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The presence of clays can make dewatering of tailings frommineral processing challenging. This review focuses
on the interaction of clays in tailings under different conditions, including the impact of high salinity. The surface
chemistry and aggregation behaviour of clays in suspension are first discussed, and this is then extended to clay
aggregation responses during polymer-induced flocculation, with a view to developing an understanding of how
flocculant properties and applied shear can be optimised to enhance dewatering processes. There is increasing
interest in polymer dosing to high solids tailings streams to enhance dewatering on deposition, and the demands
for this process are contrasted against those for conventional flocculation at lower feed solid concentrations.
The review concludes by highlighting a number of research challenges, which include that: (i) aggregate struc-
tures from polymer-assisted flocculation that are optimal for settling cannot also be assumed to be so for sedi-
ment consolidation; (ii) there is scope for reducing longer-term tailings impacts by choosing novel processing
routes in the flowsheet design phase, but this requires insights on how tailingsmay behave after such processing
at a much earlier stage; and (iii) most flocculation studies suffer from inconsistent, ill-defined or inappropriate
conditions during the preparative stages, which prevent definitive conclusions being drawn on howhigh salinity
impacts upon tailings flocculation, despite evidence that it can change aggregate density.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The tailings generated from mineral processing can represent N95%
of the total ore [1]. As ore grades decline, higher tonnages are processed,
making tailings management more difficult [2]. This is reflected in
higher costs, increased difficulties in returning water for further pro-
cessing, and challenges in mine closure and rehabilitation. Both short
and long-term tailings dewatering management are determined to a
large degree by the phases present, and in particular by those of the
smallest particle size.

Mineral tailings are heterogeneous mixtures of different solids
suspended in process-contaminated water that often contains multiple
soluble species. By convention, operators classify tailings solids size
fractions as “sand”, “silt”, and “clay”, where clay usually indicates parti-
cles b2 μm.Wang et al. [3] has listed some examples of classification re-
sults and solids concentration for tailings across the mining industry
sectors. Generally there are significant amounts of silt and claymaterials
in the fine fractions whose concentrations can vary considerably within
an impoundment area. For example, the solid content of particles b4 μm
was up to 28% in a fresh coal tailings [4], 34% of particles b1 μm were
found in a copper tailings [5] and typical oil sand tailings contains 33%
of particles b1 μm [6].

Studies by De Kretser et al. [7], Sabah et al. [4], Ofori et al. [8] suggest
the fines fraction of coal preparation tailings consist mostly of
phyllosilicate minerals, such as kaolinite, illite, muscovite, mica, and
mixed-layer illite/montmorillonite clays, along with quartz. This is
very similar to phases identified within fluid fine tailings from oil
sands processing, in which kaolinite is the dominant clay fraction,
followed by illite, chlorite, and othermixed-layer clays, while the coarse
fraction is mostly made up of quartz, K-feldspar, and bitumen-clay ag-
gregates [3]. In comparison, tailings from the copper and other base
metals industries are found to contain less clayminerals and higher pro-
portions of metal oxides. Although differences exist in tailings composi-
tion, phyllosilicate minerals are ubiquitous, with the majority classified
as clays and concentrated in the fines fractions, making the dewatering
process challenging.

The flocculation of fine clay particles by polymers to enhance solid-
liquid separation efficiency has been extensively studied both at labora-
tory and industrial scale [9–11]. For aggregated particle structures,
thickening and compression can be significantly affected by the
strength and nature of clay interparticle forces and by particle packing
[12], leading to poor solid-liquid separation and potentially higher oper-
ating and capital costs [13]. Consequences can be larger tailings storage
facilities and increased risks of geotechnical failure. Despite legislative
and environmental pressure for mines to recover more water and re-
duce the footprint of tailings storage facilities, there are currently lim-
ited economical and practical methods for significantly increasing the
recovery of process water from clay-rich tailings [14,15].

The minerals industry is also increasingly using saline water in pro-
cessing, whichmay further complicate tailings treatment. In some oper-
ations (e.g. for coal), salts are present in the sedimentary geology or are
generated by weathering processes, causing process water salinity that
increases on recirculation. Sites in water-sensitive environments may
be required to use highly saline groundwater or seawater for processing
[16]. Although many have studied tailings dewatering in fresh water or
with low concentrations of single cationic salts, fewhave considered the
impact of high salinity. Salts within process water are likely to affect the
interactions of clay particles in tailings, altering dewatering responses
relative to fresh water. A better understanding of such effects will assist
operations to optimize tailings dewatering, especially when dealing
with the depletion of available fresh water and increases in fines
content.

This paper reviews clay dewatering in different suspension chemis-
try environments, with an emphasis on saline processwater. It starts by
providing background on the structure and properties of clay suspen-
sions, followed by consideration of the dewatering response of clays to
factors such as pH, water salinity, polymer addition and applied shear.
The underlying mechanisms of clay flocculation in saline suspensions
are also discussed, as well as the potential to enhance dewatering by
dosing polymer at higher solids concentrations. The last section iden-
tifies research gaps and proposes possible strategies to manage clay-
rich tailings in saline water.

2. Properties of clays and their effects on the dewatering process

2.1. Crystalline structure

Clays are hydrous aluminium phyllosilicates, made of tetrahedral
(T) and octahedral (O) sheets as the basic building blocks. The T and O
sheets are chemically bonded in certain proportions through various
forces and atoms to form the unit layer for different clay macrostruc-
tures. Based on the layer structures and their bonding forces, the most
commonly occurring clays in ore deposits can be classified into three
groups: the kaolinites, smectites, and illites [17]. For example, kaolinite
is structured as repeating units of an O sheet bonded to a T sheet,
whereas an O sheet is sandwiched between two T sheets for smectite
and illite. Different clay layers could also alternate with each other to
form mixed-layer clay minerals. Structures of the representative clay
in each group are shown in Fig. 1 [18].

Kaolinite has a 1:1 layer structure, with sheets held together by van
derWaals attractive forces and hydrogen bonds, the latter between hy-
droxyl groups in the O sheet of one layer and oxygens in the T sheet of
the next. Water cannot penetrate due to strong hydrogen bonding be-
tween layers, and therefore kaolinite is generally non-swelling inwater.

Unlike kaolinite, the smectite group has a 2:1 layer structure, and
there is no possibility of hydrogen bonding, since both outer sheets
are tetrahedral, meaning no exposed hydroxyl groups to interact with
oxygens at the basal surfaces. The smectite sheets are therefore only
loosely held together by weak van der Waals forces. Water molecules
can penetrate the interlayer region,where resulting repulsive hydration
forces lead to layer separation by 10–20 angstroms (crystalline swell-
ing). Where the exchanged species are monovalent ions (e.g. Na+ or
Li+), interlayer separations of up to several hundred angstroms (os-
motic swelling) may result from high osmotic pressure that arises to
overcome weak van der Waals' attractions [19]. The small particle size
and inherent swelling properties of smectite lead to characteristically
poor settling rates (e.g. b0.1 mh−1) and an increased shear yield stress
at low sediment concentrations (b10 wt%), contributing to dewatering
and consolidation issues [20].

Illite has a 2:1 layer structure similar to smectite, but the layers are
tightly bonded by potassium ions that prevent water penetration. As a
consequence, the swelling potential of illite itself is low [21]. Exceptions
are for illite/smectie mixed layered structures, for which intercalated
smectite layers are easily expanded [22].

Chlorites are often referred to as 2:1:1 clays since they are 2:1 struc-
tures with a hydroxide interlayer, either gibbsite-like [Al(OH)x] or



Fig. 1. Representation of structures for kaolinite, smectite, and illite clay groups (adapted with permission from UQ thesis copyright owner [18]).
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brucite-like [Mg(OH)x] where x is b3, that is continuous across the in-
terlayer sheet andoctahedrally coordinated [23].While observed in tail-
ings, direct research on chlorite dewatering has been limited.

The properties of clays that make their presence within tailings a
challenge for suspension dewatering include: 1) a layered structure,
with one physical dimension in the nanometre range; 2) anisotropy
(or directional-dependence) of the layers or particles; 3) the existence
of external basal and edge surfaces, as well as internal (interlayer) sur-
faces; and 4) the relative ease with which the surfaces can be modified
by adsorption, ion exchange, or grafting [24].

2.2. Surface chemistry

Clays expose two crystallographically-different surfaces through
basal and edge faces. These present quite distinct electrical charge prop-
erties in aqueous suspension, having significant effects on their reactiv-
ity, dispersion and aggregation.

Basal surfaces of most clays have permanent, pH-independent nega-
tive charges, caused by isomorphous substitutions. For example, Si4+ in
T sheets may be replaced by trivalent cations (Al3+ or Fe3+), while Al3+

in O sheets may be replaced by divalent cations (Mg2+ or Fe2+). Conse-
quently, a charge deficiency occurs and a negative potential at the basal
surface is created. Although this theory is widely accepted, Gupta and
Miller [25] used colloidal force measurements to indicate the two
basal surfaces of kaolinite can have positive or negative charge, with
the silica tetrahedral face negative at pH N 4, and the alumina octahedral
face negative at pHN 8 but positive at pHb 6. Tailings suspension pHwill
typically be N5, so for practical purposes such surfaces can be considered
negatively charged.

In contrast, charge on the edges of clays will be more sensitive to pH
[26]. The crystallite lattice is usually disrupted at the edges, and there-
fore a broken bond surface exposed. Additional polar sites at these
edges are mainly octahedral Al-OH and tetrahedral Si-OH groups. Vari-
able charge can therefore develop by adsorbing hydrogen or hydroxyl
ions from an aqueous phase in accordance with the pH [27,28].

2.3. Aggregated structures

Owing to the different basal/edge surface characteristics, clay parti-
cles can interact with each other to form edge-edge (EE), edge-face
(EF), and face-face (FF) aggregate structures [29,30], as shown in
Fig. 2. Particle aggregate structures in clay suspensions: (a) dispersed; (b) FF; (
Fig. 2. These associations are governed by the balance between van
derWaals attraction and electrostatic forces that exist between charged
double layers at clay platelet surfaces, the latter being either attractive
or repulsive, depending on surface charge.

The FF network may form three-dimensional structures when the
system's free energy is at its lowest [31]. The ‘house-of-cards’ EF net-
work only forms when edges are positively charged, or in slightly alka-
line media above the critical salt concentration, due to electrostatic
attraction between edges and faces [19,32]. Such structures have
lower density, usually characterized by non-Newtonian flow with
high suspension viscosity. This is considered unfavourable for
dewatering, as the structures retain water, slowing settling and consol-
idation rates.

Charge properties play important roles in the clay-clay/clay-mineral
interactions, surface reactivity with reagents (e.g. polymer flocculants),
and thereby the aggregate structures formed in suspensions. For exam-
ple, the presence of bentonite (mainly composed of smectite) in tailings
at even a low fraction (~10% byweight) can increase suspension viscos-
ity and yield stress, even leading to gel formation [33–35]. The swelling
nature and lowpermeability of these gelsmake the tailings very difficult
to dewater and consolidate, fundamentally restricted by low mechani-
cal strength and hydraulic conductivity. The presence of smectite can
therefore create problems in tailings transport, as well as having long-
term implications for the stability and rehabilitation of tailings storage
facilities [7].

Gravity sedimentation is the primary method for separating tailings
solids fromwater, but the nature of clays makes this inefficient without
destabilization of the suspended clay solids by aggregation as a first
step. Accelerated settling will result after clay aggregation, with the po-
tential for enhanced properties of the sediment solids.
3. Effect of suspension chemistry on clay dewatering

Aggregation of clays for dewatering is initiated through coagulation,
flocculation, or a combination of both processes [36–38]. Coagulation is
achieved the manipulation of surface charge to enable particles to ap-
proach and interact with each other, either through areas or ‘patches’
of opposite charge (often formed by adsorbed salts or low molecular
weight polymers) or a reduced magnitude of the effective charge
(realised by increasing ionic strength or adjusting pH to near the iso-
electric point (IEP)). Aggregation by flocculation is generally achieved
c) EF; (d) EE (from [19], copyright (1999) with permission from Elsevier).
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through high molecular weight (MW) synthetic polyelectrolytes (pre-
dominantly acrylamide/acrylate copolymers) that form bridges be-
tween particles. While intrinsically fragile, flocculated aggregates are
typically stronger than coagulated aggregates, and flocculation will
under most conditions lead to larger aggregates [39].

Both processes are sensitive to clay surface chemistry and suspen-
sion variables, such as ionic strength and pH. This is discussed below,
with emphasis on the impact of ionic strength.

3.1. Coagulation of clays

3.1.1. pH effect
The charge density of clay basal and edge surfaces depends on the

pH. Particles either aggregate or disperse, depending on the structure
of the electric double layer formed on their surfaces [27,28]. Studies
using synthetic clay suspensions of controlled pH have been
considered.

Lagaly [40] claimed the microstructure of kaolinite slurries is EF-
dominated at low pH, with FF-dominated band-like structures formed
at high pH. The EF aggregates form due to positively charged Al–OH
sites at the edges interacting with negatively charged basal faces
[28,41–44]. Zbik et al. [45] also observed high-void structures (mainly
EE with some EF and FF) in the packing behaviour of kaolinite particles
at pH 4 and 6, while more EE and compact FF structures form at pH 10.
The EE mode of contact may occur under low ionic strength conditions
when the pH is at the IEP of the edge surfaces [31].

Bentonite suspensions, on raising pH from 4 to 8.5, went from open,
EF- and EE-dominated structures to dense and FF-dominated [27]. The
latter has the highest van der Waals interaction area, giving structures
more resistant to shear breakage and erosion, and also more readily
settled.

Highly chargedmontmorillonite (smectite group) particles form sta-
ble dilute suspensions at low ionic strength (0.01 M NaCl). The average
particle size remains almost constant across the pH range, with only a
slight increase below pH 7 [46]. In principle, positively charged plate
edges can interact with negative basal faces below pH 6.5. However,
EF heterocoagulation does not take place at such low ionic strengths be-
cause the edge surfaces ofmontmorillonite plates are thought to remain
cloaked by spillover of the dominant basal face electrical double layer
[27].

McFarlane et al. [14] concluded EF structures with high angle parti-
cle contacts are unlikely to be a major factor in highly colloidal smectite
suspensions, where (a) the edge face area is considerably smaller than
that of the basal face (≈10%); (b) thin plate-like particles are able to
bend normally to the interlayer orientation; and (c) pH is normally
moderate-to-high and overall particle surface charge will be dominated
by the negatively charged basal face. Despite this, structures in suspen-
sion will still have high voidage.

3.1.2. Ionic strength effect
The electrolyte concentration has a significant influence on the elec-

trical double layer thickness for clay surfaces. At high ionic strength,
electrostatic repulsion (or attraction) between particles is reduced be-
cause of double layer compression or ion shielding of surface charges,
and this may induce the formation of denser FF aggregates [47].

Studies of ionic strength effects on clay coagulation have mostly
been on commercially available clays in synthetic liquors. Nasser and
James [47] found that kaolinite settling changed with both ionic
strength and suspension pH. At pH 2, particles settled in a coagulated
form regardless of ionic strength, however, under alkaline conditions
(pH 9), particles were dispersed at low ionic strength (0.001 M NaCl)
and coagulated at higher ionic strength (0.1 and 1 M NaCl), leading to
low and high sediment volumes, respectively, on extended settling.

Several indirect measures of aggregate structure, such as rheology,
have been applied to study the impact of ionic strength. Heath and
Tadros [48] found that the yield stress, zero-shear viscosity, and shear
modulus of bentonite suspensions increasewith ionic strength, suggest-
ing a change in aggregate structure from modified interaction forces.
This was supported by scanning electron microscopy (SEM), showing
that higher ionic strength changed structures from porous EF to EE,
and ultimately to a much denser FF arrangement [49,50]. The degree
of swelling for Na-montmorillonite can also be limited by increasing
ionic strength to restrict double-layer repulsions [7]. Saline water
could therefore assist in forming dense aggregates in bentonite suspen-
sions, depending on the type of salts. Tombácz and Szekeres [27] also
observed that more compact FF bentonite structures were induced by
the presence of added salts on increasing pH from 4 to 8.5.

In studying inorganic cation effects, Stawinski et al. [50] found that
bentonite aggregate size decreased as a function of Na+ and Ca2+ con-
centrations up to critical values, above which sizes then increased. In
contrast, kaolinite aggregate size increased consistentlywith concentra-
tion. SEM showed both clays forming EF aggregates in distilled water.
Adding a small amount of salt led to EE bentonite aggregates and EF ka-
olinite aggregates (with some FF associations). At high electrolyte con-
centrations, compact FF-dominated aggregates were formed with both
clays.

Adding Ca2+ to improve dewatering efficiency is common in opera-
tions with tailings containing montmorillonite [29]. As a cation which
can exchange with Na+ within clays, it has a twofold effect. Being diva-
lent, Ca2+ has a higher neutralizing power than Na+, resulting in plate-
let coagulation at lower concentrations. More importantly, it promotes
FF aggregation, as opposed to random aggregation [51].

Other multivalent cations show similar effects. Leong [52] reported
that adsorbed Cu2+ and Al3+ ion hydrolysis within higher pH suspen-
sions enables stronger aggregate formation, increasing yield stress by
several orders-of-magnitude.McFarlane et al. [14] found that dispersion
in 0.05 M Ca2+ or Mn2+ led to a marked reduction in particle zeta po-
tential, complete suppression of swelling, the collapse of honeycomb
network structures, and a related reduction in shear yield stress of
smectite (but not kaolinite) suspensions.

Palomino and Santamarina [53] postulated EE, EF, and FF kaolinite
aggregation to be a function of ionic strength and pH, producing a fab-
ric map of particle associations in NaCl suspensions, based on sedi-
mentation and rheological parameters (Fig. 3). Ionic concentration
controls behaviour at high solids, i.e. above the transition or threshold
NaCl concentration, Cth, that once exceeded, causes particles to ap-
proach each other spontaneously. As NaCl concentrations increase
from low to high, particle associations shift from deflocculated-
dispersed or EF to predominantly FF. In the transition region, EE asso-
ciation is expected and is independent of pH. Above this, the double
layer is thin and van der Waals attraction dominates, with aggregation
mainly FF. Conversely, the pH effect is greatest at low NaCl
concentrations.

Gorakhki and Bareither [54] evaluated the effect of salinity and cat-
ion valence on kaolinite and bentonite sedimentation. Increased salin-
ity led to higher bentonite sedimentation rates and final solids
contents. In contrast, 100 mM salt was identified as a critical concen-
tration whereupon kaolinite settling decreased, regardless of salt type,
attributed to an increase in fluid density and viscosity. Recent studies
on Q38, a commercial kaolinite, also showed high salinity slowing sus-
pension settling rates [55,56], with crystallinity possibly a factor.
Poorly crystallized kaolinite particles are disordered, leading to more
complex surface structures and higher specific surface areas [57].
Due to the complex structure of Q38, more of the porous EF aggre-
gates that easily trap water are thought to be generated in the pres-
ence of Ca2+, leading to slower settling in synthetic saline liquors.

Saline process waters from mine sites will typically have a much
more complex composition than synthetic liquors used in the above
studies. Their composition will depend on the ore being processed, the
reagent suite, the water source and how it is managed on the site, as
well as being affected by the climate [58]. Biotic constituents (e.g. mi-
croorganisms) may also be present.



Fig. 3. Postulated particle associations (preferred minimum energy configurations) for kaolinite in NaCl liquors. Mixed symbols represent changes in observed association mode due to
boundary conditions (from [53], copyright (2005) with permission from Springer Nature).
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3.2. Flocculation of clays

The size and settling rates of aggregates formed from clays by simple
coagulation are quite low and almost always inadequate for any indus-
trial solid-liquid separation applications requiring high throughputs.
Coagulationmay be sufficient to settle clays in wastewater clarification,
but gravity thickening in mineral processing, continuous centrifugation
and even filtration will often only be practical if additional aggregation
is achieved.

High MW polymers facilitate particle aggregation (and thereby
gravity settling) through a number of adsorption mechanisms that
cause particles to ‘bridge’ together, e.g. through hydrogen bonding,
charge patch neutralization, electrostatic, chemical, or other forms
of bridges [37,59,60]. Bridging requires polymer chains to be
adsorbed on surfaces with only limited functionality attachment
per particle, the remainder for each polymer projecting into the
surrounding solution (the ‘tail’ shown in Fig. 4), potentially avail-
able for contact and adherence to other particles [61,62]. While ad-
sorption of individual polymer functionalities is weak, having
multiple functionalities in an adsorbed segment (‘train’) leads to
an effectively irreversible bond [63].

A polymer having a strong affinity for a surface does not necessarily
assist in flocculation. It can cause surface saturation, preventing effec-
tive bridging when the proportion of loops and trains increases at the
expense of tails, as illustrated in Fig. 5 [64]. In extreme cases, this can
lead to the restabilisation of fine particle dispersions.
Fig. 4. Polymer adsorption on a surface (adapted from [62], copyright (1993) with
permission from Springer Verlag London Limited).
The nature of aggregates formed by flocculation depends on factors
that include the properties of the solids (surface charge, mineralogy,
size, size distribution, shape, density), the liquid phase (viscosity, di-
electric constant), the suspension (electric charge, pH, ionic strength,
temperature), and the flocculant (MW, MW distribution, functionality,
charge density, chain branching), with many of the conclusions that
can be drawn from the literature summarized in Table 1. Clay floccula-
tion is particularly affected by the distinct surface properties of the dif-
ferent particle faces, a significant point of differentiation from other
phases that may be present within tailings, and there is therefore
much greater potential for variations in particle packing behaviour in
clay-rich tailings to influence consolidation in gravity thickening.

Common flocculants include synthetic water-soluble organic poly-
electrolytes, for which the properties and physical forms can be con-
trolled when polymerising selected monomers (e.g. acrylamide and
ethylene oxide), or natural polymers (e.g. starches, guar gum, tannins
and sodium alginate). The natural polymers are non-toxic, whereas
some synthetic flocculants may be toxic, mainly from the potential for
residual monomers to be present. The polymers applied in flocculating
clays are discussed below and their properties also summarized in
Table 1.
3.2.1. Cationic polymers
Cationic polyacrylamides (CPAM) are made by copolymerising ac-

rylamide with quaternary ammonium derivatives of acrylamide. They
contain 10 to 80 mol% of cationic monomer, although typically only
10% for higherMWs that can act asflocculants [76].Methacrylate copol-
ymers are also commercially produced. Poly(diallyl dimethyl ammo-
nium chloride), better known as polyDADMAC, is usually of low-to-
medium MW, but higher MW copolymers with acrylamide are
available.

Cationic polymers are effective for aggregating low solid clay sus-
pensions in wastewater clarification, generally by coagulation. Their
main application as flocculants is in fine coal or coal tailings thickening
[65]. They are not widely used in high throughput applications because
they struggle to achieve high settling rates.

Cationic polymers adsorb onto negatively charged fine particles via a
charge neutralization mechanism. When this occurs with higher MW
CPAMs, there may still be tails that project beyond the surface, and col-
lision with negative patches on other particles allows bridging aggrega-
tion [61]. In contrast, bridging by low MW CPAM is impeded by their



Fig. 5. Polymer conformation and adsorption on clay particles (adapted from [64], copyright (2006) with permission from Elsevier).
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short macro-ion length, promoting coagulation but thereby only
forming small aggregates.

Laird [66] found CPAM to be highly effective at flocculating Na- and
Ca-saturated kaolinite, illite and quartz, regardless of electrolyte con-
centration, the presence of excess salt or saturating cations. It was
slightly less effective at a basic pH (10.9) than under neutral (pH 5.9–
8.2) or acidic (pH 3.4) conditions. Charge neutralization involving posi-
tive trimethyl ammonium groups on CPAM and negative surface sites
was considered the dominant bonding mechanism. Nasser and James
[64] also identified that optimum kaolinite flocculation by CPAM was
through charge neutralization.

Polyethylenimine (PEI) is a polyamine that can be linear or
branched;whennot quaternised, its charge in solution is pHdependent,
but likely to be cationic in most slurries. Leong et al. [101] observed that
adding PEI of MW 70,000 to kaolinite significantly increased the yield
stress at all pH values due to particle bridging to form stable aggregates.
Avadiar et al. [102] also investigated the effect of branched PEI on kao-
linite slurries at pH 8, finding low dosages of 0.004 and 0.04 dry weight
percentages (dwb%) did not alter inter-particle forces and thus rheolog-
ical and sedimentation behaviour. However, at 0.4 dwb% PEI, the yield
stress was significantly higher and sedimentation was much enhanced,
attributed to strong and voluminous aggregate formation by particle
bridging. In comparison, branched PEI MW had negligible effects on
slurry behaviour.
3.2.2. Anionic polymers
Water-soluble polymers of defined anionic character are synthe-

sized by either partial hydrolysis of the acrylamide homopolymer or
copolymerizing acrylamide with acrylic acid. Commercial anionic poly-
acrylamide (APAM) products cover awide range of charge densities and
MWs. The monomer sodium 2-acrylamido-2-methyl-propane
sulphonate (AMPS) can be copolymerisedwith acrylamide to give prod-
ucts of comparable flocculation activity to APAMwith many substrates,
but at a lower MW [103]. As a stronger acid than acrylic acid, the AMPS
functionality remains unprotonated at lower pH. Polymers containing
AMPS are less sensitive to calcium and other divalent solution cations,
however, they may be precipitated by aluminium at pH b 5 [76].

Anionic polymers are extensively used to flocculate clays within
mineral processing applications. The polymer bridging mechanism is
then of primary importance,with charge neutralization either not appli-
cable or a minor factor [67]. High MW APAM is more effective than
CPAM in flocculating negatively charged particles to give larger aggre-
gates and faster settling. In addition, restabilisation of kaolinite colloids
by excessive polymer adsorption ismuch less likely. The electrostatic re-
pulsion between the polymer's COO– pendant groups and negatively
charged surfaces allows only limited points of polymer adsorption to
each clay particle (even at basic pH values, someminor fraction of neu-
tral surface sites will be available). At the same time, the polymer's ex-
panded conformation arising from charge repulsion produces loops and
tails, which, in conjunction with possible steric hindrance due to APAM
chain branching, leads to the formation of loose, open, and fragile
aggregates [67]. This effect has been found effective in flocculating neg-
atively charged kaolinite dispersions [64].

The adsorption of APAM to clay surfaces has been extensively inves-
tigated. Laird [66] claimed cation bridging (APAM-Ca2+-clay) was the
major polymer bonding mechanism. Other mechanisms suggested in-
clude: (i) hydrogen bonding between electronegative APAM moieties
and protonated non-bridging aluminol groups on kaolinite and illite
edges; and (ii) hydrophobic bonding between the APAM carbon chain
and kaolinite basal faces. Heller and Keren [69] reported that APAM ad-
sorption usually happened on clay edge surfaces. Themain driving force
for adsorption may be hydrogen bonding with silanol and aluminol OH
groups at the clay surfaces, particularly between edge faces and the
polymer's amide (–CONH2) groups (Lewis base) [70]. Others found
that at neutral pH, the majority of particles are negatively charged and
electrostatic repulsion may reduce the amount of APAM adsorbed on
kaolinite [68,71]. It should be noted that only low adsorption levels
are required to promote flocculation at the typical tailings particle
sizes, and therefore flocculation performance will not necessarily be in-
fluenced by changes in plateau adsorption values.

Laird [66] found the flocculation efficacy of APAM varied with the
saturating cation (Ca2+ NN Na+), mineralogy (kaolinite N illite NN

quartz), and treatment (acid N salt N H2O N base), concluding cation
bridging betweenAPAMCOO– groups andnegative clay surface sites ex-
plained much of the observed behaviour. Hydrogen bonding between
electronegative APAM functional groups and protonated nonbridging
aluminol groups on phyllosilicate edgeswas indicated under acidic con-
ditions. Nasser and James [64] investigated the importance of APAMand
CPAM charge density and MW in relation to surface chemistry, settling
rates, aggregate sizes, and sediment compaction for kaolinite at neutral
pH. At optimum polymer dosages, aggregate sizes and settling rates
were greater for APAM than CPAM. Optimum flocculation for APAM
flocculants was linked to only a small reduction in the zeta potential.

3.2.3. Nonionic polymers
Starch-based and nonionic synthetic polymers are commonly used

to enhance dewatering; the latter are often preferred in the presence
of multivalent cations or at high ionic strength, conditions that may ad-
versely influence APAM performance [72]. The homopolymer of acryl-
amide PAM is nominally nonionic, although most commercial
products contain up to 1% anionic character.

Heath and Tadros [48] found sodium montmorillonite flocculation
by poly(vinyl alcohol) (PVA) was by particle bridging, the optimum
dosage being 2–3% PVA (based on the clay content). The structures
formed were rigid and shear-resistant, but sensitive to pH, which
needed to be controlled carefully.

Polyethylene oxide (PEO) has been widely examined for clay floccu-
lation [19,67,104]. Hydroxyl groups on kaolinite edges interact with
ether oxygens on PEO chains, forming hydrogen bonds and giving
bridging flocculation [105]. Mpofu et al. [67] claimed that for kaolinite
dispersions at low ionic strength, PEO produces better inter-particle
bridging, greater settling rates and higher aggregate compaction upon
shear than APAM. Polymer specific adsorption and conformational



Table 1
Driving factors for clay dewatering.

Drivers Key effect summary Reference

pH Higher pH assists kaolinite and
bentonite to go from EE-,
EF-dominated structures to
denser FF aggregates.

[14,27,40]

EF structures are less likely to be
a major factor in smectite
suspensions.

[14,27,46]

Ionic strength Higher salinity generally favours
denser FF aggregates for both
kaolinite and bentonite.

[7,27,47,49,50]

Lower crystallinity kaolinite
more likely to form lower
density EF aggregates at high
salinity.

[55,56]

Effective ions initiating clay
aggregate structure changes:
Na+, Ca2+, Cu2+, Al3+ and
Mn2+.

[14,29,50–52]

Cationic polymer flocculant Charge neutralization is major
adsorption/aggregation
mechanism.

[61,64]

Cationic polymers not widely
used beyond fine coal or coal
tailings thickening, due to small
aggregates and low settling
rates.

[65]

CPAM more effective in neutral
and acidic than basic conditions
for flocculating Na- and
Ca-saturated kaolinite, illite and
quartz.

[66]

Anionic polymer flocculant Polymer bridging mechanism of
primary importance; APAM
more effective than CPAM,
forming open and fragile
aggregates.

[67]

APAM adsorption to clays very
dependent on surface structure
and adsorbed/exchanged
cations.

[66,68–71]

APAM efficacy varied with
mineralogy (kaolinite N illite NN

quartz), saturating cation (Ca2+

NNNa+), and liquor (acid N salt N
H2O N base).

[66]

Nonionic polymer flocculant Bridging by starch-based and
nonionic synthetic polymers;
latter often preferred at high
salinity or if multivalent cations
present.

[72]

2–3% PVA can effectively
flocculate sodium
montmorillonite.

[48]

PEO may be a better flocculant
than APAM for smectite at low
salinity, giving greater
consolidation.

[67]

Polymer flocculant solution
activity

Powder and emulsion products
need ageing during make-up to
reach maximum activity.

[73–76]

Long chain polymer solutions
are shear-sensitive.

[77–79]

Activity can be strongly affected
by water quality used in
make-up.

[65,72,80–82]

Salt effect on polymer
flocculation

Salinity induces higher APAM
adsorption onto kaolinite due to
polymer conformational
changes.

[83]

Hydrolysis of added Mn2+ or
Ca2+ to Mn(OH)+ or Ca(OH)+

increases kaolinite settling rates
on flocculation by APAM.

[84]

Salinity favoured APAM
adsorption and reduced particle

[85]

Table 1 (continued)

Drivers Key effect summary Reference

repulsion, resulting in enhanced
aggregation and settling.
High salinity gives compressed
chain conformations that may
limit bridging and hindered
settling at higher dosages.

[56,72,86]

Molecular dynamics predicts
competing effects of salinity –
increased polymer adsorption
but reduced conformation.

[87]

Salinity favours EF clay
structures prior to flocculation.

[55,56]

Controlling initial coagulated
clay size may impact on
flocculated aggregate density.

[88]

Shear during polymer
flocculation

“Tapered shear” favours initial
mixing of flocculant and
subsequent aggregate growth.

[89–91]

Optimum dewatering
conditions may be established
with respect to applied mixing
intensity, time, polymer type,
MW, cations and device.

[39,92–97]

Shear during
sedimentation/consolidation

Aggregate structure
densification confirmed from
rake action.

[98]

Raking assists in water release
from aggregate structures and
improves suspension
consolidation.

[67,71,99,100]
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effects are believed responsible for differences in the shear-sensitivity of
nonionic PEO and APAM flocculated kaolinite aggregates and their sub-
sequent dewatering.

Zhang et al. [106] studied the effect of a polycarboxylate ether (PCE)
comb-type polymer on the viscosity and interfacial properties of kaolin-
ite. At pH 3.4, a higher viscositywas attributed to strong electrostatic in-
teractions between the clay's oppositely-charged basal and edge faces.
At pH 8.3, suspension viscosity initially rose with added PCE but then
decreased at higher dosages. At low dosages, hydrogen bonding led to
network structures and hence an increased suspension viscosity. How-
ever, at high dosages, clay particleswere fully covered by PCE, and steric
repulsions then resulted in dispersion. These findings suggest that poly-
mer type and application conditions can have competing effects on the
settling behaviour of clays.
3.2.4. Factors affecting polymer flocculant activity
The acrylamide/acrylate copolymers used as flocculants in most

mineral processing/hydrometallurgical applications are high MW, long
chain polyelectrolytes that are relatively slow to dissolve and achieve
a solution state optimal for flocculation. It is therefore important to en-
sure the properties of these aqueous solutions are optimised prior to
dosing for flocculation.

Theflocculant products used to treat tailings are typically received in
either powder or emulsion form, with subsequent solution make-up
conditions affecting their activity. The former need to be wetted care-
fully to avoid gels of agglomerated polymer that are unlikely to disperse
[73]; even under ideal conditions, some powders take several days to
reach maximum activity, after which they slowly reconform to reduced
solution dimensions and lose activity [74,75]. Powder product dissolu-
tion by stirring is favoured for concentrations of 0.25–0.50%, with the
high viscosity believed to provide internal friction that aids the rate of
dissolution and chain dispersion [76]. Optimal ageing maximised the
discrete polymer concentration available for flocculation, leading to an
increase in aggregate size without appearing to impact the aggregate
structure (density).



Fig. 6. Proposed kaolinite flocculation mechanisms with EPS in (a) saline suspension
(hydrogen bonding after double layer suppression), (b) non-saline suspension
coagulated with 100 mg/L Ca2+ (divalent cation bridging mechanism) (from [108],
copyright (2018) with permission from Elsevier).
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Products in an emulsion form (where concentrated aqueous floccu-
lant drops are dispersed in an organic phase, with the emulsion then
inverted by shear during make-up) are easier to prepare as concen-
trated solutions that rapidly attain a usable activity, but still may not
reach their maximum appreciably quicker than powder products. This
is attributed to slow disentanglement of highly agglomerated polymer
chains, affected by the polymerMW[75]. In practice, ageing times rarely
exceed 4–8 h, often a compromise due to storage capacity; where pow-
der stock solution ageing times are less than an hour, required dosages
can rise sharply, then putting even greater pressure on ageing times.

The polymer solutions are also shear-sensitive, further complicating
flocculant make-up and application.While applying low shear is an im-
portant part of make-up, excessive shear adversely affects activity. High
speed stirring and the action of pumps leads to a permanent loss of MW
[77–79]. In contrast, transport through pipes is found to induce entan-
glement of the polymer chains that may be reversible [79]. In practice,
both outcomes can lead to higher required dosages or the inability to
achieve the desired settling rates in high throughput units.

Flocculant activity can also be affected by the quality of water used
during make-up. Henderson and Wheatley [65] claimed the presence
of Ca2+ and Mg2+ in flocculant solutions did not influence subsequent
clay flocculation, arguing the 1:1 complexes formed with carboxylate
functionalities have a minor effect on polymer conformation. In con-
trast, Cu2+ could chelate to two carboxylates, leading to a much more
compact conformation. Rey [80] observed a significant loss of flocculant
activity with a predominantly clay tailings from make-up and subse-
quent dilution in increasing liquor Ca2+ concentrations; Peng and Di
[81] attributed a similar Ca2+ effect to polymer coiling and precipitation
on clay surface. However, these results are far from convincing due to
the inevitable poor control of applied shear in conventional batch cylin-
der or jar tests. Witham et al. [72] studied how water quality (and in
particular multivalent cations) in make-up and dilution liquors impact
upon flocculant activity in continuous flocculation within a Couette de-
vice providing greater control of residence time andmixing.While solu-
tion iron was found highly detrimental to performance for dilute
flocculant solutions, the impact of divalent Ca2+ and Mg2+ was more
subtle, only affecting settling rates at higher dosages, an effect masked
under stronger applied shear conditions that favour some degree of ag-
gregate breakage. Such effects increased with the flocculant's anionic
character and the cation concentration.

For many polymers in solution, increasing salinity will result in a re-
duced hydrodynamic radius due to the interaction between the salt and
active functional groups on the polymer chain, rendering it impaired or
inactive for flocculation. As this interaction is unavoidable, flocculation
under high salinity remains a difficult challenge to overcome. Dao
et al. [82] therefore sought to synthesize ABA block copolymers (i.e.
100% polyacrylate chain at each end and 100% polyacrylamide in-
between), for which the conformation may be less sensitive to salt
than the random copolymers, whichmay then offer advantages for floc-
culating clays in highly saline liquors [107].

3.2.5. Salt effect on polymer flocculation
The flocculation efficiency of a polymer with clays can be affected by

salt ions in the tailings suspensions. Studies have covered experimental
conditions of clays and water from different sources and can be gener-
ally differentiated into two categories: synthetic clay suspension with
controlled water composition (Condition 1); and systems using real
tailings and process water (Condition 2). Contrasting observations
from different experimental systems enables a better understanding
of how clay-rich tailings areflocculated in saline processwaters. The dif-
ferent experimental categories used are specified in the discussion
below.

Siffert and Bocquenet [83] found APAM adsorption onto kaolinite
was higher in strongly saline water than in pure water (Condition 1),
with polymer uptake inversely proportional to its degree of hydrolysis.
The latterwas explained in terms of conformational changes induced by
salts. Adsorption in CaCl2 solutionwas greater than in the same concen-
tration of NaCl. In the presence of the surfactant sodium
dodecylbenzenesulfonate, polymer adsorption was reduced in NaCl so-
lutions but unaffected in CaCl2 solutions, as the latter induced surfactant
precipitation.

Mpofu et al. [84] reported how prior addition of divalent cations
(Mn2+ or Ca2+) that undergo hydrolysis to a monovalent complex
(Mn(OH)+, Ca(OH)+) resulted in increased settling rates for kaolinite
flocculation by APAM (Condition 1). The adsorbed cations facilitated
polymer bridging due to both electrical double-layer compression and
zeta potential reduction, allowing close approach of particles and in-
creasing the positive sites available to bind with APAM carboxylate
functionalities. Hydrogen bonding may also occur between the
polymer's amide groups, OH groups at the clay surface, and hydration
layers surrounding surface adsorbed cations. The adsorption density of
APAM depended on pH and cation solution concentrations. That their
flocculation tests were at a single high concentration (8 wt%) and
dosed with quite concentrated flocculant (0.1 wt%) makes the relative
impacts on settling rates questionable.

Ajao et al. [108] proposed a detailed mechanism for natural micro-
bial extracellular polymeric substances (EPS) as flocculants for saline
and non-saline kaolinite suspensions coagulated with Ca2+ (Condition
1). At high salinity, hydrogen-bonds are easily formed between amides
(of EPS-protein) or hydroxyl groups (of EPS-polysaccharide) and kao-
linite surface hydroxyl groups after electric double layer suppression,
thus forming EPS particle bridges (Fig. 6a). A similarmechanismwas re-
ported for APAM flocculation of both saline mine tailings and kaolinite
[109]. However, in non-saline kaolinite suspensions coagulated with
100 mg/L Ca2+, the ionic strength (0.0075 mol/L) was possibly too
low for significant suppression of DLVO-type electrostatic repulsions
to favour hydrogen-bonding, making divalent cation bridging more
likely to control flocculation. Despite electrostatic repulsions, Ca2+ can
bridge between the polymer's anionic groups and negative kaolinite
surface sites (Fig. 6b).

Zhang et al. [110] reported that carbonate minerals, especially gyp-
sum, can release Ca2+ and Mg2+ to increase the hardness of recycled
water, resulting in higher settling rates for flocculated coal tailings and
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better supernatant clarity (Condition 2). In studying coal tailings floccu-
lation by NPAM, APAM and Al(OH)3-polyacrylamide (Al-PAM) in both
freshwater and saline solutions, Ji et al. [85] found APAM gave the best
settling. Representations of how ionic strength impacts on the adsorbed
polymer conformations are shown in Fig. 7. In fresh water, relatively
short-range hydrogen bonding between amides on APAM and Si-O-Si
and Si-OH surface groups may be inhibited by long-range electrostatic
repulsions, and hence adsorption and bridging were relatively weak.
At increased salt concentrations, both the particle electrical double
layer and the APAM conformationweremuch compressed (Fig. 7a). Hy-
drogen bonds could therefore be more easily formed to enhance poly-
mer bridging; together with reduced electrical repulsion among the
particles, aggregation rates and settling enhanced compared to tailings
in fresh water. Ionic strength had a negligible effect on conformation
for both NPAM and Al-PAM polymers (Fig. 7b) due to their neutral
charge.

Saline water may also have a negative impact for some flocculants.
Wang et al. [86] investigated the influence of suspension salinity (viz.,
addition of NaCl and CaCl2) on kaolinite flocculation with chitosan
graft polyacrylamide (chi g PAM), also conducting surface and atomic
force measurements on model substrates (Condition 1). Initial settling
rates declined with increasing NaCl and CaCl2 concentrations (from
0.01 to 1 M). High salinity led to relatively weak adsorption and more
compressed conformations for chi-g-PAM on both silica and alumina
surfaces (both represented within kaolinite), as well as weakening
bridging interactions betweenmica surfaces (a silicate structure similar
to kaolinite). Liu et al. [56] also observed high salinity assisted settling of
APAM-flocculated bentonite and illite but hindered that of the kaolinite
Q38. The bridging effect was best above a threshold dosage level for il-
lite but tailed-off for both kaolinite and bentonite, suggesting other fac-
tors may come into play.

Quezada et al. [87] used molecular dynamics to simulate the impact
of NaCl concentration on the conformation of an anionic polymer and its
adsorption on a quartz surface at pH values above its IEP. Increased sa-
linitywas predicted to lead to two competing effects, as shown in Fig. 8:
(i) increased polyelectrolyte adsorption would favour initial aggregate-
forming collisions due to counter-ion effects on surface interactions;
while (ii) the polyelectrolyte's reduced radius-of-gyration may then
limit the aggregate size achieved. This modelling is consistent with ex-
perimental observations for the performance of long-chain water-
soluble polymer flocculants in highly saline liquors [72,111].

An interesting insight from the simulations by Quezada et al. [87] is
that the predicted adsorption density of the anionic polymer onto
quartz rose by several orders of magnitude over the range of NaCl con-
centrations considered. Such adsorption at a low ionic strength for any-
thing other than a low pH would only take place in the presence of
Fig. 7. Representation of ionic strength impacts on flocculant conformation and adsorption on n
(2013) with permission from Elsevier).
adsorbedmultivalent cations. High solutionNa+ levels serve to both ad-
sorb on the surface and shield the\\COO– groups on APAM, enabling
polyelectrolyte and quartz interactions. Given quartz is a common
phase in tailings slurries, salinitymay be an important factor in promot-
ing co-flocculation.

While high settling rates result from increased aggregate size, sedi-
ment consolidation may then diminish due to the more porous struc-
tures and how they pack [9]. Liu and Peng [55] reported that kaolinite
flocculation with PEO formed more compact aggregates in fresh water
than in synthetic saline liquors matching concentration from a mine
site, with the dominant EF associations in the latter leading to slower
settling. Liu et al. [56] also attributed distinct settling responses for kao-
linite, bentonite, and illite flocculated in synthetic saline liquors to dis-
tinct aggregate structures, confirmed by cryo-SEM images of 5 wt%
kaolinite flocculated with 200 g/t APAM at low- and high-salinity.
Large FF structures at low-salinity (Fig. 9a) suggested addingAPAMtrig-
gered strong kaolinite aggregation. In contrast, less dense, slower set-
tling EF aggregates dominated at high-salinity (Fig. 9b). Adjusting
solution and particle chemistry conditions to control aggregate struc-
tures can therefore influence solid-liquid separation, although this is
rarely targeted in tailings applications.

Wilkinson et al. [88] found the initial size of coagulated bentonite
was a bigger factor than ionic strength indeterminingflocculated aggre-
gate structures. At high ionic strength, a low coagulated clay size led to
rod-like flocculated aggregates typically observed only at low ionic
strength and a highly networked internal structure. A larger coagulated
size at the same high ionic strength resulted in more regular, compact
aggregates. Controlling initial effective clay sizes should therefore be
givenmore consideration in applicationswhere higher aggregate densi-
ties are sought.
3.2.6. Effect of applied shear conditions

3.2.6.1. Shear during polymer flocculation. The applied hydrodynamic
shear is known as a key factor during polymer-induced flocculation,
with the potential for profound impacts on settling rates and, to a lesser
extent, sediment consolidation. Flocculation under lower shear favours
large, fast settling aggregates, while very high shearwill normally result
in irreversible aggregate degradation, although smaller aggregates will
give some additional long-term sediment consolidation [8,112]. Higher
mean shear rates actually accelerate both aggregate growth and break-
age, but higher exponents in the breakage response limit the sizes
attained [76]. The peak aggregate size will decline with increasing
shear rate, and the degree of aggregate breakage at reaction times be-
yond this peak will increase.
egatively-charged particle surfaces: (a) APAM, (b) PAM and Al-PAM (from [85], copyright



Fig. 8. Simulated response of a short-chain APAM to changes in salinity and its interaction with quartz (red represents oxygen, blue spheres are sodium cations).Water molecules are not
shown for clarity of flocculant-surface interactions (from [87], copyright (2018) with permission from Elsevier). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The importance of considering both the applied shear intensity and
duration was highlighted by Owen et al. [91] in experiments with
staged shear (i.e. from high to low in different pipe diameters), finding
the residual activity of surface adsorbed flocculant at short reaction
times allowed subsequent growth under reduced shear [91]. Such
growth was absent at reaction times beyond the peak due to flocculant
then being effectively deactivated, and hence the settling rate differen-
tial wasmuch greater than expected on the basis of aggregate sizemea-
sured within the pipe. This is a clear illustration of how “tapered shear”
(i.e. shear is initially high but then decreases) favours flocculant mixing
and initial bridging collisions, but then provides milder conditions to
maximize aggregate growth. The concept is well understood in water
treatment applications [89,90], but also forms the basis for optimal floc-
culation in mineral processing.

Flocculation of kaolinite [92,98] and smectite [94] with ionic and
nonionic PAM polymers indicated optimum dewatering conditions
may be established with respect to both the applied mixing intensity
and time. Yeung et al. [93] observed such optimums in hydrodynamic
conditions did not coincide with those for maximum aggregate
strength, claiming densification under shearmay contribute to strength.
Using hydrocyclones for dewatering is ineffective for particles b20 μm,
and the high shear generated doesn't favour large aggregates from floc-
culation, but Franks et al. [96] found90% of aggregates formed fromdos-
ing an ultrahighMWAPAM to submicron tailings (in conjunctionwith a
low MW cationic coagulant) were still N38 μm. Yalcin and Brunet [95]
Fig. 9.Cryo-SEMmicrographs of 5wt% kaolinite flocculatedwith 200 g/t APAM in (a) low-salini
copyright (2018) with permission from Elsevier).
claimed good hydrocyclone performance for a “shear resistant floccu-
lant”, whichwas actually a cationic of lowerMW than the anionic prod-
ucts studied; shear-resistance most likely reflected forming smaller
aggregates and more chains provided by a lower MW polymer.

McFarlane et al. [14] studied orthokinetic flocculation of kaolinite
and smectite by applying shear with a two-blade paddle impeller,
achieving significantly higher settling rates than produced by manual
plunger mixing or cylinder inversions, although inadequate flocculant
dilutionmakes that conclusion questionable. Their optimum conditions
involved pre-coagulation, moderate agitation rates, shorter agitation
times and using APAM rather than NPAM, the latter due to APAM's
more expanded conformation favouring particle bridging.

Impellers like that used by McFarlane et al. [14] provide inade-
quate control over the applied shear to then isolate its effect on floc-
culation, a criticism applicable to most studies in this area. Costine
et al. [97] addressed this by continuous flocculation under tightly
controlled mixing in a Couette device with a vertical flow-through
arrangement that enabled operator-independent settling rate mea-
surements. They considered the influence of applied mixing (inten-
sity and duration), solids concentration, and liquor chemistry on
the MW (as measured by intrinsic viscosity) response of seven 30%
anionic PAM polymers when flocculating a standard kaolin slurry at
pH 8. Lower MWs were more dosage-effective under mild mixing,
producing denser, faster-settling aggregates than equivalent sizes
produced with higher MWs. However, larger sizes possible with
ty and (b) high-salinitywater at 10000× (with sublimation at−100° for 5min) (from [56],
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higher MWs gave access to faster settling after intense mixing. While
b0.01 M Na+ in slurries favoured some pre-coagulation, Fig. 10
shows Ca2+ adversely affected settling rates even at b0.002 M, with
the effects of a reduced bridging capacity most apparent for lower
MWs. Comparisons of aggregate density from flocculating at low
and high ionic strength (the latter in the presence of divalent cat-
ions) show denser structures for the latter, in part reflecting higher
dosage requirements [39]. An advantage of raising aggregate density
is a higher optimum solids concentration for flocculation, given
solids dilution is normally sought prior to flocculation in tailings
thickeners.

3.2.6.2. Shear during sedimentation and consolidation. Applied hydrody-
namic shear can also have a strong influence on structures post-
formation as they pass through a thickener, at solids concentrations
both below and above the gel point, ϕg (the concentration at which
particles/aggregates are touching, above which a network structure
develops). Flocculated clay aggregate structures are initially highly
porous, with intra- and inter-aggregate water seen in networks at
or above ϕg both needing to be released to achieve better
dewatering. Farrow and Swift [113] characterized the size and free
settling rate of aggregates at high dilution, demonstrating that sam-
ples taken from a diamond mine tailings thickener underflow were
smaller but denser than those formed in the feedwell. Farrow et al.
[98] extended this to sampling flocculated kaolinite from a continu-
ous raked pilot column, confirming aggregate densification after rak-
ing was well above that seen from compressive dewatering in the
bed alone.

Application of shear or compression to pre-sedimented, PEO-
flocculated suspensions are reported to give improved consolidation
[67]. The better efficacy of PEO was attributed to a more extended
and flexible (or elastic) configuration that favours more compress-
ible aggregates when under load, a behaviour rarely displayed by
comparatively inelastic APAMs. Gladman et al. [99] noted that low
constant shear applied to settling aggregates induced some level of
Fig. 10. Effect of calcium concentration on settling rates of 60 g L−1 kaolin slurries as a function
flow Couette device at 250 rpm with a residence time of 16.5 s (from [97], copyright (2018) w
structural densification, such that higher solids concentrations
were achieved without detrimental impacts on rheology, i.e. ϕg in-
creased. Similar effects are claimed for the extra shear aggregates ex-
perience on rolling down sloped walls [100], as seen in lamella
thickeners. There are no known results comparing how such effects
are impacted by salinity, but the effect will be greatest for initial ag-
gregates that are the most porous.

Rake structures projecting high into the settling zone could promote
this effect, although the challenge is ensuremost of the settlingmaterial
is influenced. Hoyland and Day [114] claimed faster consolidation from
the gentlemixing of a rotating picket, butwith insufficient detail to sep-
arate this from effects on the bed solids. The concept was enhanced and
applied to industrial tailings with Outotec's Shear Enhanced Thickening
(SET) technology [115,116], where a radial arm higher up on the rake
shaft had a series of ‘shearing elements’ along its length, angledwith re-
spect to the vertical plane – increasing element spacing with radial dis-
tance was critical towards giving uniform shear.

Rakes are a feature in almost every gravity thickener tomove settled
bed solids to the underflow discharge. Rotation rates are slow («1 rpm)
to prevent bed disruption re-entraining settled solids. For porous aggre-
gates formed from clay-bearing tailings, raking of compressed beds at
low shear also assists in water release. Rakes and associated structures
like vertical pickets produce channels for released water to rise [112],
which can be critical given that permeability is reduced under consoli-
dation. Du et al. [57] suggested that raking assisted dewatering by rear-
rangement of EE to FF structures for highly crystalline kaolinite.
However, this did not apply to poorly ordered kaolinite Q38, with its
ragged, broken nano sized edges on the basal surfaces thought to resist
EF structure transformation at low raking shear forces. As a result, EF
structures still dominate Q38 aggregates, leading to settled beds of
lower density than high-crystallinity kaolinite [71].

Mechanical shearwithin bedswas identified by Spehar et al. [117] as
enhancing the rate and extent of aggregate densification in both a
laboratory-based fluidisation rig and a pilot-scale thickener. From this,
Scales et al. [118] developed thickener models incorporating the shear
of APAM dosage and intrinsic viscosity ([η]). Flocculant (0.005%) dosed into a continuous
ith permission from Elsevier).
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effect on aggregate structures through a shear rate dependent densifica-
tion rate and final extent of densification. The model can predict quan-
titatively thickener underflow solids fluxes for a given flocculation
condition without resorting to extensive pilot trials.

3.2.7. Other considerations
While there is almost always scope to optimize polymer-assisted

flocculation in industrial tailings applications for faster settling, the
greatest practical challenge confronting operators is to actually maxi-
mize suspension consolidation and the solids concentration discharged
from thickener underflows. Tailings operations typically seek an
underflow value from design studies as their main performance mea-
sure, despite the known variability of such concentrations strongly indi-
cating that targeting a single underflow value for thickener control is
unreliable [119]. Such targets are evenmore questionable whenminer-
alogy varies, in particular when the type and proportion of clay within
the tailings change.

It cannot be assumed that aggregate structures conducive to en-
hanced settling behaviour will also be optimal for sediment consolida-
tion and underflow properties. There are undoubtedly situations
where this is the case, such as (for example) where very ineffective
feedwell flocculation leads to excessive flocculant dosages and low
underflow solids concentrations from sediment networking, with im-
proved flocculation then assisting in reaching underflow target values
[120,121]. Such changes are more likely in applications with high fines
or clay contents; flocculant dosages are inevitably much lower when
feed particle size distributions are dominated by coarser phases, and
hence flocculation impacts on sediments and underflows may then be
only incremental.

As discussed above, processing tailingswith significant clay contents
at high ionic strength is likely to change the balance between pre-
coagulation and final polymer-bridging flocculation to an aggregate
size giving the required settling response. Any enhancement to the ex-
tent of coagulation for fines or ultrafineswill lead to improvedfines cap-
ture (i.e. better overflow clarity) and lower flocculant dosages to
achieve moderate settling rates, with the possibility of some perfor-
mance limitations if high settling rates are required.However, enhanced
fines capture prior to flocculation will likely result in lower effective
density of “core” aggregate structures that persist through to an
underflow, and may then incrementally reduce the solids concentra-
tions attained.

3.3. Enhanced dewatering by high polymer dosing at high solids

Concentrating tailings solids by thickening allows high volumetric
throughputs, but conventional thickeners typically produce low yield
stress underflows that need to be stored in tailings dams. Modern
paste thickeners offer more powerful rake mechanisms and greater
bed depths that then lead to high yield stress underflows [122]. While
additional short-term water return from paste thickening may be
small, the reduced tailings moisture, combined with effective deposi-
tion practices, leads to quicker drying to a load-bearing state, as seen
with bauxite residues produced via the Bayer Process [123].

Such advantages may not be fully realised with clay-based tailings,
given the highly porous flocculated aggregate structures formed, as al-
ready discussed. Pastes from high clay tailings can be deposited, but liq-
uefaction (where shocks such as earthquakes lead to pastes becoming
fluid) can then be a concern. For tailings fromCanadian oil sands, a com-
bination of residual bitumen, high pH and clay mineralogy results in
slurries that are difficult to thicken conventionally, but also do not con-
solidate over time [124]. As a consequence, there are huge volumes of
legacy tailings requiring further treatment prior to rehabilitation.

Adding polymer at high dosages (significantly greater than applied
in thickener feedwells) to high solids tailings streams can generate
much enhanced dewatering relative to that achieved from thickening
alone, and is the subject of several patents [125,126]. McColl and
Scammell [125] describe such dosing to a pipeline containing thickener
underflow, mixing within to form “super-aggregates” – essentially a
continuous network rather than individual aggregates. On deposition,
the tailings exhibit a lava-like flow, channels quickly appear and water
is rapidly released. The mixing is not specified, but it is stressed the ef-
fect cannot be achieved by flocculating in a thickener, as the material
produced would then not be conducive to pumping.

Strong interest within the Canadian oil sands industry has seen full-
scale applications, with considerable research into novel polymers and
optimised dosing. However, the mechanism by which enhanced
dewatering is achieved by polymer dosing at high solids is still poorly
understood. Wells et al. [127] describe the process as “inline floccula-
tion”, reflecting reagents normally being dosed directly into pipe flow
prior to deposition. Such a name is not ideal, as it implies it can only
be done in that manner, and flocculation can still occur inline without
enhanced dewatering on deposition. In addition, calling the process
“flocculation” leads to assumed parallels with the conventional process
that are not necessarily valid, as will be discussed below. Despite this,
the term has gained wider acceptance, and will be used here.

Wells et al. [128] not only highlight the need for the process to be
done at high solids, but also the importance of the correct applied
shear regime. Flocculant must be added under high shear, with subse-
quent tapered shear to give the optimum discharge properties. Fig. 11
represents the main stages and the likely impact on performance mea-
sures. The stages are: (i) flocculant mixing and adsorption, with the
start of aggregate growth; (ii) “aggregate rearrangement”, when it is
claimed aggregate growth and breakage are in balance; and finally
(iii) “aggregate breakdown” which sees a reduced yield stress and the
greatest water release. Extending the mixing too long leads to
“overshear”, and while the yield stress continues to reduce, little addi-
tional water is released.

Potential points of differentiation between “inline flocculation” and
polymer-bridging flocculation at typical feedwell solids concentrations
are summarized in Table 2, with Fig. 12 a representation (not to scale)
of how the two processes may differ. Flocculant chains are not repre-
sented to simplify the images.

Self-similar fractal structures are maintained in polymer-bridging
flocculation, from the initial particle aggregates through to subsequent
growth by clustering. The aggregates are weak, reflecting the open
structures and limited binding points, and so the response to shear ap-
plied after formation is breakage, with little actual densification. Some
liquor is inevitably released, but the structures retain most.

With inline flocculation, initially formed core aggregates will be
denser, due to closer particle proximity at higher solids concentrations.
Clustering of such aggregates will also be influenced by the higher dos-
ages, with additional bridges giving some further networking within
clusters. The second step in Fig. 12 represents internal cluster rearrange-
ment, with relaxation/contraction of multiple bridging chains possibly
leading to densification. When the overall cluster breaks down to
these internal clusters, a greater proportion of the originally encapsu-
lated liquor is released, but any subsequent breakage releases less
liquor.

Liquor is observed to be “ejected” or “squeezed” out of the networks,
possibly the result of intense force/pressure inside such structures as
newly-formed aggregates effectively compete with liquor for limited
space. Aggregatesmay be held in position by a large number of bridging
structures (a combination of high dosages and close proximity causing
cross-aggregate bridging), hence the simplest route to creating more
space is to eject unbound liquor. The “pressure”may also be responsible
for aggregates effectively “collapsing” into each other and densifying,
creating the beaching effect on deposition. The network structures
were demonstrated by Adkins et al. [129] as an important point of dif-
ferentiation from conventional flocculation.

Long mixing times (N30 s) are needed to achieve the sought-after
continuous networked structures. This is unlike conventional floccula-
tion, where solids contents are reasonably low and residence times



Fig. 11. The impact of mixing time on the main stages and performance responses for “inline flocculation” (from [128], image reproduced with kind permission of Australian Centre for
Geomechanics, 14th International Paste and Thickened Tailings Seminar, Perth, Australia, 2011; www.acg.uwa.edu.au).
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b5 s can give optimal aggregation. It is also suspected that the shear for
inline flocculation after dosing should be close to laminar and not fully
turbulent, as the aggregates formed are already exposed to intense
breakage events due to the high particle concentration. A turbulent
mixing zone will only exacerbate aggregate breakage.

Information on flocculant choice is not extensive, complicated by
(i) high flocculant concentrations being needed, and hence the dosed
solution's rheology becomes an issue, and (ii) poor small-scale proce-
dures to compare products. The polymer chemistries used in full-scale
applications appear similar to those used in feedwells, the main differ-
ence being in MW. Not surprisingly, lower MWs can favour mixing,
but the presence of some higher MW components can be beneficial
[130]. Given the strong interest in oil sands tailings applications, there
are numerous studies of novel flocculant chemistries (e.g. [131–133],
but evidence of their practical advantages over conventional chemis-
tries has been unconvincing.

While adsorbed divalent cations on tailings particle surfaces also
appears to be beneficial to inline flocculation, there is no published
context available as to the likely impact of high ionic strength.
From what is already known for flocculation at lower solids
Table 2
Contrasting feedwell flocculation vs. inline flocculation (from [39], copyright (2017) with perm

Aspect Polymer-bridging flocculation

Flocculant mixing and adsorption Adsorption is rapid, with effective surface coverage

Initial aggregation High fraction of available surface makes bridging co
effective; higher dosages increase collision efficienc
concentrations reduce growth rates, but lower visco
shear-induced breakage.

Adsorbed flocculant conformation Polymer adsorbs irreversibly in a series of “trains”;
through tails, ~30–50% of polymer mass.
Non-bridging tails rapidly reconform back to surfac
bridging capacity.

Aggregate size Limited by applied shear and dosage. Large sizes for
an optimum solids concentration, above which size

Aggregate breakage Breakage is irreversible – bridging chains are gener
shorter tails unlikely to bridge.

Aggregate structure Initial fractal aggregates further flocculated by clust
bridges may exist. Large aggregates weak, but smal
structures persist to underflow.

Applied shear Feedwell mean shear rates 40–80 s−1, residence tim
higher shear favourable during initial mixing (i.e. 2

Aggregate response to shear Extended shear during flocculation favours breakag
densification. Low shear post-flocculation may give
concentrations, increasing the liquor ionic strength may favour floc-
culant solution distribution through high solids suspensions, but if
the polymer solution conformation is then in any way diminished,
it would be doubtful that the necessary highly aggregated network-
ing of tailings solids could be achieved.

4. Knowledge gaps and recommendations

Hart and Boger [134] suggested manipulating surface chemistry as
an important area of future research for tailings dewatering. The ratio-
nale behind their statement is not in dispute, given the potential
changes in clay aggregate structures as a consequence of varying surface
properties. However, in most mineral processing applications, the state
of particles and liquors within a thickener feed is determined by up-
stream (and sometimes downstream) requirements, with minimal
scope for adjustment. Large volumetric flows rarely make pH or liquor
composition adjustment viable when the primary objective is better
tailings dewatering, although exceptions are known [135,136].

There may be far greater scope to reduce longer-term tailings im-
pacts through choices made in the design phase for mineral processing,
ission from Cambridge University Press).

Inline flocculation

typically b20%. Initial adsorption rapid, but at high dosages surface coverages may
be N50%, slowing adsorption. Some unadsorbed?

llisions
y. Lower solids
sity and

High surface coverage lowers collision efficiency (fewer adsorption
sites). High solids increases collision rate, but raises shear-induced
breakage. High viscosity slows aggregation.

bridging

e, losing

Surface crowding limits extent of trains (esp. after initial adsorption)
and bridging links. Is some adsorption irreversible?
Tails may be less likely to reconform, retaining some activity.

m, but there is
decreases.

Determined by solid concentration/viscosity, with limited impacts of
applied shear (in terms of maximum size) and dosage.

ally halved to Sheared chains may retain bridging capacity at close aggregate
proximity. Weak adsorption may allow chain detachment. Both
reflected in a degree of reversible breakage (like coagulation).

ering. Multiple
l core

Initial aggregates small and dense. Clusters have many bridges,
rearrangement of which may further densify. High level clusters are
broken, but core persists.

es 10–40 s;
–5 s).

Mean shear rate 20–40 s−1 (?), residence times 20–100 s.

e over
densification.

Initial “rearrangement” may involve substantial internal
densification, followed by breakage – both may release water.

http://www.acg.uwa.edu.au


Fig. 12. Representation of possible aggregate structures for polymer-bridging and inline flocculation processes, and the influence of shear forces (from [39], copyright (2017) with
permission from Cambridge University Press).
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rather than during operation or post-closure [137]. Edraki et al. [2] ar-
gued an integrated approach for tailings research linked to better pro-
cessing options would have beneficial environmental outcomes,
allowing consideration of processes that may not necessarily have
short-term cost benefits but could reduce environmental problems
and thereby have long term value.

Corder et al. [138] observed that while many organisations have in-
ternal sustainable development (SD) tools, there was not “a practical
systematic, rigorous and standardised approach to capture SD opportu-
nities in project management systems.” They developed the SUSOP®
framework, analogous to the HAZOP (Hazard and Operability Studies)
safety approach, to identify and evaluate sustainability opportunities
and risks early in the project life-cycle. Case studies included consider-
ing effluent management options for a mineral processing operation
at the pre-feasibility phase [139]. Such an approach could provide the
basis for a step-change in current practice, although it should be noted
that the SD focus in relation to mineral processing waste streams has
been on potential contamination within aqueous effluent streams, e.g.
arsenic levels from flotation circuits [140], for which relevant, robust
data is readily acquired. While there are well-established procedures
to quantify the long-term geotechnical behaviour of polymer-
amended tailings (e.g. [141]), there is less clarity on how to quantify
short- and medium-term tailings thickening and deposition behaviour
(where polymer effects are greatest), such that novel processing op-
tions can be usefully assessed early.

An example where this may apply is in considering alternative
lixiviants to cyanide for gold recovery. Leaching with cyanide requires
the pH to be maintained at N10, with a high pH (and residual cyanide)
persisting through to the tailings. Alternatives such as thiosulfate can
offer the opportunity to leach at a neutral pH [142], providing a shift
in tailings surface chemistry that is not readily achieved in a cyanide-
based system. The SD implications should be significant, but even the
SUSOP® approach will struggle to properly capture these without ac-
cess to appropriate characterisation of how the physical behaviour of
the tailings (with and without polymer treatment) would change. This
characterisation is normally only available after extensive testwork, by
which time flowsheets are invariably locked in. The challenge is to facil-
itate insights on how tailings may behave after novel processing routes
at a much earlier stage.

An effective strategy tominimise tailings dewatering issues is to pro-
duce fewer fines. Low grade, finely disseminated ore bodies can push
operations to finer grind sizes, but inefficiencies in this process can
lead to overgrinding and excessive fines formation. Technologies do
exist to achieve the required liberation without generating significant
fractions b10 μm [143]. However, grindingwill usually have limited im-
pact on the subsequent suspension particle size of clay phases, and
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hence will have most impact for ores when other gangue phases
dominate.

From the available literature on how coagulants and flocculants im-
pact on clay dewatering (Section 3), the following general observations
can be made:

i) Clay aggregate structures following flocculation are inevitably more
open and water-retaining than those formed from particles with
regular shapes and homogenous surfaces, however, optimising the
flocculation process can increase aggregate density.

ii) Suspension pH, solids concentration, ionic strength, mineralogy,
polymer type, make up conditions, dosage, water quality and ap-
plied shear can all interact in a complex fashion to affect clay
dewatering. While there are numerous studies of enhancing tailings
dewatering using flocculants [3,38,144–146], few quantify the solid-
liquid separation process in predictivemodelling, and none success-
fully capture key factors such as polymer dosage, clay mineralogy
and water salinity. There are increasing examples of data-based
modelling of performance outputs in preference to modelling of
the underlying physical processes (e.g. [147]), and while these
have potential in control when appropriate sensor data is available
(which is rare), they are unlikely to offer important fundamental
insights.

A major barrier to fully predictive modelling and even the ability
to draw-out deeper insights into tailings flocculation is that incon-
sistent, ill-defined or inappropriate conditions are frequently ap-
plied when studying the process. Given the multiple overlapping
stages involved in achieving aggregation and the fragile, time-
dependent structures formed, the lack of sophistication in prepara-
tive procedures is often surprising in what is otherwise detailed
research. Many groups inappropriately apply jar test (i.e. stirred
beaker) procedures from wastewater treatment to tailings-related
studies, despite them being intended only for low solid or coagula-
tion applications [8,148–152]. Reaction times in such vessels of sev-
eral minutes may be appropriate at low solids, but rarely are at high
solids. The consequences can be excessive dosages and the masking
(or even reversal) of performance trends. Such issues currently pre-
vent any definitive conclusions being drawn on how high salinity
impacts upon tailings flocculation.

Cylinder testing, with mixing achieved by inversion or with
plungers, does at least provide a degree of control over the duration of
mixing that is more appropriate for tailings flocculation, but the chal-
lenge is ensuring reproducible mixing. Flocculation during continuous
flow through a Couette device [153] enables high reproducible, rapid
screening of conditions and products, and others have applied similar
designs (e.g. [154,155]). Rulyov et al. [156] produced a smaller
‘ultraflocculator’ device that applies very higher shear and shorter resi-
dence times,whichmay bemore appropriate to flocculation in filtration
than feedwell applications.

Couette devices may not be fully turbulent under the conditions
of interest and therefore extracting mean shear rates for modelling
aggregation kinetics is not trivial. Options for residence time control
under shear are also limited. Turbulent pipe flow allows reaction
time control to a fraction of a second and the ready estimation of
mean shear rates [157], although the initial version with a linear
22 mm ID pipe required slurry flow rates of at least 20 L min−1.
Grabsch et al. [103] scaled this down to 7.7mm IDwith lengths coiled
to a diameter of 0.3 m, greatly reducing the experimental footprint
and required flow rates (1 to 3 L min−1). Secondary flow effects
within helical coils can affect calculated shear rates and raise the
Reynolds numbers required for turbulence, but in this case the coil
is too large and the flow velocities too low for this to be significant.
Essential to the success of this approach is the ability monitor real-
time of aggregate dimensions at all solids concentrations (i.e. no
need for sample dilution). Such studies have made use of focused
beam reflectance measurement probes (FBRM, Mettler-Toledo) to
produce reaction profiles of aggregate dimensions vs. time, but
other instruments giving comparable information are known.
5. Conclusion

Mineral processing tailings typically contain significant fractions
of colloidal and ultrafine particles that are mainly clays. Their lay-
ered structures lead to distinct basal face and edge surfaces, the
aqueous suspension properties of which are readily modified to in-
fluence whether aggregation is by edge-edge, edge-face or face-
face interactions, with the first two producing higher aggregate po-
rosity. Clays therefore cause significant problems in tailings
dewatering, often in the form of slow settling rates and poor consol-
idation. The impact of water chemistry on the interactions of clays
within tailings was reviewed, with an emphasis on salinity effects
and optimising polymer-induced flocculation to enhance
dewatering. The latter includes contrasting conventional low solids
flocculation for gravity settling with polymer dosing to high solids
tailings prior to deposition. The review process highlighted a num-
ber of research challenges, from optimising the microscopic proper-
ties of the aggregates formed, through to how the practical impacts
of such optimisation on long-term tailings behaviour can be cap-
tured early enough to influence the selection of mineral processing
options. While there is evidence to suggest salinity alters flocculated
aggregate density, ill-defined or inappropriate conditions in most
published flocculation testwork represents the main barrier to
deeper insights on the implications for tailings behaviour.
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