotoxicity using durum wheat (Triticum
durum) seeds. In their study the concentration of pheno-
lics (removal efficiency = 76%) was significantly reduced
during electrocoagulation. The authors concluded that the
effluent quality of the olive mill wastewater pretreated by
the electrocoagulation process was excellent, and it could
be directly fed as influent to the aerobic treatment stage.

The electrocoagulation process has also been com-
bined with ultrafiltration as a post-treatment method to treat
olive mill wastewater [125]. In the study conducted by
Yahiaoui et al. [125], an ultrafiltration process equipped
with a CERAVER membrane was used as pretreatment for
electrocoagulation application. The obtained permeate for
ultrafiltration with an average COD of about 1.1 g/L was
treated in a electrochemical reactor equipped with bipo-
lar iron plate electrodes. The results obtained from this
study showed that the optimum COD removal rate was
obtained at a current density of 9.33 mA /cm? and pH rang-
ing from 4.5-6.5. At the optimum operational parameters
for the experiments, the electrocoagulation process was able
to reduce COD from 1.1 g/L to 78 mg/L, allowing direct
discharge of the treated olive mill wastewater by meeting
the wastewater discharge standards (<125 mg/L).

The collision between particles, floc growth and the
potential for material removal, both pollutant and coagulant,
by coagulation and/or flotation are determined by the

applied current density. As reported in the relevant scien-
tific literature, for a given treatment time, the performance
of the electrocoagulation process increases significantly
with the increase of applied current density. It should be
also mentioned that as the current density decreases, the
time needed to achieve similar efficiencies increases. The
effect of current density on the treatment performance of
electrocoagulation as applied to olive mill wastewaters
has been discussed by several researchers [117,119,122].
Hanafi et al. [122] have observed an optimum current den-
sity value of 25 mA /cm? where the removal efficiencies of
COD, polyphenols and colour were 80%, 77% and 88%,
respectively. The electrodes (anode + cathode) consump-
tion was calculated as 0.6-0.7 kg Al/m? at the conditions
investigated. In their study, a further increase in current
density (38 mA/cm?) induced a relatively high increase in
electrode consumption (1.4kg Al/m?), but no more COD
and polyphenol removal occurred regardless of the current
used. Arslan-Alaton et al. [121] also studied the effect of
current density on the removal of COD, TOC and antioxi-
dant activity from olive mill wastewaters. It can be inferred
from their data that increasing the applied electrical current
(from 33mA/cm? to 44 mA/cm?) resulted in a signifi-
cant acceleration in COD and TOC removals. Accordingly,
the highest overall COD and TOC removal efficiencies
(46% and 49%, respectively) were obtained at the run with
the higher electrical current value (44 mA /cm?). Based on
published data it can be concluded that the applied cur-
rent density used in the electrocoagulation process should
be optimized with a reasonable treatment time to achieve
an acceptable treatment performance for the lowest total
investment and operational cost.

Electrode assembly is the heart of an electrochemical
treatment facility. Therefore, Adhoum and Monser [117]
and Tezcan Un et al. [119] conducted studies in order to
determine the most appropriate electrode material for the
treatment of olive mill wastewaters by electrocoagulation.
In their research it appeared that both materials were almost
equally effective in the removal of COD and polyphenols.
However, aluminium was found to be more effective than
iron in removing colour from olive mill wastewater [117].
Indeed, they specified that the effluent treated with iron as
the sacrificial anode first appeared yellow and then turned
brown. This behaviour was attributed to the excess of Fe(II)
and Fe(IIl) species generated during the electrocoagula-
tion and characterized by their yellow-brown colour, and
to the occurrence of a complexing reaction between iron
ions and polyphenol molecules leading to brown soluble
compounds.

The polarity of the electrodes also played an impor-
tant role in the treatment of wastewater. To determine the
effects of polarization, Tezcan Un et al. [119] conducted a
1 h experiment at the same current for each case. In their
study, when the stirrer acted as positive electrode-anode,
colloids, which carry mostly negative charges, merged to
the centre of the reactor. As a result, the concentration of
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colloids increased and coalescence occurred at the centre of
the reactor. When the reactor was used as positive electrode-
anode, the particles moved radially outwards, which did
not enhance the coalescence process significantly. In this
experiment, an increase of 8% in the removal efficiency was
obtained when the stirrer acted as positive electrode-anode.

A limited number of studies have investigated the effect
of treatment time on olive mill wastewater treatment by
electrocoagulation. It was demonstrated that the percent-
age of COD, polyphenols and colour removal depended on
the process duration for both types of anode; however, the
aluminium anode performed better. In the study of Inan
et al. [118], aluminium provided 28% COD removal com-
pared with 20% for iron for a 4 min treatment time, whereas
the corresponding values were 52% (aluminium) and 42%
(iron) for a 30 min treatment time. The data obtained by Inan
et al. [118] showed that the treatment time in the interval of
10—15 min was optimal for COD removal, and any further
increase in treatment time did not enhance COD removal.
Hanafi et al. [122] have explored the effect of treatment time
on removal of polyphenols and colour. In their study, the
treatment of the olive mill wastewater by electrocoagula-
tion was monitored by spectrophotometric measurements,
which provided a straightforward way of following the
elimination of the polyphenols (at absorbance 278 nm) and
colour (at absorbance 395 nm). For the first 3 min of treat-
ment time, 10% of polyphenols were removed, whereas the
colour intensity increased. This has been attributed to the
oxidative polymerization of phenols and tannins originally
present in the sample that contributed to the increase of
coloured organic compounds [120]. After 15 min of elec-
trocoagulation treatment, 72% and 80% of polyphenols and
colour were removed, respectively. Similar to COD, further
treatment time had only a slight influence on the elimination
of polyphenols and decolourization.

The initial pH of the wastewater, a critical process
parameter, influences the treatment performance of olive
mill wastewaters by electrocoagulation. It has been reported
that treatment efficiency was very poor either at low (<2)
or high pH (>10) using aluminium electrodes [117,122].
In these studies, maximum removal efficiencies in terms of
COD, polyphenols and colour were observed at pH in the
range of 4-6. Considering the fact that typical pH values
of olive mill wastewaters vary between 4 and 5.5, these
wastewaters can be directly treated by electrocoagulation
without requiring pH adjustment. In a study conducted by
Inan et al. [118], a low level of COD removal was observed
for iron anodes under pH 4.6. A 10 min processing of the
olive mill wastewater yielded only 20% COD removal. In
their study, increasing the pH increased the COD removal
efficiencies, and maximal value of 47% was reached under
pHO.

To date, only limited data have been available dealing
with the effect of electrolyte concentration/conductivity on
treatment of olive mill wastewaters by electrocoagulation
[121,122]. Hanafi et al. [122] have examined the effects

of chloride concentration on the removal of COD, polyphe-
nols and colour by the electrocoagulation process. The olive
mill wastewater —diluted five times —used in this study had
a COD value of 20,000 mg/L, conductivity of 3.6 mS/cm
and acidic pH (4.2). The removal efficiency was greatly
enhanced by adding 2 g/L NaCl to the olive mill wastew-
ater, obtaining a removal efficiency of 84% of COD, 87%
of polyphenols and 92% of colour. This enhancement in
removal efficiencies was explained by the oxidation of pol-
lutants by C10~. However, these investigators also pointed
out that an excess amount of chloride in the solution was
detrimental to electrocoagulation performance. This nega-
tive effect was explained by the transitory compounds that
finally dissolved in the solution with excess chloride, as
a form of AICI}, resulting in a decrease in the amount
of AI(OH); coagulant [109]. Another study conducted by
Arslan-Alaton et al. [121] indicated that increasing the elec-
trolyte concentration (from 1000 to 2000 mg/L) resulted in
a significant acceleration in COD and TOC removals for
olive mill wastewater treatment by electrocoagulation.

One of the most important parameters that must be
determined to evaluate electrocoagulation as a treatment
process for olive mill wastewater is cost. However, to date
only a limited number of studies have been published that
deal with the operating cost analysis of olive mill wastew-
ater treatment by electrocoagulation. In these studies the
amount of energy consumed per unit mass of COD removed
(SEC; kWh/kg CODyemoveq) Were estimated and used for
the calculation of operating cost, expressed as capita per kg
CODremoved- A summary of SEC and energy consumption
values as well as operating costs for olive mill wastew-
aters by electrocoagulation reviewed in this subsection is
given in Table 5. As can be seen in Table 5, an increase
in current density causes a proportional increase of ohmic
voltage losses in the cell, and also increases the SEC val-
ues as well as operating costs. A sufficiently high chloride
concentration caused a decrease of the anode potential that
resulted in considerably reduced SEC values. The energy
cost of electrochemical coagulation applied in the study of
Tezcan Un et al. [119] was determined to be in the range of
€0.18—6.75/kg CODremoved-

6. Metal-bearing industrial effluents

To date, a huge number of scientific works have been pub-
lished on the treatment of metals with electrocoagulation
using a variety of electrode materials such as aluminium,
iron and steel. The data obtained from this research have
indicated that metals, particularly in the free form, can be
successfully eliminated via electrocoagulation if the oper-
ating conditions are optimized. This research has mostly
been performed using synthetically prepared samples com-
prising a single metal such as cadmium, nickel, copper,
zinc, chromium, etc., without considering other pollutants
which may be carried along with the metals. In other words,
individual and/or combinative synergistic effects of other
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Table 5. Summary of SEC values and operating costs for olive mill wastewaters by electrocoagulation reviewed.

Electrode and

SEC kWh/ EEC Operating Cost Electrocoagulation Electrode

kgCODyemoved ~ kWh/ m3 €/kgCODremoved operation conditions Consumption [Ref]

0.12-4.04 — 0.03-0.38 J =25250mA/cm?; pH, = 4.2; ¢t = Aluminium 0.020— [122]
15 min; Conductivity = 3.6 mS/cm 0.085 kg/kgCODyemoved

3.41-2.63 — 0.27 J =250mA/cm?; pH, =4.2; Aluminium [122]
t = 15min; [NaCl] = 0.5-2g/L 0.085 kg/kgCODyemoved

2.54-2.63 — 0.27 J =250mA/cm?; pH, =5-38; Aluminium [122]
t = 15min; [NaCl] =2g/L 0.066 kg /kgCODremoved

3.35 — 0.396 J =25 mA/cmz; pH, =4.68; t = Aluminium [123]
15 min; Conductivity = 3.24 mS/cm

— 13-55 — J =20-75mA/cm?; pH, = 6.5; Iron [119]
t = 1 h; Conductivity = 6.9 mS/cm
for COD

- 29188 — J = 20-75mA/cm?; pH, = 6.5; Iron [119]
t = 3 h; Conductivity = 6.9 mS/cm
for COD

- 62 - J =75mA/cm?; pH, = 5.5;¢t = 1h; Aluminium [119]
Conductivity = 6.9 mS/cm for COD

— 302 — J = 75mA/cm?; pH, =5.5;¢t=3h; Aluminium [119]

Conductivity = 6.9 mS/cm for COD

pollutants on electrocoagulation performance have been
disregarded in these studies. Due to the fact that these
data reported for metal removal from synthetically prepared
samples may not be representative of real-world cases, our
emphasis will be placed on the treatment of real metal
finishing industry effluents by electrocoagulation.

Metal-bearing industrial effluents can be classified with
respect to their characteristics and treatment requirements
[87]. Wastewaters containing mainly metals in free form,
namely not bound by strong complex formers, which can be
handled by conventional metal treatment techniques such
as hydroxide precipitation without need for pretreatment,
are referred to as common metal effluents [98]. Hexavalent
chromium-carrying effluents are excluded from this group
as they are strictly segregated due to the high toxicity of
hexavalent chromium. These effluents are commonly sub-
jected to hexavalent chromium reduction before hydroxide
precipitation [87]. Complexed metals represent the third
group of effluents, bearing complexed metals, being in
the form of metals which are bound to strong complex
formers keeping them in solution [98,126]. This group
also requires stream segregation and pretreatment before
hydroxide precipitation. In the following subsections, elec-
trocoagulation applications will be introduced on the basis
of this classification.

6.1. Common metals

As explained earlier (in subsection 3.4), hydroxide pre-
cipitation is the main process playing a key role in metal
removal in electrocoagulation. Adsorption or entrapment on
freshly produced metal hydroxide flocs through the electro-
coagulation process also contributes to metal removal from
industrial effluents. Thus, the solution pH attained and the

amount of freshly produced hydroxide flocs composed of
parent metal ions of the sacrificial anode during or at the end
of the electrocoagulation process determine metal removal
performance.

Most electrocoagulation applications have been devoted
to the removal of zinc, copper, nickel and cadmium from
the metal-bearing effluents which result from metal process-
ing and finishing operations. This research has targeted the
optimization of process variables such as current density,
initial pH, electrolyte concentration, and electrode material
and configuration. The findings related to current density
have mostly indicated that metal removal efficiency signifi-
cantly improves with increasing current density. Akbal and
Camci1 [127] examined the removal of copper, chromium
and nickel from a metal plating effluent by electrocoagu-
lation using aluminium and iron electrodes. A wide range
of current density, varying between 2.5 and 10 mA /cm?,
was applied in their electrocoagulation applications. All
metals were almost completely removed by increasing the
current density from 2.5 to 10 mA /cm? in the case of both
aluminium and iron electrodes. Their highest current den-
sity yielded the quickest treatment resulting in the highest
amount of metal hydroxide flocs. Similar observations were
also reported by Adhoum et al. [128]. In another study by
Akbal and Cameci1 [129], electrocoagulation using four dif-
ferent combinations of aluminium and iron electrodes as
anodes and cathodes was applied to the same effluent in
order to investigate the effect of current density with respect
to anode and cathode materials on metal removal efficiency.
At the same current density range as applied in their pre-
vious study, similar results were obtained as expected. In
addition to this, an iron anode and aluminium cathode
pair was reported to be the most effective combination,
as complete copper, nickel and chromium removals were



Environmental Technology Reviews 25

achieved by electrocoagulation operated at a current den-
sity of 10mA /cm? and an initial pH of 3 for a treatment
time of 20 min. Kobya et al. [130] explored the effect of cur-
rent density on zinc and phosphate abatements from a spent
rinse water originating from the zinc phosphate coating pro-
cess of an automotive assembly plant by electrocoagulation
using either iron or aluminium electrodes. When the current
density was elevated from 1 mA/cm? to 6 mA/cm?, zinc
removal efficiency was remarkably enhanced from 4.8%
to 97.8% for iron electrodes, and from 28% to 96.7% for
aluminium electrodes. Further increase in current density
up to 10mA /cm? did not provide an additional enhance-
ment in zinc removal efficiency. A similar behaviour was
also observed with phosphate removal. In another study by
Kobya et al. [131] the removals of cadmium and nickel as
well as cyanide from two different cyanide-bearing electro-
plating rinse waters by electrocoagulation using cast iron
plate electrodes were studied. The results of the study per-
formed using cadmium-cyanide electroplating rinse water
indicated that cadmium removal efficiency was practically
independent of the current density and proceeded very
quickly at the beginning of the electrocoagulation appli-
cations, but levelled off after 30 min of operation time for
all applied current densities (0.5, 1, 3 and 6mA/cm?). A
similar pattern was observed for cyanide removal from
cadmium-cyanide electroplating rinse water. On the other
hand, an increase in current density and an extension in
electrocoagulation treatment time notably promoted nickel
and cyanide abatements from nickel-cyanide electroplating
rinse water, and the lowest remaining nickel and cyanide
concentrations were obtained at the highest current density
(6mA/cm?) and at the longest operation period (80 min).
Nickel removal efficiencies were 33.1,43.6, 54.3 and 99.2%
at the current densities of 0.5, 1, 3 and 6 mA /cm?, respec-
tively [131]. In the same current density range, cyanide
removal efficiency increased from 38.5% to 99.8%. Sim-
ilarly, Heidmann and Calmano [132] have reported that
nickel abatement from a galvanic wastewater by electro-
coagulation improved by increasing current density. Golder
etal. [133] reached a similar conclusion for copper removal
from a copper plating rinse effluent.

Charge loading, describing the quantity of electricity per
unit volume, affects metal removal efficiency [127,130], and
the authors stated that there was an optimum charge loading
value at which maximum metal removals could be obtained;
beyond this value, the improvement in metal abatement rate
was negligible. Kobya et al. [130] determined the optimum
charge loading as 8.18 F/m? and 12.29 F/m?® for aluminium
and iron electrodes, respectively. Similar optimum charge
loading values have been reported as 8.2 F/m? for alu-
minium electrodes and 12 F/m? for iron electrodes by Akbal
and Camci [127].

Configurations of reactor and electrodes are impor-
tant design parameters affecting the performance of the
electrocoagulation process. Since the success of electroco-
agulation is strictly related to the electrode material used,

an appropriate electrode material with respect to the tar-
get pollutant has to be selected so as to attain satisfactory
treatment performance. This selection may become a cru-
cial issue when the effluent contains hexavalent chromium,
complex former or cyanide together with other metals. If
the effluent bears these type pollutants together with metals,
an iron electrode should be selected, since the aluminium
electrode generally exhibits low process performance or
failures in their treatment. Upon closer inspection of the
data, it can be said that the same electrode materials some-
times exhibit variable performance in the treatment of the
same pollutants, such as nickel and copper, depending on
the connection of electrodes or on the operating condi-
tions. In a few studies, iron or the combination of iron
and aluminium electrodes proved to be superior in the
treatment of nickel by electrocoagulation operated under
optimized operational conditions and where the electrodes
were arranged in a monopolar mode [127,129,131]. For the
combination of bipolar mode and slightly acidic reaction
conditions, the best nickel removal efficiency was attained
by using the combination of aluminium and iron electrodes,
whereas the lowest nickel removal was obtained by iron
electrodes in the study of Heidmann and Calmona [132].
Their results obtained for copper also conflicted with the
data obtained for monopolar connections. In their study, the
combination of aluminium and iron electrodes yielded the
best copper removal efficiency, whereas iron or its combina-
tion with aluminium electrodes in monopolar mode found to
be the most effective materials for copper removal by Akbal
and Camci1 [127,129]. On the other hand, Golder et al. [133]
reported that both mild steel and aluminium electrodes had
a similar performance for copper removal under the same
operational conditions, and a bipolar electrode arrangement
was more efficient than a monopolar electrode arrangement
for the same cell current. These findings indicate that both
material and connection of electrodes, as well as the elec-
trocoagulation operation conditions, play important roles in
treatment of metal-bearing effluents. Furthermore, the num-
ber or the active surface area of electrodes used is another
design parameter which has an important role in the pro-
cess performance. When the electrode number is increased
or the active surface area is enlarged, a significant enhance-
ment in metal removal efficiency can be achieved under
the same operating conditions [127,133]. In parallel with
this, in the case of insufficient electrode numbers or active
surface area, the electrode materials may be evaluated as
inadequate.

Some research has focused on the influence of wastew-
ater conductivity on metal removal performance [129,133].
In these studies, conductivity was elevated using NaCl, and
a variable effect of conductivity was observed. Golder et al.
[133] reported that an increase in the NaCl from 1000 mg/L
(1.96 mS/cm) to 4000 mg/L (6.19 mS/cm) yielded a sig-
nificant loss in copper removal in the case of mild steel
electrodes, due to the decreased passivating oxide layer on
the electrodes; a similar but less pronounced effect was also
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Table 6. Optimum pH values for hydroxide precipitation.

Metal Optimum pH pH range
Nickel 10.2 8.8-13.4
Zinc 9.2 8.5-10.4
Copper 8.8 6.9-13.5
Cadmium 11.1 9.9-12.2
Chromium (3+) 9.0 5.4-13.6

observed in the case of aluminium electrodes. In contrast,
the results of another study performed at almost the same
conductivity range (2—6 mS/cm) revealed that (i) the high-
est conductivity produced the quickest treatment with an
effective removal of copper, chromium and nickel; (i1) metal
removal efficiency, particularly for nickel, was significantly
enhanced with increasing conductivity; and (iii) an increase
in conductivity resulted in a decrease in electrical energy
consumption as a result of the reduction in cell voltage and
a reduction in electrode consumption [129].

Considering that the dominant removal mechanism is
hydroxide precipitation, selection of the initial pH is of great
importance in terms of metal removal performance. When
the initial pH is selected as an acidic value, depending on
other process variables such as current density and wastewa-
ter conductivity, insufficient metal removal efficiencies may
be obtained as a result of effluent pH values being lower than
the optimum pH. When the initial pH optimum is chosen as
an alkaline value, that is, a pH value closer to the optimum
pH of metal, the partial precipitation of metal will occur
and the initial metal concentration will be decreased before
electrocoagulation. In addition, when electrocoagulation is
commenced at alkaline pH values, higher pH values will be
attained within shorter reaction times. Therefore, compar-
ing metal removal performance for such cases will create
a misleading platform for discussion. Table 6 summarizes
the optimum pH of the metals cited in the present review
[98]. This table also covers the pH ranges at which metal
concentrations are lower than 1 mg/L for hydroxide solu-
bility. These pH ranges make it possible to evaluate which
mechanism is responsible for the metal removal.

Kobya and co-workers [131] determined the optimum
initial pH range as 810 for yielding maximum nickel
removal from nickel cyanide plating effluent by electroco-
agulation using cast iron plate electrodes. Nickel concentra-
tion was reduced from 175 mg/L to 1.92 and 0.35 mg/L at
an initial pH of 8 (original pH of the effluent) and 10, respec-
tively. In the same study, the optimum initial pH range was
found as 7.6-10.6 for maximum cadmium removal from
cadmium cyanide plating effluent by electrocoagulation
with cast iron plate electrodes. The cadmium concentra-
tion was decreased from 102 mg/L to 1.7 and 0.6 mg/L at
an initial pH of 7.6 and 10.6, respectively. The authors con-
cluded that hydroxide precipitation was one of the removal
mechanisms for both nickel and cadmium at alkaline efflu-
ent pH values, and the other mechanism contributing to

metal removal was adsorption onto ferrous hydroxide flocs
produced during the electrocoagulation process.

In another Kobya et al. study [130], the optimum initial
pH values for zinc removal from zinc phosphate coat-
ing effluent by electrocoagulation were determined as 3.0
and 4.0 for iron and aluminium electrodes, respectively.
In the case of iron electrodes, the final pH value was
obtained as 5.6, and zinc concentration was reduced from
40 to 0.9 mg/L. For the aluminium electrodes, the final pH
reached 7.6, resulting in a remaining zinc concentration of
1.1mg/L. As can be seen in Table 6, zinc concentrations
lower than 1 mg/L can be achieved by hydroxide precip-
itation at pH values in the range of 8.5-10.4. Out of this
pH range, particularly for the final pH values obtained in
the run, zinc hydroxide solubility was extremely high and
may exceed a few hundred mg/L. From this standpoint,
the high zinc removals obtained at slightly acidic pH val-
ues were attributed to the precipitation of other zinc solid
phases such as Zn3(POy),, co-precipitation of FeZnPOy4
or AlZnPO,, and adsorption onto metal hydroxide flocs
produced throughout electrocoagulation process [130].

The effect of initial pH on the removal of copper,
chromium and nickel from metal plating effluent was
explored by Akbal and Camc1 in the pH range of 3-9, at
a current density of 5 mA /cm? using four different combi-
nations of aluminium and iron electrodes [129]. The results
obtained for copper removal indicated that an increase in
initial pH from 3 to 9 yielded an enhancement in removal
efficiency from 73.2% to 97.4% for aluminium anode and
cathode, from 95.5% to 98.7% for iron anode and cathode,
from 75.1% to 99.6% for iron anode and aluminium cath-
ode, and from 67.8% to 95.5% for aluminium anode and iron
cathode after 10 min of electrocoagulation. When the initial
pH was elevated from 3 to 9, chromium removal efficiencies
improved from 82.7% to 93.5% for aluminium—aluminium
electrode pairs, from 91.1% to 95.1% for iron—iron electrode
pairs, from 82.3% to 97.4% for iron—aluminium electrode
pairs, and from 91.7% to 97.2% for aluminium—iron elec-
trode pairs after the same electrocoagulation operation time.
For the same initial pH elevation and 30 min of electroco-
agulation treatment, nickel abatement efficiencies enhanced
from 84.9% to 99.1% for aluminium—aluminium electrode
pairs, from 76.9% to 99.3% for iron—iron electrode pairs,
from 74.4% to 99.9% for iron—aluminium electrode pairs,
and from 73.4% to 99.1% for aluminium—iron electrode
pairs. At the initial pH of 9, complete copper and chromium
removals were achieved at 30 min of treatment time in
the case of iron—aluminium electrode pairs, and the lowest
remaining nickel concentrations were obtained for all elec-
trode pairs. The improvement in metal removal efficiency
by increasing the initial pH was ascribed to the precipitation
of their hydroxides at the cathode [129].

Golder and co—workers [133] commenced all electro-
coagulation runs at the original pH of the copper plating
rinse water (4.8), and pH changes during the process
were followed. They recorded a significant increase in the
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solution pH with increasing current density and prolong-
ing treatment time in the case of both aluminium and mild
steel electrodes. The effects of current density and treat-
ment time on solution pH were more clearly observed in
the case of aluminium electrodes. Although pH elevation
rates were faster with aluminium electrodes, higher copper
removals were obtained with mild steel electrodes. These
high removal efficiencies were attributed to another cop-
per removal mechanism, namely electrodeposition, taking
palace on the mild steel cathodes along with hydroxide pre-
cipitation. Their mass balance analysis for copper revealed
that the amount of copper electrodeposited on the mild steel
cathodes was much greater than that of the aluminium cath-
ode. Therefore, the authors concluded that electrodeposition
also contributed to copper removal from the copper plating
effluent, particularly in the case of mild steel cathodes.

6.2. Hexavalent chromium

When electrocoagulation is operated by iron electrodes,
one of the following reductions takes place at the cathode,
depending on the solution pH [134—136]:

Cr,03™ + 14H + 6e~ — 2Cr*" + 7H,0

(acidic medium) (31
CrO2~ 4 3e™ 4 4H,0 — Cr** + 8OH™
(alkaline medium) (32)

In addition to the abovementioned reactions, ferrous iron
ions produced at the cathode can directly reduce hexavalent
chromium to trivalent chromium according the following
reactions [136]:

Cr,07 + 14H* + 6Fe*™ — 2Cr** + 6Fe’™ + 7TH,0
(33)

CrO2™ 4 3Fe*t + 4H,0 — Cr** 4+ 3Fe’ 4 8OH™
(34)

Furthermore, hydroxide ions formed at the cathode
induce the precipitation of trivalent chromium ions as
insoluble Cr(OH); [136].

The reaction pH plays a determining role on the hexava-
lent chromium removal rate. Under acidic conditions (pH <
4.0) the reduction rate of hexavalent chromium decreases
with increasing pH, whereas at pH values greater than 4.0
it increases with increasing pH [137—140]. This accelerated
removal rate can be explained by the increase in concentra-
tions of FeOH™ and Fe(OH)$ hydroxo complex species in
bulk solution at pH values above 4 [137].

Although a number of researchers have focused on
hexavalent chromium removal by electrocoagulation, syn-
thetically prepared samples were commonly used in these
studies. Our literature survey revealed that only a few stud-
ies have been published on hexavalent chromium removal
from metal-bearing effluents by electrocoagulation.

Heidmann and Calmano [132] investigated hexavalent
chromium removal from a galvanic wastewater by electro-
coagulation. In their study, the electrodes were operated in
bipolar mode, and three different electrode arrangements
were applied so as to find out the best electrode combina-
tion: (i) four iron electrodes; (ii) four aluminium electrodes;
and (iii) two aluminium and two iron electrodes. The combi-
nation of iron and aluminium electrodes yielded the lowest
remaining chromium concentration. Initial pH was varied
from the original pH of the effluent (1.5) to 5 in order to
evaluate the effect of initial pH on hexavalent chromium
removal by electrocoagulation with the combination of iron
and aluminium electrodes. After 140 min of treatment time,
the lowest remaining chromium concentration (8 mg/L)
was obtained at initial pH values of 4 and 5. As the removal
efficiencies of the other metals were low for pH 4, the opti-
mum initial pH was selected as 5.0. The results obtained
for different applied currents indicated that increasing the
applied current led to acceleration of the process without
deterioration of the hexavalent chromium removal rate.

Olmez [134] implemented a response surface method in
order to determine the optimal electrocoagulation operating
conditions for maximum hexavalent chromium abatement
from a hard chromium coating process effluent with a high
hexavalent chromium concentration of 1450 mg/L by elec-
trocoagulation with stainless steel electrodes. The author
stated that increasing the electrolyte (NaCl) concentra-
tion accelerated hexavalent chromium removal, decreased
power consumption and shortened treatment time. Hexava-
lent chromium removal efficiency improved by increasing
the applied current density. Although the electrocoagula-
tion runs were initiated at the original pH (1.84) of the
effluent, the solution pH values increased to 11.0 at the
end of all electrocoagulation runs. For complete chromium
removal the optimum conditions were determined as an
applied current density of 31.7mA/cm?, an electrolyte
(NaCl) concentration of 33.6mM and a treatment time
of 70 min by implementing the central composite design.
Olmez [134] expressed an empirical relationship between
hexavalent chromium removal efficiency (R %) and the
process variables (applied electric current (X), electrolyte
(NaCl) concentration (X;) and application time (X3)) by the
following second-order polynomial equation:

Y (%) = —35.47743 — 2.52778X; + 3.17792X,
+ 1.61104X; + 0.35667X; X, + 0.12167X, X5
—225-107X,X; — 1.22222X,

— 0.084000X3 — 0.010236X3 (35)

For the optimum electrocoagulation operational condi-
tions, the sludge mainly comprised Fe(OH); and Cr(OH);
and the SVIs were measured as 11.6g/L and 80mL/g,
respectively. The specific resistance to filtration of the
sludge produced varied between 7.8 x 10'? and 10.1 x
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10'2 m/kg, corresponding to good dewaterability character-
istics. The result of the leaching test proved that the sludge
produced by the process was of non-hazardous nature, as
the chromium concentration in the leachate was lower than
0.5mg/L.

6.3. Complexed metals

Three mechanisms are involved in the electrocoagulation
process for the removal of complexed heavy metals when
stainless steel electrodes are employed in presence of chlo-
ride [141]. One of these mechanisms is the conversion of
the complexed metal into the free metal form through the
structural change of the organic complex former by indi-
rect oxidation with chloride. The second mechanism is the
hydroxide precipitation of the metal in free form through
increasing solution pH. The last mechanism is the removal
of colloidal material through the formation of Fe(OH);
flocs via adsorption or entrapment. This last mechanism
enhances the removal of metal hydroxide solids existing in
the colloidal form.

Kabdaglh et al. [141] investigated the treatability of
a metal plating wastewater containing complexed metals
originating from the nickel and zinc plating process by elec-
trocoagulation using stainless steel electrodes. The effect
of varying operating parameters such as the applied cur-
rent density, initial pH of solution, electrolyte concentration
and energy consumption on heavy metal removal were
explored. Organic matter removal was also studied.

As mentioned above, first of all, the complex former has
to undergo a structural change by which it loses its complex-
ing ability. In the study of Kabdasl et al. [141], for the case
of nickel this conversion was realized after achieving 40—
50% TOC removal. However, zinc removal was observed
to be independent of TOC abatement, indicating that the
organic complex former used in the investigated metal plat-
ing bath did not form complex species with zinc, and it was
only able to bind the nickel as a complexed metal. Complete
removals were achieved with this TOC abatement when the
solution pH attained or exceeded the optimum pH of nickel.
These prerequisites were achieved at the applied current
densities of 9 and 22.5 mA /cm? in 180 and 90 min, respec-
tively. Complete zinc removals were obtained at solution
pH values in the range of 6.5-7.5 in all electrocoagulation
applications. Since the pH range was much lower than the
optimum pH of zinc, zinc removal other than hydroxide pre-
cipitation was attributed to binding onto freshly produced
Fe(OH); flocs.

Kabdagh et al. [141] pointed out that increasing the
applied current density from 2.25 to 9.0mA/cm? appre-
ciably enhanced TOC removal efficiency from 20% to
66%, and in the range of 22.5-56.25 mA /cm? practically
the same TOC removal efficiencies (60%) were attained
within relatively shorter reaction times. A linear increase
was obtained for the pseudo-first-order TOC rate constants
(kroc) versus the applied current densities (J) ranging from

2.25-56.25mA /cm? as kroc = —0.0004 x J(R? = 0.98).
An increase in electrolyte (KCl) concentration resulted in
a slight decrease in TOC removal performance, and the
highest TOC removal efficiency (66%) accompanied with
complete nickel and zinc removals was achieved at the
lowest chloride concentration, corresponding to the origi-
nal chloride concentration of the effluent (1515 mg/L). The
fastest TOC removal was obtained at the original pH of the
effluent (6.0), and the TOC concentration was reduced from
170 mg/L to 85 mg/L for electrocoagulation operated with-
out any electrolyte addition at this initial pH value and an
applied current density of 9 mA /cm?. Nickel removal per-
formance was adversely affected by decreasing of the initial
pH from its original value of 6.0. Optimum operation condi-
tions for the electrocoagulation process were established as
an applied current density of 9 mA /cm?, the original elec-
trolyte concentration (1500 mg Cl/L) and original pH (6)
of the effluent. As expected, sludge production during elec-
trocoagulation increased upon increasing applied current
density. Surprisingly, the amounts of sludge produced dur-
ing electrocoagulation remained unchanged with increasing
electrolyte concentration.

Kabdash et al. [142] also investigated the effect
of H,O, addition to the electrocoagulation (com-
bined electrocoagulation/Fenton treatments) process in
order to enhance the organic matter removal efficiency
for the abovementioned effluent. All the combined
electrocoagulation/Fenton treatments were performed at an
initial pH of 2.6 and at a current density of 22 mA /cm?,
and a wide range of H,O, concentrations varying between
15-230mM was tested. The highest COD and TOC
removal efficiencies were obtained for the combined
electrocoagulation/Fenton process in the presence of
20 mM H,O,. At this dosage, the organic matter mineraliza-
tion level increased from 50% to near 70%, accompanied
with complete heavy metal removals. The authors stated
that the combined electrocoagulation/Fenton process pro-
vided better results compared with plain electrocoagulation.

6.4. [Economic analysis

As mentioned earlier, electrical energy requirement and
electrode material consumption are the main expenses
accounting for the operational cost of the electrocoagula-
tion process. Therefore, an economical evaluation based
on these master process variables is an easy tool to assess
the feasibility of this treatment technique for the removal
of metals from metal-bearing effluents. Obviously, electro-
coagulation operation conditions such as current density,
initial pH and electrolyte concentration or conductivity of
the effluent have critical roles in the optimization of the
technique. As the operational cost is generally affected
by the operating parameters, researchers have focused on
their effects on process performance. A number of authors
have pointed out that current density is directly propor-
tional to operational cost [127,129—132]. In other words,



Environmental Technology Reviews 29

increasing current density produces increases in the electri-
cal energy requirement and electrode material consumption.
Kobya and co-workers [131] reported that an increase in
current density from 0.5 to 6 mA /cm? elevated the electri-
cal energy requirement and electrode material consumption
from 0.33 to 11.65kWh/m? and from 0.52 to 2.85 kg/m?>,
respectively, for almost complete removal of cyanide and
cadmium from cadmium cyanide electroplating rinse water.
The operational cost escalated correspondingly, from 0.171
to 2.445€/m> [131]. At the same current density range,
the electrical energy requirement and electrode material
increased from 0.28 to 11.95kWh/m? and from 0.46 to
1.62kg/m?, respectively, for almost complete removal of
cyanide and nickel from nickel cyanide electroplating rinse
water. The corresponding escalation in operational cost
was approximately tenfold for this case [131]. In another
study by Kobya et al. [130], the electrical energy require-
ment increased from 0.18 to 11.29kWh/m? and 0.24 to
8.47kWh/m? with an increase in current density from 1
to 10 mA /cm? in the treatment of the zinc phosphate coat-
ing effluent by electrocoagulation using aluminium and iron
electrodes, respectively. At this current density range, elec-
trode consumption increased from 0.2 to 0.62kg/m? for
iron electrodes and from 0.01 to 0.35kg/m? for aluminium
electrodes. It was also stated in the same study that an
increase in initial pH value caused remarkable increases
both electrical energy requirement and electrode consump-
tion. Electrical energy requirements were 3.1-8.4 kWh/m?
for aluminium electrodes at initial pH values of 2 and 5, and
1.38-6.80 kWh/m? for iron electrodes at initial pH values
of 2 and 3. Corresponding electrode consumptions were
determined as 0.15-0.50kg/m? and 0.14-0.54kg/m? for
iron and aluminium electrodes, respectively.

The abovementioned adverse effects observed with
increases in current density and initial pH can be reversed
by increasing the conductivity of the effluent. The positive
influence of conductivity is due to the shortened electrol-
ysis time. This improvement in operational cost has been
proven in the work of Akbal and Camci [129].

Total operational cost of the electrocoagulation process
was compared with that of conventional chemical coag-
ulation for the removal of nickel, copper and chromium
from metal plating effluent by Akbal and Camci1[127]. They
estimated total operational costs accounting for energy,
electrode material and sludge disposal expenses as 0.59
and 0.97 US$/m? for electrocoagulation with iron and alu-
minium electrodes, respectively. Total operational costs
of conventional chemical coagulation were calculated as
0.89 US$/m? for FeCl; and 1.176 US$/m? for alum.

7. Arsenic-containing wastewaters

Arsenic, although, acquires —3 (arsine), 0, —1 (alkyl
arsenic) valences exists in nature as major forms As(III),
arsenious acid (H3AsO3) and As(V), arsenic acid and their
ionized forms. Arsenic in the trivalent state exists in reduc-

ing conditions such as groundwater. Pentavalent arsenic
species predominate and are stable in oxygen-rich aero-
bic environments such as surface waters. Arsenious acid
yields the species HyAsO5, HASO§_, and AsOg_ with the
ionization constants (25°C, 1 atm) pKa: 9.1, pKap: 12.1,
pKa3: 13.4. Uncharged H3 AsOs3 predominates below pH 9.
Arsenic (I1I) is a hard acid and complexes with oxides and
nitrogen. Arsenic acid H3AsOy4 forms the species HyAsO,,
HAsO?~ AsOJ~ with ionization constants (25°C, 1 atm)
pKai: 2.1, pKapo: 6.7, pK, 3: 11.3; between pH 4-10 prac-
tically only H,AsO, and HAsOff species exist. Around
neutral pH their concentrations are comparable. Arsenic
(V) behaves like a soft acid, forming complexes with sul-
phides. It forms bi-dentate binuclear bridging complexes at
high iron to arsenic ratio, which is used for the removal of
arsenic [ 143—145]. Although several methods are available
for the treatment of arsenic-containing wastewaters, such
as adsorption and chemical precipitation, coagulation with
ferric or aluminium salts is an effective and simple method.

Recently, electrocoagulation has been used for the treat-
ment of arsenic. Electrocoagulation where ferric or alu-
minium hydroxocomplexes and various oxide/hydroxide
solid phases are generated in situ is an effective method.
In the process of coagulation with ferric salts or
electrocoagulation with iron electrodes, a number of
hydrated species such as Fe(H,0);", Fe(H,0)(OH); and
Fe, (H20)6(OH)3+, and solid phases such as goethite
FeO(OH) are formed, depending on pH of the solution.
Both As(Ill) and As(V) are adsorbed onto iron solid
phases. Among them, the oxides with which arsenic inter-
acts strongly are hydrous ferric oxide (Fe,O; x H,O)
and goethite (FeO(OH)). Arsenate anions form natu-
rally occurring arsenate minerals (FeAsO4.2H,O, corodite;
Fe;(AsQy4),.H, 0, symplesite) with dominant solid phases.
Polymeric aluminium hydroxides formed through hydrol-
ysis provide also large surfaces for adsorption of arsenic
species to form insoluble arsenic complexes. Examples of
these reactions are given as follows:

2FeO(OH)(s) + H,AsO,
— (Fe0),HAsO4(s) + H,O+OH™  (36)
3FeO(OH)(s) + HAsO3~

— (Fe0)3As04(s) + H,O + OH™ (37)
= Al—-OH(s) + HAsO,
—»= Al—OAs(0),0H(s) + OH" (38)

Studies have shown that in situ precipitation of ferri-
hydrite removes arsenic more efficiently than addition of
prepared ferrihydrite [146]. Arsenite and arsenate adsorp-
tions on ferrihydrite were compared by Raven et al. [147].
Arsenite was found to react more quickly; however, arsen-
ate adsorption was faster at low arsenic concentrations and
low pH values. Arsenite was retained in larger amounts
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than arsenate at high pH values or at higher arsenic concen-
trations. Jain et al. [148] evaluated the As(IIl) and As(V)
adsorption mechanism on ferrihydrite in the pH range of
4-10. Lenoble et al. [149] studied arsenic adsorption on
iron-based adsorbents and found that arsenate adsorption
was favoured in acidic pH values; however, maximum
adsorption was realized between pH 4-9. Ranjan et al.
[150] also reported that arsenate adsorption on hydrous
iron oxide depended on pH, while arsenite adsorption was
insensitive to pH. Goldberg and Johnston [151] stated that
arsenate formed inner-sphere surface complexes on both
amorphous aluminium and iron oxides, and arsenite formed
both inner- and outer-sphere complexes on amorphous alu-
minium oxide. Qiao et al. [152] conducted coagulation
experiments by using FeCl; to remove arsenic species. They
concluded that As(IIT) was removed in larger quantities
than As(V) at pH 7 and 8. The pH range where As(III)
was removed preferentially to As(V) by FeCl; coagulation
was broader at higher initial As/Fe molar ratios. Laksh-
manan et al. [153] used NSFI-53 challenge water and added
As(IIT) or As(V) at 0.05mg/L to assess the performance
of coagulation with FeCl;. As(V) removals increased with
decreasing pH values. With pH in the range 6.5-8.5 and
with 2 mg/L Fe(Ill) dose, almost complete As(V) removal
could be obtained at pH 6.5. As(III) removals were pH inde-
pendent in the pH range 6.5-8.5. When FeSO4 was used
instead of FeCls, As(V) removals obtained with 2.5 mg/L
Fe?* were lower than 10%.

Electrocoagulation studies for arsenic removal have
been commonly realized with the low arsenic concentra-
tions encountered in natural waters. These studies indicate
the basic features of the process, therefore some studies and
their results are summarized here. Gomes et al. [8] applied
electrocoagulation to As(IIl) removal with initial concen-
trations between 1.42—1230 ppm and at 30 mA /cm? current
density. They used Fe—Fe, Al—Al and Al—Fe electrode
pairs. They found that the Fe—Fe electrode pair provided
removal of over 99% As(IIl) at all concentrations. The
Al—Fe electrode pair yielded 78.9—99.6% removal depend-
ing on initial As(III) concentration. The Al—Al electrode
pair performance reached 97.8%. Wan et al. [154] used
electrocoagulation with iron electrodes for the removal of
As(IIT) and As(V) at initial concentrations between 100—
1000 ug/L. The reactor was operated with a current of
22 mA. Air was sparged at the bottom of the reactor to pro-
vide oxygen for ferrous iron oxidation. The electrocoagula-
tion operation time required to reach As(III) concentrations
less than 1.0 wg/L was 90 min for an initial concentration
of 100 ng/L and initial pH between 5-9, while the same
residual concentration was attained in 120 min operation
time for 1000 wg/L initial concentration at initial pH 7.
The same residual arsenic concentration was achieved in
the case of As(V) with initial concentration of 100 pwg/L
between 15—75 min for initial pH values of 5-8, but at ini-
tial pH 9 the required time was over 120 min to reach less
than 1.0 wg/L at initial pH of 7. An initial concentration of

As(V) of 1000 wg/L similarly needed more than 120 min.
In the same study, field trials of electrocoagulation were
undertaken with water samples containing arsenic concen-
trations in the range 400—700 pg/L. In all trials, final filtered
water samples had As concentrations of less than 10 pg/L.
Kobya et al. [155] studied the removal by electrocoagu-
lation of As(IIl) using iron and aluminium electrodes. An
As(III) solution was added to potable water to make an ini-
tial As (III) concentration of 150 pg/L. The highest removal
efficiencies for a monopolar in-series electrode connection
were 99.3 % for iron electrodes at pH 6.5, and 98.9 %
for aluminium electrodes at pH 7. Lakshmanan et al. [153]
used NSFI-53 challenge water containing 50 pg/L arsenic
to study As(III) and As(V) removals by electrocoagulation
using iron electrodes at 1.2 A current for 110 cm? anode sur-
face area. As(V) removals were found to be erratic at pH 6.5,
while more consistent results were obtained at pH 7.5 and
8.5. AtpH 6.5, most of the iron was found to be soluble Fe?*
after 2 min of operation, while at pH 7.5 about 70-80% iron
was determined as an insoluble Fe(OH); solid being capa-
ble of adsorbing As(V). Complete As(V) removals could
be obtained only at pH 7.5 with a total iron dose of about
6mg/L. AtpH 8.5, removal was reduced to below 90%. The
As(IIT) removal efficiencies in the system showed a slight
dependency on pH, and the removal efficiency slightly
improved with increasing pH. All removal efficiencies were,
however, below 80%. Kumar et al. [156] in their study, car-
ried out at pH 6--8 with current densities 0.65—1.53 mA /cm?
and using iron electrodes, concluded that As(III) removal
was through oxidation to As(V) and adsorption on hydrous
ferric oxides. Wan et al. [154] observed that in all experi-
ments with As(III), the As(V) was measured with increasing
concentrations, which then decreased with increasing time.
They concluded that at least 25% oxidation of As(III) to
As(V) during the electrocoagulation process was predicted.
Lakshmanan et al. [153] did not find any significant oxida-
tion of As(IIl) to As(V) during electrocoagulation with iron
electrodes. The use of a combination of graphite and iron
electrodes had no significant advantage for As(III) removal
compared with iron electrodes. However, a two-stage elec-
trocoagulation process with graphite anode at Stage 1 and
iron anode in Stage 2 was effective for As(II) oxidation. On
the other hand, Pallier et al. [157] found that As(III) oxida-
tion to As(V) was achieved in electrocoagulation using iron
electrodes. These results indicate that oxidation of As(III)
to As(V) during electrocoagulation is strongly dependent
on operational conditions, but at any rate a complete con-
version may not be attainable. There is some research into
enhancing the oxidation of As(III) to As(V) within the elec-
trocoagulation operation, in order to avoid optimization for
both species and to achieve As removal in a one-step oper-
ation. Arienzo et al. [158] employed the electrocoagulation
process with iron electrodes and added H,O, to the sys-
tem to oxidize As(IIl) to As(V), which was considered to
be more strongly retained by hydrous ferric oxides. Parga
et al. [159] used an air injection system to increase arsenic
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removal in the electrocoagulation process. Zhao et al. [160]
used a DSA electrode in combination with an iron electrode
for the removal of As(Ill), first by oxidation to As(V) and
then removal with adsorption. They concluded that nearly
compete oxidation of As(IIT) was achieved in the process.

Although high arsenic removals are obtainable by
electrocoagulation, the above information indicates that
operational parameters need to be closely controlled. A
brief evaluation of the effect of operational parameters on
electrocoagulation performance is given below.

pH is a determining factor in electrocoagulation for
arsenic removal, particularly if more than one species exist
in solution. In their study to remove As(V) by electrocoag-
ulation with iron electrodes, Vasudevan et al. worked in a
wide pH range of 2—12 [161]. They found that the removal
efficiency increased up to pH 7 and then slightly decreased.
Kumar et al. [156] did not find a significant change in
removal of As(IIT) and As(V) in an electrocoagulation oper-
ation in the pH range of 6—8. Gomes et al. [8] reported the
optimum pH as 6 for As(III) removal in electrocoagulation
with an aluminium and iron electrode pair. Wan et al. [154]
determined the solid phase in an electrocoagulation oper-
ation using iron electrodes of lepidocrocite, which had an
isoelectric point pH of 7.0. They noted that As(V) removal
at pH 8 and 9 was slow as compared with lower pH values.
A similar observation was made for As(III). Although the
rates were different, removal of arsenic was found to be at
the same capacity between pH values 5—8. However, the
decreasing rate at higher pH values was explained by less
favourable adsorption above the isoelectric point, due to like
charges of ions and solid surfaces. Kobya et al. [155] gave
optimum pH values for the electrocoagulation treatment of
As(IIT) as 6.5 and 7.0 for iron and aluminium electrodes,
respectively.

Initial arsenic concentrations were also evaluated in
some studies. Vasudevan et al. [161] reported that the uptake
of arsenate in the electrocoagulation process increased
with increasing initial concentration from 0.5-1.5mg/L.
The amount of arsenate adsorbed increased from 0.451 to
1.483 mg As/g iron hydroxide sludge as the initial con-
centration increased from 0.5—1.5 mg/L. Gomes et al. [8]
showed that with an aluminium and iron electrode pair and
an initial As(IIT) concentration varying in a wide range of
1.42—1230 ppm, arsenic removal values did not change sig-
nificantly. As a result of their experiments on the removal by
electrocoagulation of As(III) and As(V) with initial concen-
trations varying between 100—1000 g/L, Wan et al. [154]
concluded that arsenic removal was limited by the produc-
tion of a solid phase, and arsenic removal efficiencies were
independent of initial concentration.

Current density and related parameters are another
important issue for the assessment and design of elec-
trocoagulation. Some researchers have indicated that an
increase in current density increases arsenic removal effi-
ciency [155]. However, most authors have claimed that
an increase in current density might increase the rate of

the process, but had no effect on final arsenic removal
[156]. Kumar et al. [156] suggested using the charge den-
sity parameter. Vasudevan et al. [161] observed that in
their electrocoagulation process operation, an initial As(V)
concentration of 0.5 mg/L was removed with higher effi-
ciency as the current density was increased from 0.5 to
2mA/cm? and stayed unchanged with further increase. It
seems that in the case of arsenic removal, current density
is related to the production of adsorbing material, so in this
respect it may emerge as a rate-limiting mechanism for the
electrocoagulation process.

The effect of co-existing ions on arsenic removal by elec-
trocoagulation is important for water treatment; however,
it may gain even greater importance for the treatment of
wastewaters. Studies have indicated that many parameters
common in both natural wasters and wastewaters inter-
fere with arsenic removal by electrocoagulation. Vasudevan
et al. [161] observed a very high level of interference of
carbonate at 250 mg/L, phosphate at 50 mg phosphate/L,
fluoride at 5mg/L and silica at 15mg/L. They explained
the interaction of phosphate, fluoride and silica by preferen-
tial adsorption and carbonate by passivation of the anode.
Wan et al. [154] determined that presence of 1-4mgP/L
phosphate inhibited the removal of arsenic by electro-
coagulation. Their explanation was not only competitive
adsorption, but also a decrease in the rate of oxidation of
Fe’* to Fe’* in the presence of phosphate. The authors
did not observe any significant effect of dissolved silica
between 520 mg/L concentration. Also, 1050 mg/L sul-
phate did not affect the process. Lakshmanan et al. [153]
determined silica interference at 20 mg/L; the effect was
found to increase with increasing pH. The authors also
observed the negative effect of phosphate at a level of
40 wg/L; they noted, however, that the effect decreased
with increasing pH. Pallier et al. [157] noted a significant
negative effect of humic acids at 10 mg/L DOC level for
removal of both As(IIl) and As(V). Kumar and Goel [162]
investigated arsenic and nitrate removal by electrocoagula-
tion and found no significant difference in the removal of
these substances in tap water versus distilled water.

Research dealing with the kinetic and thermodynamic
aspects of arsenic removal by electrocoagulation is limited.
Vasudevan et al. [161] indicated that arsenate adsorption
by Fe(OH); is an endothermic process. The authors also
determined that this adsorption could be represented by
Langmuir adsorption, and followed second-order kinetics.
Balasubramanian et al. [163] reported that arsenate removal
by electrocoagulation using stainless steel electrodes could
be represented by first-order kinetics, and the adsorption
data fitted well the Langmuir isotherm.

A limited number of works have focused on the energy
requirements and cost of arsenic removal by electrocoagu-
lation. Kobya et al. [155] calculated electrode consumption
and energy requirements for a specific electrode connection.
The energy requirements for the treatment of water con-
taining 150 pwg/L As(IIT) were found to be 0.0140 kWh/m?
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and 0.0254kWh/m? for iron and aluminium electrodes,
respectively. Kumar and Goel [162] gave the electrode
consumption for As(V) treatment using iron electrodes.
Martinez-Villafane et al. [164] made an analysis of energy
and electrode consumption for the removal of arsenic from
underground water containing 131 wg/L arsenic. In their
work, very short retention time (20 s) was assumed for the
electrocoagulation process.

Arsenic can be adsorbed onto several adsorbents such
as activated carbon, agricultural products, hydrotalcites and
metal-based absorbents, of which iron oxides are of impor-
tance; however, there are other metal-based methods mak-
ing use of metals such as titanium, copper and zirconium
[144]. Different metals are also used in the electrocoag-
ulation process as electrode materials. A copper—copper
electrode was shown to remove 67% arsenic at low pH
values. Titanium—titanium electrodes provided a mediocre
efficiency of 58%. It was reported that As(III) was less
adsorbed as compared with As(V) on TiO,. Other elec-
trode types such as Cu—Zn, Cu—Fe and Cu—Al pairs have
also been used for arsenic removal with varying efficien-
cies [143]. Kumar et al. [156] obtained up to 58% As(III)
removal with titanium electrodes.

Arsenic as a wastewater pollutant is found in metal fin-
ishing and mining industry wastewaters. Pyrometallurgic
copper processing is an important source of wastewater
[165]. There are studies, although limited in number, for
the removal of arsenic using electrocoagulation at higher
arsenic concentrations in parallel with, or representing,
arsenic-containing wastewaters. Hansen et al. [165] stud-
ied electrocoagulation treatment with iron electrodes using
a continuous system. A stock solution was prepared to
contain 100 mg As/L as As(III) or As(V). The As(V) solu-
tion was prepared from As(III) solution by oxidation using
hydrogen peroxide. At a current density of 12mA/cm?
and a residence time of 9.4 min, more than 98% of As(V)
was removed. An increase in current density from 12 to
15mA/cm? did not change the efficiency. Under the same
operating conditions, As(IIl) removal was less than 10%.
Hansen et al. [166] used the arsenic solutions as described
in their earlier work [165] to contain 100 mg/L As(III) or
As(V). They used three different electrocoagulation units,
all equipped with iron electrodes: a modified flow, a turbu-
lent flow and an air-lift reactor. As(V) removal was over
98% for both modified flow and turbulent flow at a cur-
rent density of 12mA /cm?. Increasing the current density
did not improve the efficiency further. The electrocoagu-
lation process was applied to solutions containing As(II)
and As(V) by Lakshmipathiraj et al. [167]. Mild steel elec-
trodes were used with different electrolytes; 0.01 M NacCl,
Na,SOy4, and NaNO; were used at 5.2 mA /cm? with initial
As(IIT) concentration of 25 mg/L. While arsenic removal of
98% was obtained with NaCl, arsenic removal was 80% and
75% for Na,SO4 and NaNOs, respectively. The reduction
in the efficiencies for Na,SO,4 and NaNO; was attributed
to their passivating effect. The process took 35 min and

pH was elevated over 9 at the end of the application of
electrocoagulation. The effect of initial concentrations was
tested using several dilutions, from 5—100 mg/L As(II)
concentration, using 0.01 M NaCl and at a current den-
sity of 5.2mA/cm?. For all As(Ill) concentrations, 98%
removal was obtained nearly in 90 min. The effect of current
density was tested using 25 mg/L As(III) with current den-
sities varying from 5.2-20.8 mA /cm?. The rate of arsenic
removal was found to increase with increasing current den-
sity, which was attributed to the increased generation rate
of Fe?*. The removal of As(IIT) and As(V) was studied in
another experiment conducted at 5.2 mA/cm? current den-
sity and with 0.01 M NaCl. The initial concentration of the
arsenic solutions was 10 mg/L. Removal of both As(III) and
As(V) was almost the same, although As(V) removal was
slightly better at the initial stage. Lacasa et al. [168] applied
electrocoagulation with iron and aluminium electrodes to
arsenic removal at 20 mg/L As(V) concentration. For both
electrodes and at current densities of 0.5 and 3.0 mA /cm?,
arsenic concentrations were reduced below 10 wg/L. The
pH was increased with increasing current density, however,
and for 0.5mA /cm? the final pH values were between 7
and 8. Balasubramanian et al. [163] studied As(V) removal
by electrocoagulation, using mild steel electrodes, with an
initial concentration 100 mg/L. Although a sharp reduc-
tion was observed in the initial stages of the operation, the
removal, particularly after 30 min, was gradual. Maximum
efficiency was found at 15 mA/cm?. The efficiency of the
process was enhanced as the initial pH was increased from
4 to 7, but no significant difference was observed when the
initial pH value was increased from 7 to 11.

The research conducted so far has demonstrated that
removal of arsenic by the use of electrocoagulation, at least
with the use of iron electrodes, is an effective technology
for natural waters. However, there is still a need for fur-
ther research on various aspects of the process, such as
As(IIT) oxidation and removal and the effect of coexist-
ing anions. For the area of wastewater treatment the need
for the future research is even greater, due to the high
arsenic concentration and complex ionic matrix of these
wastewaters.

8. Fluoride-containing wastewaters

8.1. The basis of fluoride removal and
electrocoagulation

Electrocoagulation with aluminium electrodes has proved
to be effective in reducing fluoride concentrations found
in water resources to drinking water standards of 0.5—
1.5mg/L. The process has also been applied to fluoride-
bearing wastewaters. The mechanism of the process has
long been understood from work in several areas of
research, mostly adsorption and coagulation. A brief
description of the process mechanism and its applications
through the coagulation process is given below.
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When an aluminium salt is added to water in a quan-
tity exceeding the solubility of aluminium hydroxide, the
metalion, AI** is hydrated to form Al (H20)2+ which yields
mononuclear, dinuclear and polynuclear complexes such as
Al(OH)**, Al;(OH){§ and Al;3(OH)3; through a series
of hydrolysis reactions. The hydrolysis reactions produce
hydrogen ions, which reduce the pH of the solution. Data
exist in the literature on hydroxo species, their polymeriza-
tion reactions and stability constants [169,170] as well as
the optimal conditions for the preparation of polymeric alu-
minium (IIT) hydroxide species for water treatment [171].
The positively charged polymeric hydroxo metal ions pre-
vail below the isoelectric point, which is between 9.2 and
11.5[172].

At an initial pH of 8, however, the concentration of
negatively charged AlI(OH), and aluminium solubility
significantly increase, and the solution loses its destabiliza-
tion capacity for negatively charged colloids. Below pH
8, positively charged aluminium species, particularly the
highly charged polymers, carry out effective destabilization
through charge neutralization. In saturated solutions, poly-
meric hydroxy complexes eventually yield solid AI(OH);
through complex reactions. The optimum pH range of alum
coagulation, therefore, is assumed to be between pH 6-8.
The fluoride removal mechanism is based on the reac-
tions that take place during alum coagulation. One of the
mechanisms is the formation of insoluble Al,F,,,(OH)3,,— (s
through co-precipitation:

nAP* (aq) + 3n — m)OH™ (aq) + mF ™ (aq)
- AlnFm(OH)Mfm(s) (39)

or, adsorption:

Al,(OH)3,(s) + mF~ (aq)
— Al Fy(OH)3,—(s) + mOH™ (aq)  (40)

In these mechanisms Al,(OH)s, represents the poly-
meric aluminium hydroxo species, which are also called
reactive polymers. Hydroxy aluminium polymers are
metastable with respect to precipitation, but they persist
in solution for a long time.

The formation of Al-Fe-OH was determined, and started
to be used for fluoride removal in the 1980s, and was studied
intensively in the 2000s [173—176]. Hao et al. [177] studied
the adsorption characteristics of fluoride onto hydrous alu-
mina and developed a surface complexation model. They
also noted that a polynuclear complex may be formed at
high loading. Schmitt and Pietrzyk [178], in their study of
the separation of inorganic anions on an alumina column,
analysed the anion adsorption mechanism and presented
the anion retention order for 16 anions where fluoride was
the first anion. In Saha’s study to remove to fluoride with
AICl3, a complex consisting of Ca, Al, and F was formed
[179]. Szczepaniak and Koscielna [180] conducted a simi-
lar study to determine specific adsorption of halogen anions

on hydrous y-Al, 03 and found that fluoride had the greatest
affinity, and while C1~, Br™ and I~ were adsorbed through
formation of ion pair complexes in the outer-coordination
sphere, sorption of 10, and F~ involved the formation
of surface complexes in the inner-coordination sphere.
Kasprzyk-Hordern [181] evaluated the chemistry of alu-
mina and its aqueous solution reactions in relation to water
treatment. In this paper, the inner-coordination sphere com-
plex of fluoride was represented as an exchange reaction
with hydroxyl ions:

= AI-OH + F~ <>= Al—F + OH™ (41)

Further, a number of studies were conducted to exper-
imentally verify the complex [182—184]. The process con-
ditions for maximum removal were also assessed. Buffle
and co-workers [173] experimentally analysed the specia-
tion of polymers for fluoride removal. In their paper, they
also accounted for the formation of insoluble Na3zAlFg.
Mekonen et al. [175] discussed the effect of pH on fluoride
removal by alum and recommended the pH range 6.5-7.5
for alum—PAC slurry defluoridation. Ayoob et al. [172] in
their overview of defluoridation technologies of drinking
water pointed out that high pH values play a role in fluoride
removal through the reaction:

Al(OH); 4 F~ — AI(OH)3F 4+ OH~ (42)

Since at high pH values residual aluminium concen-
trations increase beyond drinking water standards, this
mechanism is avoided. To make use of the positively
charged polymers for fluoride removal by complex forma-
tion, the pH should be kept below the isoelectric pH of
alum. Hu et al. [185] pointed out the importance of pH in
defluoridation by alum coagulation, and stated that the pH
was changing through the reaction because the hydroxide
ions were liberated as the fluoride complex was formed, and
control of pH in the range 5.5—6.5 was rather difficult. They
proposed to use yoy defined as:

[OH"]p  [H']

34 — 43
[APT],  [APT] )
or yark defined as:
[CO3]

or to US€ YoH+F

[OH™Jo  [H']  [F]o
[APT],  [APT]  [APT)

(45)

as a criterion whose value was taken as 3. Sujana et al. [176]
studied defluoridation by alum coagulation between pH 3—9
and found the optimum pH as 6. They explained this opti-
mum as stronger competition from hydroxide ions at and
above pH 6, and the adsorption was less in the acidic range
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due to the formation of unionized hydrofluoric acid. These
researchers also conducted a desorption test on fluoride-
bearing sludge at pH 6.5 for 48 h and found no release
of fluoride. The authors found that the percent of adsorp-
tion increased with sludge dose, and the adsorption reached
equilibrium conditions in 2 h. The rate of the reaction was
represented by the Lagergren equation and first-order kinet-
ics. On the other hand, the adsorption efficiency was found
to decrease from 85% to 72% at pH 6 and for 20 mg/L initial
fluoride concentration for an increase in temperature from
307 to 337 K. They also reported that sulphate and nitrate
adversely affected fluoride removal at 10 mg/L concentra-
tion, while phosphate and silicate demonstrated an adverse
effect at higher concentrations of 1050 mg/L. Yang and
Dluhy [186] prepared aluminium hydroxide sludge in an
electrochemical reactor and then used this fresh sludge
for fluoride adsorption, reducing the fluoride concentration
from 16 to 0.1 mg/L by adjusting the pH to 6.3. Capacity
determination, kinetic and thermodynamic studies for flu-
oride adsorption by aluminium hydroxides are rather rare.
Liuetal. [187] found a capacity of 110 mg F/g Al for freshly
precipitated aluminium hydroxide in the pH range from 5.0—
7.2. The reaction rate fitted a pseudo-second-order model
and equilibrium was reached in 2h. Sujana et al. [176]
determined equilibrium time as 240 min at pH 6 for flu-
oride removal by alum sludge. The adsorption data fitted
the Langmuir isotherm, and they found the reaction rate to
obey the first-order kinetics. Sujana et al. [188] used amor-
phous F/Al mixed hydroxides for fluoride adsorption and
reported that the data fitted both Langmuir and Freundlich
isotherms well. The maximum capacity was determined as
91.7mg/g. The reaction rate was represented by first-order
kinetics.

Electrocoagulation applications for fluoride removal are
undertaken using aluminium anodes to generate Al(III)
ions. The process in other ways is similar to alum
coagulation. However, the defluoridation efficiency using
electrocoagulation has been considered superior to coag-
ulation. This is explained by the electro-condensation
effect, which is originated by the attraction of negatively
charged ions, fluoride to the anode; fluoride concentra-
tion near the anode exceeds that in the bulk solution,
leading to higher efficiency. Another mechanism that may
work is the formation of AIF,~ ions near the anode where
both fluoride and AI** ions exist in high concentration,
and eventually transform to the insoluble salt Na3AFg
as [172,189]:

APT 4+ 6F~ — AIF;~ (46)

AIF}™ + 3Na — Na3AlF, (47)

Zhu et al. [190] divided the fluoride into three parts:
that remaining in water, that adsorbed by the flocs, and
that removed by the gelatinous layer attached to the elec-

trodes resulting from electrophoresis and/or electrocon-
densation effects in the electric field. They proposed the

existence of an Al,(OH),,,F ,3{”_'”_1‘ complex which, depend-
ing on the charge, could form a colloid in the reactor
or be adsorbed onto the anode or cathode surfaces. The
results of their study showed that over 50% of the flu-
oride was removed on the electrodes at an optimum pH
of 6.5. Emamjomeh et al. [191] conducted a study to
better understand the defluoridation mechanism of electro-
coagulation by aluminium electrodes, and accounted for
the fluoride complexes AlFe?*, AlFeS, AIF§ and AlF;.
They found that solid cryolite appeared in the pH range
of 56, and by increasing the pH to 68 aluminium hydrox-
ofluoride formation was maximized, which was the main
mechanism for defluoridation. They also found that fluo-
roaluminium complexes predominated in the acid solution
until AI(OH); precipitated. The fluoride removal efficiency
decreased as the pH was increased from 8 to 10. Mameri
et al. [6] evaluated the effect of pH on defluoridation by
electrocoagulation. The process was commenced at differ-
ent initial pH values varying between 4.4 and 9.0. Their
results indicated that the final pH of the solution converged
to pH 7.6 independent of the initial pH. pH 7.6 was evalu-
ated as a point where fluoroaluminium complexes AlF3,
AIOHF; and AI(OH),F; were strongly present, induc-
ing an efficient fluoride removal. Hu et al. [185] used
the molar ratio of hydroxide ions to AI(III) ions as a cri-
terion, and concluded that the hydroaluminium polymer
formed if the yopy was less than 2.46. Zhao et al. [192]
also studied the effect of alkalinity on defluoridation by
electrocoagulation. They concluded that as the OH™ was
the only source of alkalinity in raw water, the highest effi-
ciency could be obtained when the molar ratio of alkalinity
and fluoride to AI(III) was controlled at 3.0. These stud-
ies showed the importance of the pH in defluoridation by
electrocoagulation.

Another important issue in electrocoagulation for flu-
oride removal is passivation of electrodes. Passivation is
a common problem in electrocoagulation. An oxide film
formed on aluminium is stable between pH values 4 and 10,
which increases resistance and reduces efficiency [6,193].
Several methods have been proposed to overcome the
problem of passivation. Mameri et al. [6] used bipolar elec-
trodes for this purpose. Bipolar electrodes are formed by
placing conductive plates between two electrodes with-
out electric connection. Opposite electric charges on the
plates that face the electrodes will develop, and anodic
and cathodic reactions take place on the positively and
negatively charged surfaces, respectively. This application
provides more efficient current distribution and reduced
drop in electric potential. Addition of chloride to the solu-
tion, periodical reversal of the current direction, and use of
alternating current (AC) are other methods that have been
tried to resolve the passivation problem. Mameri et al. [6]
applied bipolar electrodes and concluded that this applica-
tion induced a reduction in defluoridation time while the
mass ratio of Al/F~ obtained with the bipolar electrodes
was of the same order as the ratio determined with a system
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of monopolar electrodes. Mameri et al. [194] employed
aluminium electrodes in bipolar mode for defluoridation
of Sahara water. Emamjomeh and Sivakumar [195] stated
that the AI>* /F~ mass ratio was not significantly different
between monopolar and bipolar electrocoagulation sys-
tems. Ghosh et al. [183] observed better removal of fluoride
for a bipolar connection than for a monopolar connec-
tion. They also reported that with the same current density
applied for both kinds of connections, the density was higher
in the bipolar connection. Vasudevan et al. [196] used both
AC and direct current for defluoridation by electrocoagu-
lation, using aluminium electrodes at 10 mA/cm? current
density and initial pH 7, and reported that both removal
efficiency and energy consumption were favourable for use
of AC.

The chloride ion is often used in the electrocoagu-
lation process to increase conductivity; however, it also
has corrosive properties, and even at low concentrations
results in breakdown of the passivating film through pitting
corrosion [193]. Cheng [197] added chloride to an electro-
coagulation solution to alleviate the passivation problem in
defluoridation by electrocoagulation.

Huetal. [189] evaluated the effects of co-existing anions
on fluoride removal in the electrocoagulation process using
aluminium electrodes. They conducted potentio-dynamic
polarization tests for both monopolar and bipolar elec-
trode connections to assess defluoridation efficiency, cur-
rent efficiency and applied potential. They used 25 mg/L
F~ solution as the reference and added C1—, NO5 and SOi_
anions separately oras SO;~ + Cl~ and SO;~ + NOj com-
binations. The concentration of the added anions varied
between 1-10 mM. No obvious pitting was observed for
F~ and SOff-containing solutions; however, in the pres-
ence of CI~ and NO5 anions the current density rose as
the applied potential was increased above the pitting poten-
tial. This was explained by lyotropic series of the anions
for AI(IIT) given as F > SO?[ > CI” > NOj and also by
the lower solubility of fluoro-hydro-aluminium and sulfa-
hydro-aluminium complexes as the affinity of F~ or SO;~
ions for Al(IIT) was greater than C1~. Their conclusion was
that defluoridation occurred on the surface of the anode
without co-existing anions due to electro-condensation
effect, and with near 100% efficiency. However, in systems
with co-existing anions the defluoridation reaction took
place in solution, and the residual fluoride was controlled
by AI(III) dosage. Here the effect of SOi_ on defluori-
dation by electrocoagulation is significant. The authors
further pointed out that SO}~ not only exerted a com-
petitive effect on the formation of AI-OH-F complex, it
also reduced the accumulation of fluoride ions near the
anode. Therefore, most of the defluoridation reactions in
systems with co-existing anions occurred in bulk solution.
Zuo et al. [198] also emphasized the effect of SO?[ and
C1~ on defluoridation by electrocoagulation. Based on sul-
phur measurements in dried electrocoagulation sludge, they
explained that the increase in sulphur content of the sludge

indicated an increased concentration of SO;~ in the solu-
tion, by the competition between SOi_ and F~ with the
reaction:

Al(OH);_,F, +yS05~ <> AI(OH);_,F, ,(SOy), + 2yF~
(48)

The effect of chloride was also explained by the authors
based on the ability of chloride to rupture the passive
films of aluminium electrodes [198]. It was concluded that
as Cl™ concentration increased, the current efficiency of
electrocoagulation and therefore production of aluminium
species increased. Although less so than SO?[, Cl~ also
exerted a competition for complexation with aluminium.
However, the positive effects of C1~ could be offset by the
negative role, and CI1~ had only a small effect on defluo-
ridation by electrocoagulation. The authors also evaluated
the effect of Ca?* on the process, and found that Ca?* at
250 mg/L concentration enhanced defluoridation by reduc-
ing the final fluoride concentration to 0.23 mg/L, with
respect to 0.87 mg/L when no Ca>* was present in the
water. They explained the positive effect of Ca>* with the
probability of co-precipitation of A3+ and Ca?*:

mAP 4+ nCa®* + 3m + 2n)H,0
< Al,Ca,(OH)3p 120 + 3m + 2n)H* (49)

and as the Ca>* had stronger affinity to F~, incorporation of
Ca?* into the aluminium hydroxide might enhance fluoride
removal.

Trompette and Vergnes [199] evaluated the effects of
supporting electrolytes during electrocoagulation with alu-
minium electrodes for the treatment of unskimmed milk
and cutting oil emulsions, and concluded that SO~ ions
were quite harmful both for electrical consumption and
electrocoagulation efficiency. They also found that chlo-
ride and ammonium ions were beneficial, while the role of
sodium cations was neutral. The authors also indicated that
electrocoagulation could be realized in the presence of sul-
phate when the [Cl_]:[SOi*] ratio was around or greater
than 1:10.

Kolics et al. [200] applied radioactive labelling and
electrochemical techniques to evaluate the adsorption of
sulphate and chloride ions on aluminium. They demon-
strated that sulphate ions bound on the surface increased
with solution pH and exposure time. The surface coverage
of chloride increased with anodic polarization even above
the pitting potential.

Mouedhen et al. [201] conducted a study to assess the
behaviour of aluminium electrodes in the electrocoagula-
tion process. They used an electrolyte solution containing
1g/L NaySO4 and added NaCl to assess the effect of
chloride concentrations. They found that a minimum C1~
concentration of 60 ppm was required to break down the
anodic passive film and considerably reduce the cell volt-
age during electrolysis. They also pointed out that the global
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amount of coagulant was originated not only by electro-
chemical oxidation of anode; chemical attack at the cathode
also yielded soluble aluminium species, resulting in a total
amount exceeding the value calculated from Faraday’s law.
Zhao et al. [202] evaluated the effects of Ca>* and Mg?*
on defluoridation in the electrocoagulation process using an
aluminium anode and copper cathode. They indicated that
an increase in Ca>* concentration improved defluoridation
efficiency, but could not change the optimal molar ratio of
OH™ and F~ to AP’ (rop4r). Ton,r Was defined as:
[OH™ ], + [OH Jgc + [F~], — [H" ],
[AP ]

rOH_H: = (50)

where [OH™],, [H"], and [F~], are initial concentra-
tions of OH™, H* and F, respectively. [APT ]y is the total
concentration of AI’* and [OH]gc is the concentration
of OH™ generated in the electrolysis process. The high-
est defluoridation efficiency was obtained at ropgir = 3.
Only a small portion of Ca?>* was found to enter into the
flocs, and Ca?* did not influence the mechanism of deflu-
oridation by electrocoagulation. For the Mg?*-containing
system, the optimal roy.r increased with increasing Mg?*
concentration. About 50-70% of the total Mg+ was found
to enter into the flocs. This incorporation was explained with
the formation of Mg—AI—F layered double hydroxides.
Vasudevan et al. [203] used a Mg—Al—Zn alloy as an anode
for fluoride removal by electrocoagulation. They obtained a
maximum removal efficiency of 96% at the current density
of 2mA/cm? and a pH of 7.0. They concluded that fluo-
ride was adsorbed onto magnesium hydroxide. However,
the mechanism may be the formation of the Mg—AI—F
complex found by Zhao et al. [202] rather than magnesium
hydroxide, which seems unlikely to form at any significant
amount at pH 7.0. In the same work, the effects of car-
bonate, silicate, phosphate and arsenic on the process were
also evaluated. Carbonate, silicate and phosphate inhib-
ited the process beginning at 5mg/L, all causing about
30% loss of fluoride removal efficiencies. The carbonate
inhibition was attributed to its passivating effect on the
anode. The effects of phosphate and silicate were inter-
preted as their preferential adsorption over fluoride. The
effect of arsenic was the most drastic in that fluoride removal
reduced from 96% to 38% by increasing the arsenate con-
centration from 0.2 to 5mg/L. The effect of arsenate was
also explained by preferential adsorption of arsenate over
fluoride.

In general, there is an agreement on optimum ranges for
the operational parameters of the electrocoagulation process
for fluoride removal. The optimum pH range was accepted
by some researchers as the wider 68 [184]. However, a
narrower range has been suggested by many authors. Zuo
et al. [198] adopted the optimum influent pH range as 6.0—
7.0, while Zhu et al. [190] assumed the optimal pH range of
5.5-6.5. Mameri et al. [6] also found more efficient deflu-
oridation pH between 5 and 7.6. Zhao et al. [204] pointed

out that the removal rate decreased greatly when the pH
was higher than 7. Vasudevan et al. [196] also reported that
fluoride removal efficiency increased up to pH 7.0 and then
decreased with further increase in pH. Gwala et al. [205]
determined the optimum pH range as 6—7.

In general, it has been found that treatment time required
to attain a certain residual fluoride value increases as the ini-
tial fluoride concentration increases [6,183,196,198]. Zhu
et al. [190] stated that ‘defluoridation efficiency of elec-
trodes tended to decrease although defluoridation capacity
increased relatively with the initial F~ concentration rising’,
implying that this generalization may have a limit.

The effect of current density on the electrocoagulation
process has a similar effect. Zhu et al. [190] concluded that
current density had little effect on defluoridation by the
flocs for current densities 0.463-9.259 mA /cm?. They also
found that charge loading increased fluoride removal up
to 1.55F/m?, above which a plateau was reached. Mameri
et al. [6] also stated that electrocoagulation was controlled
by the formation of fluoroaluminium complexes, and it was
not necessary to work with a current density greater than
an optimum value for a chosen area/volume (A/V) ratio.
Emamjomeh and Sivakumar [184] also found increasing
fluoride removals with increasing current density. Ghosh
et al. [183] found an increase in fluoride removal with
increasing current densities between 37.5-62.5 mA /cm?.
Their general comment on this behaviour was that increas-
ing current density caused the anodic oxidation to take
place more readily, favouring the formation of amorphous
aluminium hydroxide species for adsorption.

The modelling of fluoride removal by electrocoag-
ulation has been attempted by several researchers. The
adsorption of F~ has been fitted to the Langmuir isotherm
[190,196,206]. Essadki et al. [207] used a combined version
of the Langmuir and the Freundlich models.

The effect of temperature on the electrocoagulation pro-
cess has also been evaluated. Mameri et al. [6] conducted
electrocoagulation experiments on Sahara ground water
between 20-55°C, and indicated that process efficiency
decreased with increasing temperature; they explained the
results as desorption of fluoride from aluminium hydrox-
ide and the destruction of fluoroaluminium complexes at
high temperature. Vasudevan et al. [196] showed that the
adsorption of fluoride was exothermic and spontaneous in
nature.

Defluoridation by electrocoagulation has been also anal-
ysed for the assessment of reaction kinetics. In some of
the studies first-order kinetics was assumed [6,195,208].
However, the first-order kinetic constant changed with oper-
ational parameters such as current density, pH and initial
fluoride concentration [207]. Emamjomeh and Sivakumar
[195] applied first-order kinetics but expressed the rate con-
stant in terms of current concentration (I/V), initial fluoride
concentration and electrodes distance. Hu et al. [206] pro-
posed a variable-order kinetics (VOK), which was based
on a combination of a first-order kinetics between fluoride
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removal and aluminium production and the Langmuir
adsorption equilibrium as:

Pmax[F7]

= Tk Gh

where ', represents the maximum I' (mole of removed
fluoride ions per mol AI(III) ions at a given equilibrium pH).
If 1/k > [F~] the proposed model turns to first-order kinet-
ics, and if [F~] > 1/k the order of reaction is zero. Essadki
et al. [207] modified this model considering a combined
Langmuir and Freundlich isotherm. Vesudevan et al. [196]
worked with both alternating and direct current in their
study and found that using both forms of current the adsorp-
tion of fluoride fitted the Langmuir isotherm and followed
second-order kinetics.

There are a few studies on the optimization, applicability
and cost of the defluoridation process by electrocoagulation.
Behbahani et al. [208] applied response surface methodol-
ogy for the optimization of the process. They found that
initial fluoride concentration, current density and reaction
time were the main parameters affecting fluoride removal in
the electrocoagulation process. When the operational cost
of the process was calculated as the sum of energy and
electrode consumptions and energy consumption was cal-
culatedas £ = V' x I x t (V:voltage, I: current intensity, :
time), their analysis showed that the cost of the process was
dependent on current density and reaction time values. They
obtained maximum operating costs of 1.27—1.48 US$/m>
for initial fluoride concentrations of 25—-100 mg/L. Gwala
et al. [205], however, in their optimization study, found
that an increase in current density substantially reduced
treatment duration but increased residual aluminium level.
Ghosh et al. [209] in their techno-economic analysis for
the electrocoagulation of fluoride-contaminated drinking
water found that fluoride removal efficiency increased with
the increase in current density and decreased with an
increase in inter-electrode distance. They observed that a
40 min reaction time was required to achieve 1 mg/L fluo-
ride in the electrocoagulation bath for the initial fluoride
concentration of 10mg/L, at 62.5mA/cm? current den-
sity and 5mm inter-electrode distance. They calculated
the operating cost for this system as 0.38 US$/m?, which
was significantly lower than that calculated by Behbahani
et al. [208]. Emamjomeh and Sivakumar [184] reported the
maximum total operational cost for the electrocoagulation
process as 0.6 AUD/m? treated water for 5 mg/L initial flu-
oride concentration. Zuo et al. [198] calculated the energy
consumption of the electrocoagulation process for4.0 mg/L
initial F~ and 2.2 mA /cm? current density as 1.2kWh/m?
water.

8.2. Electrocoagulation applications for
fluoride-bearing effluents

Fluoride as a wastewater pollutant exists in several
industrial wastewaters such as glass treatment, fertilizer,

semiconductor manufacturing and metal finishing indus-
tries. Studies on the electrocoagulation treatment of flu-
oride conducted on actual or simulated wastewaters are
summarized below.

Cook and Uhrich [210] reported the use of electroco-
agulation with aluminium electrodes for the treatment of
semiconductor wastewaters pretreated with lime precip-
itation. The continuous pilot testing of the system was
successful in bringing down the fluoride concentrations
1.8 mg/L, but severe passivation problems occurred. Shen
etal. [182] used synthetically prepared wastewater to assess
the treatability of fluoride using electrocoagulation with
bipolar aluminium electrodes. In their study, 15 mg/L influ-
ent fluoride concentration was reduced lower than 2 mg /L at
initial pH 6, charge loading 4.97 F/m, and a residence time
of 20 min. Lower fluoride concentrations were obtained by
adding 50 mg/L of Fe3* or Mg?* into the coagulation unit.

Hu et al. [211] effectively removed dissolved fluoride
and CaF, particles in semiconductor wastewater pretreated
with CaF, precipitation, using electrocoagulation and flota-
tion. Sodium dodecyl sulphate was used to improve flotation
performance in their work. They reported that the fluoride
treatment efficiency was optimal when the initial acidity
was very close to the initial fluoride concentration ([H*], ~
[F~], = 27.8 mg/L) and the final pH was around 7.

Hu et al. [212] used synthetically prepared wastew-
ater with a high fluoride content. Following calcium
precipitation, the effluent was used for the evaluation
of electrocoagulation—flotation performance using sodium
dodecyl sulphate. They compared batch and continuous sys-
tems, and found that fluoride removal was the same for both
systems for charge loading of about 1000 C/L.

Drouiche et al. [213] prepared a synthetic fluoride solu-
tion to represent photovoltaic wastewater and assessed the
performance of electrocoagulation with bipolar aluminium
electrodes using this sample. An initial fluoride concentra-
tion of 25 mg/L was reduced to 9.5 mg/L with 30 V applied
potential and at initial pH 6-8. Addition of NaCl up to
100 mg/L further decreased the fluoride concentration.

Khatibikamal et al. [214] applied the electrocoagulation
process with aluminium electrodes to steel industry wastew-
ater containing Smg/L F; 219mg/L CI~ and 180 mg/L
SO3™. Fluoride removal efficiency of 90% was obtained
under 30V fixed potential in 5 min in the monopolar reac-
tor. The performance was further enhanced by adding
extra aluminium plates, turning the system to bipolar. The
pH changed from 7 to 4.68 in the first 15 min, and then
increased to 9.48 at the end of 40 min. The effect of volt-
age was also tested between 5-30 V; fluoride was reduced
to under 1 mg/L at an initial 10 V for which the current
was 0.49 A. The adsorption kinetics was represented by the
second-order model.

Beyza et al. [215] investigated the treatability of alu-
minium surface treatment effluent by electrocoagulation
using aluminium electrodes. The wastewater was strong,
containing over 6000 mg/L fluoride, almost 5000 mg/L
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aluminium as well as 340-370 mg/L COD. High fluoride
removals of over 90% were obtained by electrocoagulation.
The final fluoride concentrations were affected by initial
fluoride levels. For 1500 mg/L chloride concentration as
electrolyte, optimum fluoride removals were obtained with
current densities between 22.3 and 29.8 mA /cm?. The pro-
cess required close control of variables to keep the residual
aluminium and COD concentrations at a minimum.

There are two studies which evaluated fluoride removal
from wastewaters by electrocoagulation using iron elec-
trodes. Drouiche et al. [216] studied fluoride removal by
electrocoagulation using iron electrodes with a syntheti-
cally prepared wastewater to simulate the characteristics of
photovoltaic wastewater after calcium precipitation. A flu-
oride concentration of 25 mg/L could be reduced to below
15mg/L F~, which was the discharge standard value, in
40 min under 30 V potential. When actual wastewater with
the same fluoride concentration was used the discharge stan-
dard could still be achieved, but longer treatment times
were needed. The cost of the process was calculated to
be 0.059USS$ per litre of wastewater treated. Drouiche
et al. [217] used simulated photovoltaic wastewater after
precipitation with lime to evaluate the performance of elec-
trocoagulation with iron electrodes. The optimum pH for
the process was found as 6. The initial concentration of
25mg/L F~ was reduced to below 15 mg/L in 40 min and
with 30 V potential.

Fluoride removal by electrocoagulation technology has
achieved a level of applicability for water treatment with
some precautions, such as the control of residual aluminium,
and technical and economical optimization of the process
according to the quality of water being treated. How-
ever, studies on its application to wastewaters are limited,
although they are promising. Further studies are required
with actual wastewaters containing high concentrations of
fluoride to elucidate the capability and limitations of the
process, as well as to consider interference from factors
such as calcium, since they are known to exist in efflu-
ents as a component of wastewaters as well as through
the pretreatment processes preceding electrocoagulation
treatment.

9. Conclusions

In the present review, it was demonstrated that electroco-
agulation has successfully been applied for the removal
of specific problematic factors (such as colour, recalci-
trance and toxicity) that cannot be removed effectively
via conventional treatment methods. To date, electroco-
agulation has been applied to a wide range of industrial
wastewaters, revealing that previous research has focused
on the application of electrocoagulation to specific situ-
ations and case studies (wastewater treatment plants and
waste streams). However, it should be kept in mind that
case-related on-site process optimization has limited suc-
cess, and a more detailed approach is required to predict

reaction performance globally. Mechanisms are expected
to change through the process but the dominant mech-
anisms and their role are yet to be identified. The lack
of a fundamental, methodical approach at a mechanis-
tic level is reflected by the lack of similarities in reactor
design and application. To date, adequate scale-up param-
eters have not been defined and the scales of operation
parameters vary by more than one magnitude. A logical,
systematic approach to a fundamental understanding of
electrocoagulation is apparently missing and thus needs fur-
ther dedicated effort. Only then can an appropriate design
phase, based on solid scientific and engineering knowledge,
proceed on safe terrain. Obviously, a huge number of key
mechanisms are dependent on only few operation param-
eters. Certainly, dozens of individual optimization studies
exist, for example for pH and applied current, to maximize
removal efficiencies, but these experimental case studies
often conflict with other locally optimized conditions. As a
consequence, a trade-off between various competing fac-
tors must be evaluated to provide a scientific basis for
global optimum operation conditions. From the above facts
it is also obvious that the full potential of the electro-
coagulation process as an emerging wastewater treatment
alternative is yet to be fully realized. Until now, the pro-
cess has only been empirically optimized and hence requires
more fundamental understanding for improved engineering
design and full-scale application. In addition, the process
involves a not yet fully investigated, complex reaction
mechanism related to a variety of surface and interfacial
phenomena that limits the engineering and design aspect of
electrocoagulation. For optimum performance and future
progress in the application of this novel and innovative
technology, better reactor design, understanding and pro-
cess control has to be provided. In this review, special
emphasis was placed on the discussion of critical process
parameters, fundamentals and reaction mechanism. It is
apparent that this enigmatic technology will continue to
make inroads into the wastewater treatment arena because
of its numerous advantages and changing strategic global
water needs.
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