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In conventional thickening operations, chemical reagents are added as coagulants or flocculants to improve
the settling behaviour of suspended and colloidal solids. The effectiveness of these reagents depends on the
nature and particle size of the solids. Poor settling may necessitate impoundment of the entire suspension,
making land requirements exorbitant and imposing severe constraints on the plant water balance. The
demand for fresh water increases as recycle of supernatant water from the thickening operation is curtailed. A
bottleneck is created and plant capacity is effectively limited.
In light of these considerations, alternating current electrocoagulation (AC/EC) came to be viewed as a
potential alternative to chemical coagulation for treating suspensions produced in the mineral, coal and
petroleum industries. Consequently, a detailed program of fundamental study was undertaken on the
application of AC/EC to the enhancement of the settling behaviour of fine silica, which served as the model
tailings solid.
This paper reports on the study of the influence of agitation on the settling behaviour of silica that was treated
by the AC/EC technique. The technique enhanced the initial settling rate of silica (1.6×10−3 cm/min) by over
three orders of magnitude. Agitation was beneficial, but not essential, to this enhancement. Over the impeller
tip speed range of 0 to 4.97 m/s, the initial settling rate of electrocoagulated silica was observed to be
modestly sensitive to agitation rate, from which it may be deduced that silica formed strong flocs. Enhanced
settling behaviour of electrocoagulated fine particles is manifested by their aggregation into flocs, as well as by
their adsorption onto larger particles. In comparison tests, all of the aluminum added in chemical coagulation
was precipitated in the sweep floc mechanism. This was not the case in electrocoagulation, which produced
less voluminous sediment for the same Al dosage. In coagulation by specific adsorption, such as in
electrocoagulation, zeta potential cannot be relied upon to track the progress of particle destabilization.
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sell@ualberta.ca (T.H. Etsell).
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1. Introduction

1.1. Background

Thedewateringbehaviourof tailings directly affects theutilization of
a tailings pond, which is designed principally as a repository for the
solids, while permitting recycle of the supernatant water to the process
plant. Amajor requirement for efficient operation is that the solids settle
readily in the tailings pond. Poorly settling solids, therefore, severely
restrict water recycle and impose an exorbitant demand on land space
for storage of the tailings slurry. Concomitantly, the demand for make-
up water increases.

Poor settling of particulates in aqueous media arises from mutual
repulsion of the surface charge on the particles. Neutralization of the
charge, the generation of precipitate to enmesh and sweep out the
suspended particles, and the creation of interparticle bridges are
mechanisms by which settling behaviour is enhanced. Chemical
coagulants or flocculants are traditionally added to effect enhance-
ment by these mechanisms. Alternatively, the coagulants may be
generated in situ by electrolytic means (i.e., electrocoagulation) as
hydroxoaluminum complexes, under the influence of either direct
current (DC) or alternating current (AC). In this study, alternating
current electrocoagulation (AC/EC) was applied to enhance the
settling behaviour of fine silica as the model tailings solid. Aluminum
was selected as the material for electrode construction.

AC/EC was preferred in this study to DC/EC for practical reasons.
AC/EC can be powered directly from the mains, requiring only a
transformer to regulate the current, aswas done in this study. DC/EC, on
the other hand, can be powered by a battery for laboratory purposes,
with a rheostat for current adjustment. For larger scale application,
however, AC power would be the practical choice and rectifiers would
be required to convert it to DC. It appears, therefore, that the operation
of DC/EC on a commercial scale would incur higher capital expenditure
than AC/EC, mainly for ancillary electrical equipment.

http://dx.doi.org/10.1016/j.minpro.2011.04.004
mailto:ifill@ualberta.ca
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http://dx.doi.org/10.1016/j.minpro.2011.04.004
http://www.sciencedirect.com/science/journal/03017516
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1.2. Hydroxoaluminum complexation

The polarity of the electrodes reverses once per AC cycle such that
each electrode functions alternately as the anode and as the cathode.
The desired reaction occurring at the anode is the oxidation of
aluminum (Eq. (1)):

AlðsÞ→Al
3þ þ 3e ð1Þ

Depending on the water pH, anodic side reactions may occur to
liberate oxygen as shown in Eqs. (2) and (3).

2H2OðℓÞ→4H
þ þ O2ðgÞ þ 4e ðneutral to acidic pH rangeÞ ð2Þ

4OH
−→2H2OðℓÞ þ O2ðgÞ þ 4e ðbasic pH rangeÞ ð3Þ

The reaction in Eq. (1) is not reversed at the cathode for the same
reason that aluminum cannot be electrowon from aqueous solution.
Instead, the cathodic reactions depend on pH and aeration, as
indicated by Eqs. (4)–(7).

2H2OðℓÞ þ 2e→H2ðgÞ þ 2OH
− ðneutral to basic pH range; unaeratedÞ ð4Þ

2H
þ þ 2e→H2ðgÞ ðacidic pH range; unaeratedÞ ð5Þ

2H2OðℓÞ þ O2ðgÞ þ 4e→4OH
− ðneutral to basic pH range; aeratedÞ ð6Þ

4H
þ þ O2ðgÞ þ 4e→2H2OðℓÞ ðacidic pH range; aeratedÞ ð7Þ

Al3+ enters complexation reactions with water to form a range of
hydroxo species (Baes andMesmer, 1976; Cañizares et al., 2006), such
as Al(OH)2+, Al(OH)2+, Al(OH)3° , Al(OH)4−, Al2(OH)24+ and Al3(OH)45+.
The relative abundances of these species are determinedmainly by pH
and the total concentration of dissolved aluminum. Ageing and
temperature also determine the distribution and identity of the
species (Stumm and O'Melia, 1968). Some polynuclear species are
considered to form by condensation of the mononuclear hydrolysis
products (Dentel and Gossett, 1988; Parthasarathy and Buffle, 1985;
Snoeyink and Jenkins, 1980), as summarized by Eqs. (8) and (9)
where the role of coordinated water molecules is evident.

AlðH2OÞ3þ6 ⇆AlðH2OÞ5OH2þ þ H
þ ð8Þ

2AlðH2OÞ5OH2þ⇆Al2ðH2OÞ8ðOHÞ4þ2 þ 2H2OðℓÞ ð9Þ

The oxyhydroxoaluminum species, Al13O4(OH)247+ (Baes and
Mesmer, 1976; Akitt and Farthing, 1978), and other polynuclear
species, such as Al7(OH)174+ and Al13(OH)345+ (Snoeyink and Jenkins,
1980), were identified. More recently, by mass spectrometric analysis
of AlCl3 solutions (pH 3.27 to 4.20), Sarpola et al. (2004) identified
over 80 univalent cations (Al2 to Al13 cores) and 19 polyvalent cations
(Al10 to Al27 cores). While it had been well established (e.g., Baes and
Mesmer, 1976; Duan and Gregory, 2003) that the aluminate ion was
the only known complex anion of aluminum, Sarpola et al. further
identified 45 univalent anions (Al1 to Al12 cores) and 9 polyvalent
anions (Al10 to Al32 cores). Thus, the inference drawn by Hunt (1965)
and Stol et al. (1976), that theremight be a practically infinite range of
hydrolytic aluminum complexes, was proven. The identity and
distribution of the species change with pH, total dissolved aluminum
concentration, and time (i.e., age) (Sarpola et al., 2006; Zhao et al.,
2009).

The hydroxoaluminum and oxyhydroxoaluminum ions adsorb
specifically (i.e., chemisorb) onto particle surfaces and neutralize charge
residing there. Consequently, interparticle repulsion is reduced or
eliminated, permitting closer approach and contact of particles to form
aggregates or flocs. Furthermore, the adsorbed complexes can continue
to adsorb onto other particles with which their host particles make
contact, creating and building flocs by effectively bridging particles to
particles, particles to microflocs, and microflocs to microflocs.

1.3. Agitation and floc growth

Interparticle collision, and collision between particles and coagu-
lant species, are prerequisite to the formation of flocs which, by their
mass and structure, dewater and settle more readily than the
individual particles. The collisions are facilitated by agitation, whose
effect on the settling behaviour of electrocoagulated silica is the
subject of this paper. Aluminum ion formation and complexation are
not influenced by agitation.

In their study of the flocculation of ground silica (d50=24 μm)with
ArmacC™ (aflotation collector) under shear, Spears and Stanley (1994)
identified two stages of floc growth. They found that flocculation began
with rapid floc growth, followed by the attainment of a steady state
between growth and fragmentation. The limiting floc size was
determined by the hydrodynamic conditions and the flocculant dosage.
At zeroflocculant dosage,flocculationdid not occur at any agitation rate.
In addition, the agitation rate producing the largest flocs decreased as
the solids concentration was increased. This result indicated that the
closer proximity of the silica particles, due to increasing concentration,
resulted in higher collision frequency which enhanced the flocculation
process. The result also illustrated that the flocs would fragment when
subjected to excessive shear rates. Once the limiting floc size was
attained, however, no significant net fragmentation resulted from
prolonged agitation.

It must be pointed out that the work of Spears and Stanley (1994)
was a study of the shear-flocculation phenomenonpreviously described
by Warren (1975). In shear-flocculation, hydrophobic surfactant
adsorbs onto the solid particles. By the energy available from high
shear rates, the particles collide and aggregate in hydrophobic–
hydrophobic association. Such aggregates exhibit high shear strength
because of the high binding energy required to form them. Warren
(1975) estimated the binding energy per particle–particle contact to be
of the order of (103–104)kT J, where k is Boltzmann's constant
(1.381×10−23 J/°K) and T is the absolute temperature (°K). This is to
be comparedwith~10kT J for polymer-bridgingflocculation.Hence, the
nature of shear-flocculation differs significantly from that of chemical
flocculation. Furthermore, it will be shown in the current paper thatfloc
formation by electrocoagulation proceeded in the absence of shear.
Hence, thenatureof electrocoagulation is also verydifferent from that of
shear-flocculation.

It is interesting to note that Spears and Stanley (1994) achieved
flocculation at a zeta potential of −26 mV. This is not unusual since
coagulation and flocculation can be achieved well before charge
neutralization occurs (Cohen and Hannah, 1971). In flocculation with
flocculants of high molecular weight, for instance, the polymer bridge
can be much longer than the thickness of the electrical double layer.
Hence, no effect is likely to be seen on the measured value of the zeta
potential.

In another study of ground silica (d50=28 μm), Sharma et al. (1994)
used Percol 351™ as the flocculant. It was added continuously at two
dosing rates to give a fixed dosage. Agitation was continued after the
required dosage had been met. The floc size and growth rate were
observed to increasewith theflocculant dosing rate. At bothdosing rates
studied, doubling the shear rate almost halved the maximum floc size
attained. After attainment of the maximum floc size, floc growth and
fragmentation proceeded in steady state, and furtherflocculant addition
had no incremental effect on floc size.

1.4. Silica surface chemistry

Hunter (1981) placed the isoelectric point (i.e.p.) of agedα-SiO2 at
pH 2.0±0.3 and estimated the point of zero charge (p.z.c.) for quartz
to be pH 2 to 3.7, while Lyklema (1978) quoted the value of the p.z.c.
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for silica at pH~2. These values attest to the acidic nature of silica.
Consequently, the following equilibria have been proposed as possible
surface reactions (Amirtharajah and O'Melia, 1990; Huang, 1981;
Lyklema, 1978), where `Si represents a silicon surface atom.

`SiOH⇆`SiO
− þ H

þ

`SiOH þ OH
−⇆`SiðOHÞ−2

`SiOH þ H
þ⇆`SiOH

þ
2

`SiOH⇆`Si
þ þ OH

−

The capacity of the aluminum hydroxo complexes for interparticle
bridging depends upon the magnitude of the charge carried by the
complexes, as illustrated by Reactions 10 to 12. Reactions 10 and 11
exemplify a tetravalent dimeric complex with a large capacity for
bridging, unlike the univalent monomeric complex in Reaction 12.

`Si\OHþ Al2ðOHÞ4þ2 ⇆`Si\OAl2ðOHÞ3þ2 þ H
þ ð10Þ

`Si\OAl2ðOHÞ3þ2 þ HO\Si`⇆`Si\OAl2ðOHÞ2þ2 \O\Si` þ H
þ ð11Þ

`Si\OHþ AlðOHÞþ2 ⇆`Si\OAlðOHÞ2 þ H
þ ð12Þ
30 cm

X

Side View 22.5 cm

Y

8.5 cmTop View

Comb

Bridge

0.5 cm

Groove

Fig. 1. Sketch of the electrocoagulation cell.
Thus, like the dimer in Eq. (10), Al13O4(OH)247+, Al7(OH)174+ and
Al13(OH)345+ would be examples of complexes that possess great
capacity for interparticle bridging, for effecting floc growth and,
ultimately, for enhancing the settling behaviour of fine particulate
solids.

2. Materials and methods

2.1. Characterization of As-received silica

The silica was supplied under the trade name, Sil-Co-Sil Ground
Silica, by the Ottawa Silica Company of Ottawa, Illinois, USA, and was
tested as received. It was characterized by its moisture content,
density and particle size distribution. In addition, its zeta potential
and natural settling behaviour were determined in de-ionized water
containing 0 and 200 mg/L (200 mg/dm3) NaCl (reagent grade, added
to increase the specific conductivity for electrocoagulation).

As set out in Standard D 422 (ASTM, 1997), the hydrometer
method was used to determine the particle size distribution of as-
received silica. De-ionized water was used instead of distilled water.
The hydrometer had a cylindrical bulb and was graduated over the
specific gravity range of 0.995 to 1.300.

The natural settling behaviour of as-received silica was established
by the timed, downward movement of the solid–liquid interface in a
graduated cylinder. Zeta potential was measured in de-ionized water
containing 0 and 200 mg/L NaCl over the pH range of 3.0 to 9.3. A Rank
Brothers micro-electrophoresis unit Mark II was used with a flat
electrophoresis cell. At each stationary position, the time taken for
each of 10 particles to traverse 100 μm was recorded. The particles
were timed successively in opposite directions of travel to minimize
electrode polarization. The ratio of the cell dimensions (ℓ/d) was 9.64,
where ℓ represents the internal height of the cell, and d the internal
width of the cell. For the location of the stationary positions in the cell,
the Komagata correction for ℓ/db20 was invoked, as instructed by
Rank Brothers (1986) and as rationalized by Hunter (1981).

2.2. De-ionized water

De-ionized water was prepared from tap water with a Barnstead
D8902 cartridge of mixed resin. It was used as wash water and as the
dispersion medium for silica.
Temperature and pHweremeasuredwith a Cole Parmer Chemcadet
Model 5986-60 combination pH/ORP (oxidation–reduction potential)
meter. Temperature readings were occasionally checked against those
of a mercury-in-glass thermometer. The pH meter was calibrated
against standard buffers supplied by Fisher Scientific.

The absolute viscosity of de-ionized water and of de-ionized water
containing 200 mg/L NaCl wasmeasured to facilitate determination of
the zeta potential and particle size distribution of as-received silica.
The viscosity wasmeasuredwith a Cannon Fenske routine viscometer,
No. 50-M309, as prescribed in Standards D 445 and D 446 (ASTM,
1996).

2.3. Electrocoagulation apparatus

The electrodes were 0.7 mm thick rectangular plates measuring
22 cm×20 cm and were fabricated from 6061-T6 aluminum alloy.
Electrocoagulation was performed in the 5.7-L Plexiglas™ cell
sketched in Fig. 1. Two spigots (not shown in the diagram), each
equipped with a sample cock, were fitted at X and at Y to facilitate
sampling of the supernatant water and electrocoagulated slurry,
respectively. The electrodes were held snugly in 1-mm wide grooves
that were cut 0.5 cm apart along the top edge of one end wall of the
cell and along a removable Plexiglas™ bridge placed near the other
end wall. The bridge itself was slotted near its ends to ride the side
walls of the cell. A Plexiglas™ comb was placed on the base of the cell
in contact with the grooved end wall. The bottom edges of the
electrodes fitted snugly into the grooves of the comb to maintain a
constant electrolytic area of 299.1 cm2, as well as to prevent contact
between electrodes when agitation was applied. An overhead motor
powered a Teflon™-coated paddle assembly which incorporated an
axial-flow impeller, 5 cm in diameter.

2.4. AC/EC test procedures

In the preparation of feed water, 800 mg of NaCl was dissolved in
4.0 L of de-ionizedwater. The temperature of the resulting solutionwas
adjusted and noted. The electrodes were installed in the cell and
connected to the power supply (Fig. 2) with a variable transformer by
which the output voltage and, hence, the current to the electrocoagula-
tion cell were controlled. The transformer was a Powerstat™ Model
136B from The Superior Electric Co. of Bristol, Connecticut, USA. A
current transformer (not shown) enabled the magnitude of the current
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to be displayed digitally by a Novatron™ ammeter. A Novatron™
voltmeter indicated the AC voltage in digital readout.

In preparation for electrocoagulation, 210.5 g of as-received silica
was dispersed in the 4.0 L of feed water in the cell to a concentration of
5.0 wt.% solids. After the suspension temperature and pH had been
recorded, the current flow (at a density of 70.2 A/m2) and timing were
started, the current being maintained by continual manual adjustment
of the voltage. As electrocoagulation proceeded, the suspension
temperature and the applied voltage were recorded every minute. The
silica suspension was electrocoagulated in four tests, with and without
agitation, for 30 and 75min. When agitation was applied, the impeller
tip speedwas1.73 m/s. Thismodeof agitationwaspreferred tobubbling
air (Parekh et al., 1992) because it was easily controlled and it gave
reproducible results.

At the end of the electrocoagulation time, the current flow was
stopped and the electrodes, bridge and combwere removed. A sample
of the electrocoagulated slurry was retained for examination of the
floc morphology. After every test, the electrodes were cleaned with
fine steel wool, washed with tap water, and rinsed with acetone for
quick drying.

2.5. Agitation rate tests

The influence of agitation on floc formation and settling was
investigated further over a range of continuous agitation rates, which
were defined by the impeller tip speed. Six tests were performed over
the full range of agitator motor speed which gave a maximum impeller
tip speed of 4.97 m/s. In these electrocoagulation tests, current at a
density of 70.2 A/m2 was passed for 30 min between two electrodes
positioned 3.0 cm apart.

2.6. Settling test procedure

After AC/EC treatment, 1 L of electrocoagulated slurry was
withdrawn under continuous agitation and subjected to a 60-minute
settling test at 24 °C in a graduated cylinder. Enhancement in settling
behaviour was evaluated by comparison of initial settling rates.

2.7. Examination of floc morphology

One drop of a selected suspension or slurry sample was placed on a
glass slide and covered carefully with a small, thin glass cover-slip.
The particles were viewed on a confocal scanning electronmicroscope
(Molecular Dynamics, Multipro 2001) which used an Ar/Kr laser as
the light source with phase contrast imaging.
Stirrer

Electrodes

PlexiglasTM cell

Motor

Variable
Transformer

120 VAC
60 Hz

Voltmeter Ammeter

Fig. 2. AC/EC apparatus.
2.8. Preparation and identification of aluminum cations

The AC/EC procedure differed here from that in Section 2.4. A 3.2 A
current was passed for 30 min between two electrodes immersed in
4.0 L of de-ionized water containing 20 mg/L NaCl. This concentration
was preferred to 200 mg/L because the latter obscured the aluminum
species. The total dissolved Al concentration was about 10 mg/L.
Agitation was continuous (impeller tip speed, 1.75 m/s) during AC/EC
treatment of the feed water. After treatment, 52.63 g of as-received
silica was slurried with 1.0 L of AC/EC-treated water, which contained
aluminum hydroxide precipitate formed during AC/EC treatment.
Samples of feed water, AC/EC-treated water (minus precipitate) and
supernatant water were submitted for identification of aluminum
cationic species.

Qualitative mass spectrometric analysis was performed in positive
mode of electrospray ionization on aMicromass ZabSpecHybrid Sector-
TOF. The samples were infused into the electrospray source with a
Harvard syringe pump at a flow rate of 10 μL/min. Prepurified nitrogen
served as a spray pneumatic aid and bath gas at approximately 80 °C (to
evaporate water from the atomized samples). The mass spectrum was
acquired by fullmagnetic scan over the range of 10 to 1000 Da (i.e., ionic
mass-to-charge ratios, m/z, of 10 to 1000) at a rate of 10 s/decade. Data
acquisition and processingwere achieved by anOPUS software package
on a Digital Alpha station with VMS operating system.
2.9. Jar test procedure

As-received silica was coagulated with alum, Al2(SO4)3•18H2O,
and with aluminum chloride, AlCl3•6H2O, in jar tests for comparison
with electrocoagulation. Since a 5.0 wt.% silica suspension is much
denser than rawwater, the agitator speeds suggested by the American
Water Works Association procedure (1977) had to be increased
considerably.

The silica was dispersed in 800 to 900 mL of de-ionized water at
22 °C in a 1-L beaker under continuous agitation at 800 r.p.m. (tip speed
2.09 m/s). The paddle assembly was the same as that used in the
electrocoagulation studies. Two 13-mmwide polyethylene baffles were
installed in the beaker to ensure good mixing while preventing
splashing. The baffles were positioned diametrically opposite each
other, with a space of about 2 mm from the beaker wall and bottom to
prevent accumulation of the solids. After the temperature and pH of the
suspension had been measured, a quantity of sodium carbonate was
dissolved in de-ionized water and added to the beaker. The mass of
Na2CO3 was calculated to neutralize the acid that would be formed by
hydrolysis of the aluminum salt, which would be added subsequently
(see Reactions 13 to 15 where “am” means “amorphous”). After the
suspension pH had stabilized, it was measured together with the
suspension temperature.

Al
3þ þ 3H2O→AlðOHÞ3ðamÞ þ 3H

þ ðAl3þ hydrolysisÞ ð13Þ

3H
þ þ 3CO

2−
3 →3HCO

−
3 ðacid neutralizationÞ ð14Þ

Al3þ þ 3H2Oþ 3CO2−
3 →AlðOHÞ3ðamÞ þ 3HCO−

3 ðoverall reactionÞ ð15Þ

A mass of the aluminum salt, which was calculated for a
predetermined dosage (ranging from 10 to 100 mg/L Al), was dissolved
in a volume of de-ionizedwater that complemented the 1.00 L required
for the 52.63 g of silica dispersed at the beginning. The aluminum salt
solution was added quickly to the suspension and timing started. After
1 min, the impeller speed was reduced to 650 r.p.m. (tip speed
1.70 m/s) and maintained for an additional 20 min. These times were
the same as those employed by Dentel and Gossett (1988) to coagulate
silica. The coagulated slurrywas subjected to a settling test at 24 °C, after
which the supernatant was sampled for analysis of total aluminum.
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2.10. Total aluminum analysis

In preparation for analysis, one drop of concentrated HCl was added
to each sample (~60 mL) to prevent precipitation of aluminum
hydroxide. A similar addition was made to a blank sample of feed
water. Analysis was performed by atomic absorption spectrophotom-
etry on a Perkin Elmer 4000 double beam analyzer.

3. Results and discussion

3.1. Characteristics of As-received silica

The as-received silica had a density of 2534.8 kg/m3 and was
thoroughly dry (b0.01%moisture). The d50 was 20 μm and the top size
was about 65 μm. Approximately 6% had an equivalent diameter of
≤1 μm.

The silica exhibited poor settling behaviour in de-ionized water (no
NaCl addition), requiring 17.2 h to settle by 1.0 cm. This is equivalent to
an initial settling rate of 9.7×10−4 cm/min. In de-ionized water
containing 200 mg/L NaCl, the initial settling rate was practically the
same at 1.6×10−3 cm/min. Hence, the 200 mg/L NaCl addition did not
destabilize the suspension. Therefore, any significant enhancement in
settling behaviour observed after electrocoagulation would be entirely
attributable to the AC/EC process. At the time the natural settling
behaviour of silica was observed, the supernatant was clear just below
themeniscus, merging into a narrow region of pure colloidal dispersion
which had a gelatinous appearance. Below this region, a stable
suspension prevailed, such that the sludge line (i.e., the interface
between the settled solids and the suspension) was indistinguishable.

The effects of pH and NaCl concentration on the zeta potential of
silica are illustrated in Fig. 3. The zeta potential was negative over the
pH range studied (3.0 to 9.3) and increased negatively with rising pH
by the surface reaction in Eq. (16) (Letterman et al., 1982; Stumm,
1992; Elzo et al., 1998).

`Si\OHþ OH
−⇆`Si\O

− þ H2O ð16Þ

The addition of electrolytes is known (e.g., Elzo et al., 1998) to lower
(i.e., make less negative) the zeta potential of silica as the electrical
diffuse layer is compressed. However, the results of the current study
show that the addition of 200 mg/L (3.4 mM) NaCl raised (i.e., made
more negative) the zeta potential (Fig. 3). This observation agrees with
the results of Riddick's (1968) investigation in which the incremental
addition of NaCl increased the zeta potential from −30mV (1 mg/L
NaCl) to −50 mV (200 mg/L NaCl). It was only after approximately
500 mg/LNaCl had been added that the zeta potential began to decrease
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Fig. 3. Zeta potential of as-received silica.
(i.e., became less negative), consistent with the known effect of
electrolyte addition.

The i.e.p. would be expected to occur around pH 2 (Fig. 3). In the
presence of 200 mg/L NaCl, the zeta potential increased sharply when
the pH exceeded 8.7, probably due to the surface reaction in Eq. (16)
combined with the participation of Cl−, as suggested by Eq. (17).

`Si\OH þ Cl
− þ OH

−⇆`Si\OCl
2− þ H2O ð17Þ
3.2. Effects of agitation

Fig. 4 depicts the enhanced settling behaviour of the electro-
coagulated silica and the effect of agitation at two AC/EC retention
times. Thirty minutes' electrocoagulation enhanced the settling
behaviour of silica, such that initial settling was completed within
8 min, followed by about 20 min of compression. Agitation had a
much greater effect on the degree of settling enhancement in
75 minutes' electrocoagulation than in 30 minutes'. Initial settling
ended within 4 min and was followed by about 10 min of compres-
sion. Hence, the silica electrocoagulated for 75 min under continuous
agitation had finished settling within 15 min.

The significance of the relative displacement of the curves in Fig. 4
can be assessed by inspection of the initial settling rates in Table 1. The
initial settling rates ranged from 4.3 to 8.0 cm/min, representing over
three orders of magnitude enhancement relative to the natural settling
rate (1.6×10−3 cm/min). The benefit of agitation is apparent, especially
after the longer electrocoagulation time: agitation enhanced the initial
settling rate further by 11.6% (30 min) and 73.9% (75 min). It is
concluded, therefore, that agitation is desirable, but not essential, for
AC/EC to be effective in enhancing the settling behaviour of silica. It is
interesting to note that electrocoagulation for 30 min under continuous
agitation and for 75 minwithout agitation produced the same degree of
enhancement of the initial settling rate. Hence, agitation can shorten the
electrocoagulation time required to achieve a given initial settling rate.
Alternatively, it can be deduced that the initial settling rate of silica is
enhanced more rapidly with increasing electrocoagulation time when
agitation is applied than when it is not.

Fig. 5 shows photomicrographs of: (a) discrete particles of as-
received silica; (b) silica flocs formed in 30 minutes' electrocoagula-
tion under quiescent conditions; and (c) silica flocs formed in
30 minutes' electrocoagulation under continuous agitation. The silica
particles were angular, and the absence of any aggregation in the as-
received material is apparent in Fig. 5a. Fig. 5b and c illustrate the
difference in character or texture of the flocs, which appear as dark or
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Table 1
Effect of agitation and AC/EC time on settling behaviour of silica.

AC/EC time
(min)

Agitation Initial settling rate
(cm/min)

Temperature rise
(°C)

30 No 4.3 10.2
30 Yes 4.8 8.9
75 No 4.6 18.3
75 Yes 8.0 17.1
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black masses and were formed under different agitation conditions. In
the absence of agitation (Fig. 5b), the flocs adopted a fibrous, loose
texture while, with agitation (Fig. 5c), the flocs appear more compact.
In addition to floc size, the texture and morphology are expected to
influence the settling behaviour of electrocoagulated silica. Bouyer et
al. (2005) observed that the manner of floc development depends, in
part, on the hydrodynamics (e.g., agitation rate). Further, Coufort et al.
(2005) reported that shear stress causes the floc size to decrease,
making the floc structure more compact. Fig. 5b and c also show that
the flocs were comprised of particles in a wide size range. The 55-μm
particle in Fig. 5c can be observed to have small particles adsorbed
onto its surfaces, even at the corners. Hence, the hydroxoaluminum
complexes, which were formed during electrocoagulation, adsorbed
onto the entire surface of the silica particles. Thus, the settling
behaviour of fine particles is enhanced by direct adsorption onto large
particles, as well as by aggregation into flocs.

The quiescent conditions prevailing in two of the tests enabled
observation of the onset of enhanced settling behaviour, which
commenced after about 8 min of electrocoagulation. As the AC/EC
treatment progressed, the mud line (i.e., the interface between the
supernatant water and the electrocoagulated silica) became sharper.

The initial settling rates achieved after 30 minutes' electrocoagula-
tion at impeller tip speeds of 0 to 4.97 m/s are plotted in Fig. 6. They
indicate that the settling behaviour of electrocoagulated silica did not
change significantly over the full range of agitation rates. Thus,
the effectiveness of 30 minutes' AC/EC in enhancing the settling
behaviour of silica was not greatly sensitive to agitation rate. The
maximum initial settling rate of about 4.9 cm/min occurred in the tip
speed range of 2.0 to 3.0 m/s. Hence, at higher impeller tip speeds,
agitation became counterproductive. It is inferred that such agitation
rates limited floc size. The impeller tip speed of 1.73 m/s was selected
for subsequent tests because it eliminated the risk of splattering and
its effect on the initial settling rate was virtually at its maximum.

These results suggest that, in an industrial application of the AC/EC
technique, the continuous flow of suspension through the cell would
be expected to provide adequate agitation. The redundancy of an
agitator, therefore, represents a capital cost saving, as well as energy
and maintenance cost savings.
Fig. 5. Textures of as-received and electrocoagulated silica.
3.3. Dispersion medium and suspension

Hydrogen was evolved (Jenke and Diebold, 1984; Pretorius et al.,
1991; Vik et al., 1984) as tiny bubbles (≤0.5 mm in diameter) at the
facing surfaces as the electrodes alternated duty as the cathode. In
addition, these surfaces became pitted during the anode cycle. The pits,
whichwere arrayed in the flow pattern of the suspension, developed as
Al was oxidized to Al3+, precursory to the formation of complex
hydroxo species. Such species are capable of neutralizing the negative
surface charge on the silica particles andof bridging thedestabilized (i.e.,
electrocoagulated) silica particles to form flocs (Black, 1967; Duan and
Gregory, 2003; Hahn and Stumm, 1968; Stumm and Morgan, 1970;
Trompette and Vergnes, 2009).

With increasing electrocoagulation time, the temperature of the
suspension rose as a result of Joule heating (Table 1). The water
conductivity also increased, necessitating continual reduction of the
applied voltage.

For ready comparison, the electrocoagulated slurry and superna-
tant water samples were cooled to the initial temperature of the feed
suspension before pH measurements were made. The pH of the
electrocoagulated slurry tended to be slightly lower than that of the
feed suspension, as Table 2 illustrates. In the quiescent 75-minute test,
the feed suspension and electrocoagulated slurry had the same pH of
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Table 3
Al species in water samples, aged 4 days.

Water sample m/z (Da) Relative peak
intensity (%)

Al species
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8.70. In a subsequent paper, data from other tests will illustrate that,
during electrocoagulation, the pH first falls and then rises. Hence, the
value of the terminal pH depends on the AC/EC retention time and on
the reactions that occur.

Water pH data are reported in Table 2. The dispersion of silica in the
feed water resulted in a suspension whose pH was higher than that of
the feed water. Reactions occurring during electrocoagulation caused
the pH of the supernatant to be higher than that of the feed water. This
suggests netH+ adsorption at the silica surfaceor net OH− release at the
silica surface, as the following reactions show:

`SiO
− þ H

þ⇆`SiOH

`SiO
− þ H2O⇆`SiOH þ OH

−

3.4. Particle dynamics and floc growth

An important point arises from electrocoagulation in the absence of
agitation. Normally, colloidal particles are considered to be the size
fraction that is amenable to perikinetic coagulation (Masliyah, 1994;
Montgomery, Consulting Engineers, Inc., 1985; Tambo, 1991). In the as-
received silica, colloidal particles constituted only a minor fraction
(~6%≤1 μm or ~32% b10 μm). Hence, in the quiescent electrocoagula-
tion, gas evolution from the electrodes, thermal convection currents,
and sedimentation of silica flocs and coarse particles created hydrody-
namic disturbances fromwhich interparticle collisions resulted. Yet, the
entire mass of silica was electrocoagulated, as was evident from the
sedimentation occurring in the cell, but the manner of electrocoagula-
tion could be described neither as purely perikinetic nor as purely
orthokinetic. Diffusion of the coagulative aluminum species is consid-
ered to have facilitated their specific adsorption onto the silica surface.
Interparticle bridging is automatically implied. This leads to the
postulation that, in the absence of applied agitation, the proximity of
particles to one another facilitated collision for the achievement of
electrocoagulation of silica dispersed at high concentration (5.0 wt.% in
this case). In an assumed monodisperse suspension of spherical d50
particles, the average separation between as-received silica particles
was estimated to be 54 μm. Relative to its diameter, therefore, a particle
would not have far to travel to become bridged to its nearest neighbour.
The implication of this is that no externally applied shear is necessary,
Table 2
Pulp and water pH.

AC/EC time
(min)

Agitation Temperature
(°C)

Pulp pH Water pH

Feed Electrocoagulated Feed Supernatant

30 No 21.2 8.63 8.57 7.44 8.52
30 Yes 21.4 8.79 8.57 7.28 8.68
75 No 21.4 8.70 8.70 6.51 8.41
75 Yes 21.5 8.62 8.54 7.43 8.39
and incidental hydrodynamic disturbances (gas bubblemovement, etc.)
listed above would adequately facilitate floc formation. Test results in
Table 1 indicate that interparticle collisions induced by shear improved
floc growth, particularly at extended retention times (i.e., higher
aluminum dosages). More importantly, however, the results demon-
strate that, in the 30-minute tests, externally applied agitation did not
promote a substantially superior initial settling rate.

Estimates of the collision rates, under quiescent and shear conditions,
between aluminum ions and silica particles, and of interparticle collision
rates under shear have beenmade, and itwill be shown in another paper
that not all of the dissolved aluminumwas adsorbed by silica. Hence, the
number concentration of complex aluminum ions increased with
electrocoagulation time, promoting higher frequency of collision with
silica particles and flocs. Of course, the number concentration of
individual silica particles decreased as new flocs were formed and as
existing flocs grew. The rate of floc growth by ion-particle and
interparticle collisions is anticipated to be faster than the rate of formation
of new flocs. The justification for this expectation is that the growing flocs
present a larger surface which, statistically, would experience a higher
collision frequency. Hence, the effect of agitation in doubling the ion-
particle collision rate becamemore productive with longer electrocoagu-
lation time, as corroborated by the initial settling rates for 75 minutes'
electrocoagulation (Table 1).

Since transport of the bulk of the silica particles was not caused by
Brownian motion or by the AC electric field under quiescent
conditions, electrostatic attraction between aluminum complexes
and silica particles is expected to have played an important role in floc
formation and growth. Such attraction would also facilitate collision
between a particle bearing aluminum adsorbate and one without.

3.5. Aluminum speciation

Peaks in the spectrum obtained for the feed water blank sample
were discounted from the spectra generated by the AC/EC-treated and
supernatant water samples. The pH values of the freshly prepared
samples measured 8.40 (AC/EC-treated) and 8.17 (supernatant). Of
the remaining peaks, those showing at least a relative intensity of 10%
were interpreted within the allowable ±0.55 Da of the analyzed m/z
ratio. All of the identified species were trivalent and contained NaCl in
significant molar quantities. The presence of NaCl was indicated by
lines for the two chlorine isotopes, 17

35Cl and 17
37Cl. The identified

aluminum species are listed in Table 3, which shows a trend of
increasing molar quantities of NaCl associated with oxyhydroxoalu-
minum complexes of increasing molar mass. In contrast, the molar
ratio of NaCl:Al3+ decreased with increasing size of the oxyhydroxo
complexes: for example, from 1.06 for [Al3O(OH)4(H2O)2·3.18NaCl]3+

to 0.71 for [Al5O2(OH)8(H2O)7·3.54NaCl]3+. For the hydroxoaluminum
complexes containing coordinated water molecules, the NaCl:Al3+

molar ratio decreased as the molar mass of the complexes increased.
However, unlike the trend observed for the oxyhydroxo complexes, the
relation of NaCl molar content to the size of the complex is not readily
AC/EC-treated 75 55 [Al(H2O)6·1.54NaCl]3+

84 100 [Al(H2O)6·2.00NaCl]3+

93 60 [Al2(OH)3(H2O)3·2.05NaCl]3+

148 11 [Al3(OH)6(H2O)8·2.00NaCl]3+

Supernatant 74 48 [Al(H2O)6·1.49NaCl]3+

83 100 [Al(H2O)6·1.95NaCl]3+

92 85 [Al2(OH)3(H2O)3·2.00NaCl]3+

101 11 [Al3(OH)6·2.05NaCl]3+

129 10 [Al3O(OH)4(H2O)2·3.18NaCl]3+

156 11 [Al4O(OH)7(H2O)2·3.23NaCl]3+

212 12 [Al5O2(OH)8(H2O)7·3.54NaCl]3+

image of Fig.�6
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apparent. It should be noted that oxyhydroxo and hydroxo complexes
incorporating NaCl were among the species identified by Sarpola et al.
(2004).

It was unexpected to find “non-hydroxy” Al3+ in the AC/EC-treated
water at pH ~8 (Table 3). While some proportion of this species,
originally present in the freshly prepared sample, may have hydrolyzed
during ageing, it was still a constituent of the aged sample. It could not
have been formed from hydrolyzed species because of the high pH.
Typically, hydrolyzed species age either to other hydrolyzed species
(Tsai and Hsu, 1984) or to hydroxide precipitates (Smith, 1971).

The species withm/z of 148 Da in the AC/EC-treated water was not
detected in the supernatant sample; it might have transformed to the
species with m/z of 101. At the same time, the appearance of more
complex, polynuclear, oxyhydroxoaluminum species in the superna-
tant can safely be imputed to ageing.

The samples, which had originally been prepared from water
containing 200 mg/L NaCl, revealed only NaCl species, such as Na
(NaCl)4+, Na(NaCl)13+ and Na(NaCl)22+, which obscured the Al species.
Hence, samples were prepared from water containing 20 mg/L NaCl
which allowed Al species to be detected. However, NaCl was still so
pervasive as to associate with the Al complexes, presumably as Na+Cl−

ion pairs in outer-sphere entities. It is noteworthy that species of the
type, Na(NaCl)n+, were identified by Zhao et al. (2009).

3.6. Comparison of chemical coagulation and electrocoagulation

The settling behaviour of silica was enhanced by chemical
coagulation over the range of Al dosages tested (Fig. 7). Both coagulants
engendered a maximum initial settling rate of 5.6 cm/min, but
aluminum chloride did so at ~25 mg/L Al, compared to ~30 mg/L for
alum. The latter, however, tended to be the more effective; i.e., alum
achieved the higher initial settling rate at most of the dosages tested.

Interpolation of AC/EC test results indicated that the initial settling
rate of 5.6 cm/min would result from AC/EC (2.1 A, 55 min). The
aluminum dosage would amount to only 18.8 mg/L or 11.6% of the
theoretical concentration, and significant energy loss as heat would
result.

The chemical coagulation supernatants analyzed below the detec-
tion limit of 1 mg/L Al, while about 3 mg/L Al would be expected in the
AC/EC supernatant. Hence, the adsorption mass ratios (mg Al/g silica)
were calculated as follows: alum, 0.6; aluminum chloride, 0.5; and
electrocoagulation, 0.3. Thus, the adsorption of aluminum amounting to
0.03% of themass of silica in electrocoagulation effected the same initial
settling rate as did aluminum from alum and aluminum chloride at
0.06% and 0.05%, respectively, of the mass of silica.

The quantity of the sediments increased with aluminum dosage.
At the initial settling rate of 5.6 cm/min, the sediments produced by
alum and aluminum chloride were 2.7 cm and 2.6 cm thick, respec-
tively, compared to 2.1 cm for AC/EC (same cross-sectional area). That
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Fig. 7. Settling behaviour of chemically coagulated silica.
chemical coagulation produces more voluminous sediments than does
electrocoagulation has been highlighted by Un et al. (2009), Yildiz et al.
(2008), Barkley et al. (1993) and Vik et al. (1984). The differences in
sediment volumes and adsorption mass ratios may be explained thus:
chemical coagulation dependsmainly on the precipitation of aluminum
hydroxide in the sweep floc mechanism, whereas electrocoagulation
depends mainly on the formation of complex aluminum species for
interparticle bridging.Hence, chemical coagulationwould require greater
solid–liquid separation plant capacity thanwould electrocoagulation, for
the same silica throughput.
3.7. Effect of electrocoagulation on zeta potential

Fig. 8 shows how the zeta potential of silica changed with
electrocoagulation time. From −21.4 mV in the as-received state
(t=0), the zeta potential decreased to −0.9 mV after 120 min of
AC/EC treatment. In all cases, silica had been originally dispersed at
5.0 wt.% solids in feed water (de-ionized, 200 mg/L NaCl added) at pH
8.5. Agitation was applied continuously at an impeller tip speed of
1.73 m/s. It is noteworthy that, after 15 min of electrocoagulation, the
zetapotential haddecreased by only ~2 mVwhile the initial settling rate
had been enhanced by over three orders of magnitude from
1.6×10−3 cm/min. The initial settling rate continued to increase
linearly with electrocoagulation time. These results will be discussed
in greater detail in another paper. They show that the destabilization of
suspended particles can occur with hardly any measurable decrease of
the zeta potential, when destabilization is effected by specific
adsorption (Ofir et al., 2007).

Counter-ions are ions whose charge is opposite to that existing on
the particle surface. It is considered that the zeta potential is reduced
(as indicated by measurement) when counter-ions adsorb directly at
charged sites on the particle surface (i.e., electrostatic adsorption).
From Fig. 8, therefore, it can be inferred that the complex aluminum
ions may not be adsorbing preferentially at charged sites on the
particle surface. Thus, the progress of specific adsorption (and, hence,
of electrocoagulation dominated by specific adsorption) would not
necessarily be indicated by lower measured zeta potential values. At
this juncture, therefore, there appear to exist coagulation character-
istics that are yet to be defined by further study, such as:

• whether there is any degree of order to adsorption;
• how adsorption sites are selected;
• whether aluminum speciation has any effect on order or selectivity;
• whether both types of adsorption (electrostatic and specific) occur
simultaneously; and

• if so, to what extent does each occur andwhat conditions control the
relative extents.
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3.8. Controlling parameters

In this paper, we have seen how extending the electrocoagulation
timecaused the initial settling rate of silica to increase. The reason is that
increasing AC/EC time increases the aluminum dosage, as would be the
case if the current (or current density), for example, were increased.
Hence, any parameter that controls aluminum dosage would influence
the settling behaviour of silica. The effects of various parameters on
electrocoagulation will be examined in subsequent papers.

4. Conclusions

The results of this work led to the following conclusions.

1. Agitation is beneficial, but not essential, to the effectiveness of
AC/EC in enhancing the settling behaviour of fine silica.

2. Electrocoagulation for 75 min effected greater enhancement than
did 30 min on the settling behaviour of silica.

3. Agitation shortened the electrocoagulation time required to
enhance the settling behaviour of silica to a given degree.

4. In 30 min of AC/EC, the initial settling rate of silica was not greatly
sensitive to agitation rate in the impeller tip speed range of 0 to
4.97 m/s. This result indicates that silica formed strong flocs.

5. The settlingbehaviouroffineparticles is enhancedby their aggregation
into flocs, as well as by direct adsorption onto large particles.

6. At a background concentration of 20 mg/L, NaCl was incorporated
into all the cationic aluminumcomplexes thatwere identified. All the
complexeswere trivalent, and themolar ratio ofNaCl:Al3+decreased
with increasing size of the oxyhydroxo complexes.

7. In the chemical coagulation tests, all of the added aluminum
precipitated in the sweep floc mechanism. This was not the case
with electrocoagulation, which produced less voluminous sedi-
ment for the same Al dosage.

8. In coagulation by specific adsorption, such as in electrocoagulation,
zeta potential might not be a reliable indicator of the progress of
coagulation.
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