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Abstract: Post-thickener polymer addition to initiate rapid tailings dewatering has gained
considerable interest for tailings storage facility (TSF) management. However, the highly viscous
and non-Newtonian rheology of dense suspensions presents unique challenges for mixing with
polymer solutions. Such mixing is highly inefficient, often resulting in polymer overdosing and
wide variations in deposited tailings characteristics, with the potential to significantly compromise
TSF performance. In this study, a new type of mixer based on the principles of chaotic advection
was used for treating kaolin suspensions with high molecular weight (MW) anionic copolymer
solutions. Chaotic advection imparts efficient mixing by gently stretching and folding flows in
a controlled manner, as opposed to random, high-shear flows associated with turbulent mixing,
and this lower shear stress allows for the controlled formation of larger aggregate structures with
vastly improved dewatering characteristics. A pre-conditioning pipe reactor prior to this mixer can
also be advantageous in terms of providing a short burst of high shear for initial polymer distribution.
Seven acrylamide/acrylate copolymers of a fixed anionic charge density (30%) spanning a distinct
MW range, as characterized by intrinsic viscosity, were applied at elevated dosages to high-solids
(20–30 wt %) kaolin suspensions in continuous flow through the chaotic mixer described above.
Medium-to-high MW polymers were generally preferred, with further increases in MW resulting
in significantly diminished dewatering outcomes. Direct analysis of polymer solution properties
through oscillatory rheology gave a better indication of a polymer’s potential performance compared
with intrinsic viscosity, offering a more robust basis for polymer selection. This represented the
first systematic study into the effects of polymer properties on deposition behavior after dosing at
high solids, which was only possible through the ability to apply controlled shear across the entire
suspension during sample preparation.

Keywords: inline flocculation; flocculants; polyacrylamides; dewatering; compressive yield
stress; consolidation

1. Introduction

The recovery of water from fine tailings in the mineral industry is a long-standing and well
documented challenge for tailings storage facility (TSF) management [1–3]. Gravity thickening has
been the main approach to concentrating tailings as it allows for the highest volumetric throughputs,
but conventional thickeners typically produce underflows that have at best a low yield stress,
and therefore need to be stored in tailings dams. More modern paste thickeners offer more powerful
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rake mechanisms and the opportunity for greater sediment bed depths that then lead to high yield
stress underflows [4].

While additional short-term water returns from paste thickening may be small, the reduction
in tailings moisture content, combined with effective deposition practices, leads to a quicker drying
time to form a load-bearing state. The best-known full-scale applications are from the thickening and
neutralization of bauxite residues produced via the Bayer Process [5], for which solids concentrations
at deposition are already quite high (often >50 wt %).

However, such advantages may not be fully achieved for fine clay-based tailings because of their
propensity to retain water and consolidate slowly over time [6]. The plate-like structure of clays,
and the fact that flocculants (under most conditions) only adsorb to their minor edge faces, lead to
very low-density, fractal aggregate structures. The solids concentrations at which paste behavior is
achieved may be <25 wt %, meaning that the paste is still mainly water (e.g., approximately 90% water
by volume), and while such pastes can be deposited, liquefaction (where shocks such as earthquakes
lead to the paste becoming fluid) can then be a concern. In the case of clay-based tailings from the
Canadian oil sands industry, a combination of residual bitumen, high pH, and clay mineralogy results
in suspensions that are difficult to thicken conventionally, but that also do not consolidate well over
time [7]. As a consequence, there is a huge legacy issue in tailings that now require further dewatering
prior to any rehabilitation.

The addition of high dosages of polymer (often significantly more than flocculant dosages applied
in thickeners under feedwell conditions) to high solids tailings streams has been shown to generate
greatly enhanced dewatering relative to what can be achieved from thickening alone, and this is the
subject of several patents. McColl et al. [8] describe a process that takes existing thickened tailings and
through the addition of a suitable reagent at high dosages, achieves rapid dewatering such that upon
deposition, the water runs off freely; Gaillard and Poncet [9] describe related applications.

The mechanism by which enhanced dewatering is achieved by polymer dosing at high solids
is poorly understood. McColl et al. [8] claim that the process forms “super-aggregates”—essentially
a continuous network rather than individual aggregates. Optimal mixing is not addressed, but it is
stressed that the advantages on deposition cannot be achieved by flocculating in a thickener, with the
material produced then not conducive to pumping. Wells et al. [10] highlighted the need for the
process to be done at high solids, and the importance of adding flocculant under high shear, with the
subsequent tapering of shear to give the optimum discharge properties. Fawell [11] has contrasted the
likely distinctions between this process and conventional flocculation at low solids concentrations,
postulating that elevated polymer dosages in the former lead to high internal aggregate bridging that
then favors chain relaxation and aggregate densification, but that was largely speculation on the basis
of limited physical evidence.

As an addition to gravity thickening, the injection of polymer additives inline and immediately
pre-discharge at the TSF has significant potential to accelerate water recycle, thereby offering
environmental, capital, and footprint advantages. However, detailed studies into the process and
the appropriate choice of flocculants are made difficult by high dosages, making it necessary to use
higher flocculant concentration, and hence the dosed flocculant solution rheology becomes an issue.
Additional mixing problems arise due to the non-Newtonian rheology of high-density suspensions,
with small-scale testing typically done in stirred beakers, giving very poor control over the shear
intensity and duration, which must contribute to considerable over-dosing. There are many papers
appearing that purport to give insights on applications of the process to oil sands tailings and flocculant
effects [12–15], but issues with the test procedures applied make their conclusions unconvincing.

A promising alternative to the turbulent mixing of high solids streams with polymer solutions is
chaotic mixing. This approach has been shown to impart a rapid, complete mixing of highly viscous
and rheologically complex materials (such as concrete suspensions) through a series of stretching and
folding motions whilst using minimal energy and imparting minimal shear stress [16–19].
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Given that a major weakness of studies into polymer-assisted tailings deposition is the almost
inevitable poor control over the properties of the initially aggregated solids, a focus of this work was on
the development of test procedures for producing well-characterized, repeatable thickened suspensions
with selected aggregate properties. With reproducible mixing and dispersion of viscous polymer
solutions in tailings suspensions, this preparative approach has a greater prospect of identifying
polymer properties for optimum dewatering performance. In the first stage, the addition of an anionic
copolymer solution to dense model tailings suspensions was examined experimentally using a low-shear
chaotic mixer and a common laboratory bench-top impeller mixer. The characterization of aggregate
properties included the real-time monitoring of aggregate dimensions with a focused beam reflectance
measurement (FBRM) probe, real-time aggregate imaging, and deriving density information from the
size and free settling of individual aggregates after dilution. Then, applications of the chaotic mixer
were extended to investigating the effect on model tailings suspension dewaterability by applying
a series of anionic polyacrylamides (PAMs) with different molecular weights. This enabled polymer
performance over a wide range of conditions to be compared with the viscoelastic properties of the
polymer solutions determined by oscillatory rheology. Then, the potential for such mixing in both
laboratory testing and full-scale applications is discussed.

2. Materials and Methods

2.1. Substrate and Polymer Preparation

The kaolin clay used was acquired from Prestige NY Australia and has the composition shown
in Table 1. Suspensions were prepared at 20 wt % (228 kg m−3) and 30 wt % (369 kg m−3) solids
in 0.005 M CaCl2 solution at 250 rpm for 8 h and allowed to equilibrate overnight. Some slight
variations were observed between batches, and all direct comparisons of polymer activity were
therefore performed with the same batch.

Table 1. Composition (wt %) of the kaolin clay used.

SiO2 Al2O3 Fe2O3 CaO TiO2 MgO K2O Na2O

46.1 36.5 0.9 0.9 0.8 0.5 0.2 0.1

All the polymers studied are based on a conventional polyacrylamide/polyacrylate backbone
(Figure 1). A commercial linear copolymer of approximately 30% anionic character and very high
molecular weight (Magnafloc® 336) was used in the initial comparison of mixing approaches. For the
comparison of polymer properties, BASF synthesized a set of non-commercial PAMs of a fixed anionic
charge density (30%) that span a distinct range of MWs, as characterized by intrinsic viscosity [η].
The seven polymers had nominal [η] values of 9.1, 10.3, 12.2, 15.4, 17.2, 18.5, and 19.6 dL g−1. [η] is
related to the polymer weight-average molecular weight, Mw, by the Mark Houwink equation,
[η] = K·Mw

α, where K and α are constants. The determination of [η] followed the procedures specified
in ASTM D2857-95 ‘Standard practice for dilute solution viscosity of polymers’.
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Figure 1. Structure of the acrylamide/acrylate copolymers studied.

Working polymer solutions (0.4–1.0 wt %, 6 L) were prepared fresh every three days (to minimize
aging effects) by adding the appropriate mass of dry powdered polymer to the vortex produced in
deionized water by an overhead stirrer (A310 impeller, diameter 160 mm, each blade 70 mm × 22 mm)
in a 10 L container at approximately 250 rpm. Rapid stirring was continued for 30 min, with stirring
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then reduced to a rate that just gave the continuous movement of the solution (80 rpm). This gentle
agitation was maintained for 16 h. Working polymer concentrations were chosen to maintain a constant
solution viscosity (and minimize dispersion effects), such that low MW polymers were applied at
a higher concentration than the high MW polymers. Dosages are expressed as grams of polymer added
per tonne of dry kaolin solids (g t−1).

2.2. Polymer-Initiated Thickening and Dewatering

2.2.1. Initial Comparison of Chaotic vs. Impeller Mixing

To start an experiment, kaolin suspension at 0.5 L min−1 and polymer solution at the desired
flowrate were pumped to separate inlets at the base of an acrylic mixing vessel (2 L capacity), as shown
in Figure 2. The treated suspension exited the vessel via an angled overflow pipe (40 mm diameter).
An adaptor positioned approximately 90◦ from the overflow pipe allowed the G400 FBRM probe
(9.5 mm tip diameter) to be inserted into the mixing medium (not shown in Figure 2). Two types
of mixer were tested: a chaotic (or topological) mixer and a pitched blade turbine mixer to produce
flocculated solids with vastly different dewatering properties for further characterization and method
development. The chaotic mixer imparted rapid complete mixing of the treated suspensions via a slow
braiding motion of a series of vertical rods (280 × 6 mm). A central rod supports a lower set of arms
that hold three fixed rods, which are rotating at 35 rpm. Three planetary rods trace out a cycloid pattern
around the fixed rods at 52 rpm, giving complete mixing to the entire suspension under low shear
conditions largely independent of rheology [20,21].
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Figure 2. Experimental configuration showing the (1) suspension inlet, (2) polymer sparge positioned
diametrically opposite the suspension inlet, (3) suspension outlet, and (4) planetary gearing system for
the vertical rods used in the chaotic mixer.

The unbaffled impeller-based mixer (operated at 500 rpm) consisted of an overhead stirrer
equipped with twin, three-pitched-blade impellers (each blade 30 mm long, 12 mm wide at the drive
shaft, and tapered to 7 mm at the tip, angled at 45◦, shaft 8 mm). Its main dimensions are as follows: the
impeller diameter is 86 mm; the impeller-to-vessel diameter ratio (D/T) is 0.75; the liquid height-to-vessel
diameter ratio (H/T) is 1.91; the clearance-to-impeller diameter ratio (C/D) is 0.23; and the distance
between the twin impellers is 130 mm. While impeller-driven mixers are commonly used in laboratory
studies for screening the effectiveness of a range of flocculant products, it is acknowledged that the
current configuration (unbaffled, high D/T, and low C/D) and operational flocculation requirements
(mixing intensity and duration) were not optimized to maximize water recovery.

In high-solids tailings applications, the residence times under shear are longer, and the sensitivity
to the duration of applied shear is far more than in lower solids feedwell applications. In this context,
an advantage of the low shear chaotic mixer as a laboratory tool is that it provides a uniform shear
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history across the vessel, in contrast to the distinct zones of shear that will exist in a stirred tank,
with the highest shear near the impeller. Continuous tests in the chaotic mixer have shown that
flocculated solids are less sensitive to over-shearing due to the gentle braiding motion of the rotating
rods, which offers scope to properly identify polymer properties that are best suited to the process.
In the present study, the chaotic mixing method allowed polymer MW effects to be properly isolated
from mixing effects.

When the FBRM chord length distribution and main statistics (total counts, unweighted, and length
square-weighted means) indicated that a stable mixing state had been reached, a sample of conditioned
suspension (0.5 L) was collected from the angled overflow pipe. Samples were collected in a rectangular
deposition cell (500 × 100 × 100 mm), which was then placed on an elevated 4◦ slope table. Drainage
holes in the base wall of the deposition cell allowed the mass of release water expelled from the treated
suspension to be recorded every 1 min using an electronic balance and data logging software (Windmill
Software Ltd., Manchester, UK). The drainage holes were covered with a fast-filtering cellulose paper
(Macherey-NagelTM MN617 Nr4, 0.2 mm thick, 7–12 µm pore size) to prevent small particles/aggregates
from entering the water receptacle. This was generally not an issue at dosages above 600 g t−1, as the
polymer-treated solids form a beach at the top of the deposition cell, which was then covered for the
duration of the test to minimize evaporative losses.

Data-logging was concluded after 24 h, with most (>95%) of the recoverable water collected
within the first two hours after deposition. The percentage of total water recovered was calculated
from a mass balance of the release water and the water remaining within the sediment, as shown in
Equation (1). Sediment moisture was calculated by the difference in mass of the wet and oven-dried
(105◦) solids. The repeatability in the dewatering measurements for selected experiments carried out
under the same conditions was ± 3%.

Water recovered %=
Water recovered

Water in slurry + Water added in polymer solution
× 100 (1)

2.2.2. Continuous Chaotic Mixing System with Tapered Shear

To start an experiment, kaolin suspension and polymer solution at the desired flowrates were
pumped through a 2 m pre-conditioning coil (7.7 mm ID) before entering the chaotic mixer, as shown
in Figure 3. When the FBRM statistics indicated that a stable mixing state had been reached (constant
mean sizes), the treated suspension was collected for a 24 h gravity drainage test (4◦ slope), as described
in Section 2.2.1. An advantage of this continuous system over other common batch mixers is that it
can be readily applied to the study of tapered shear mixing regimes [10], particularly those involving
two-stage polymer addition. There is little information available on the polymer property requirements
for the initial short burst of rapid mixing and the subsequent slower, more quiescent mixing.
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2.3. Aggregate Characterization

Several different methods were used for the measurement of aggregate properties to thereby
maximize information derived that is distinct from ultimate performance measures. Such an approach
is desirable in any study of aggregates, but it is particularly important in this case where aggregate
properties may change rapidly after deposition and the aggregation process is not well understood.

2.3.1. Focused Beam Reflectance Measurement

Conventional light scattering measurement of particle/aggregate size requires very high solids
dilution, and while this may only be a minor inconvenience for dispersed particle systems, it makes
sizing highly problematic for fragile aggregates. By relying on laser reflection rather than scattering,
FBRM can provide real-time information without any requirement for solids dilution, and certainly
not for most particle systems studied in mineral processing applications. Published applications at
high solids are actually rare, although studies of alumina [22] and mixed silica–titania suspensions [23]
at solids concentrations leading to elevated viscosities clearly demonstrate correlations with the extent
of aggregation as monitored by FBRM.

A Mettler-Toledo FBRM model G400 with PI-14/206 probe was used (tip diameter 9.5 mm). FBRM
utilizes a monochromatic laser beam scanning a circular path and focused at the external surface of
a sapphire window. Reflections from particles or aggregates are measured as pulses when they exceed
a threshold intensity, and thousands are measured every second, generating an unweighted chord
length distribution. A chord length is the straight-line distance from one edge of a particle or aggregate
to another edge. Length weightings may be applied to the chord length data to produce distributions
that are more in keeping with the volume-based distributions obtained from laser light-scattering
techniques [24]. When a steady state had been attained for the condition being studied, chord length
distributions from 1 to 4000 µm were recorded every 2 s and averaged over five measurements.
The advantages of using G-series FBRM instruments over previous-generation instruments in terms of
greater sensitivity in concentrated particle systems and the detection of larger aggregate structures
have been described elsewhere [25,26].

2.3.2. Floc Density Analysis

The size, shape, settling velocity, and density of individual aggregates were determined using
a floc density analyzer (FDA) following the method of Farrow and Warren [27]. Sediment sample was
diluted (as gently as possible to minimize aggregate rupture) with corresponding filtered release water
to approximately 0.1 wt %. After thermostatting at 25 ◦C, dilute suspension was fed into the analysis
cell of the FDA, and the taps closed to completely isolate the suspension to produce convection-free
settling. Images of aggregate sedimentation under the influence of gravity within the cell were recorded.
Aggregates with tails or filaments were not measured. Digital imaging and semi-automated image
analysis allowed for strong statistical comparisons of hundreds of individual aggregates. An overall
ellipsoidal geometry defined by the maximum vertical (a) and horizonatal (b) aggregate dimensions
(with respect to the direction of settling) was assumed. The diameter of the sphere having a Stokes
settling velocity equivalent to the ellipsoid was determined using the expression proposed by Happel
and Brenner [28], valid for vertical-to-horizontal diameter ratios between 0.1 and 20,

dst =

[
0.8248 + 0.168

(a
b

)
+ 1.033× 10−2

(a
b

)2
− 1.264× 10−3

(a
b

)3
+ 3.728× 10−5

(a
b

)4
]
b. (2)

If Stokes’s Law is assumed, the density of an individual free settling aggregate (ρa) can be
calculated as

ρa =
18µ

g
U

dst2 + ρl (3)

where U is the terminal settling velocity of the aggregate of equivalent size (dst); µ, ρl, and g are the
fluid viscosity, fluid density, and the gravity constant, respectively.
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2.3.3. Particle Vision and Measurement

Images of aggregates present within different sediments were acquired directly with a Particle
Vision and Measurement (PVM) probe (Mettler-Toledo). This provides a highly focused strobing laser
illumination of a stirred suspension (0.5 wt %), capturing an area of 660 × 880 µm (resolution 5 µm)
with a limited depth of field, such that any aggregate in focus can be sized correctly. The PVM images
were altered to enhance contrast and the colors were inverted to imitate the back-lighting conditions
used in the FDA.

2.3.4. Rheological and Compressibility Characterization

Oscillatory rheology was carried out on polymer solutions using a Discovery Hybrid Rheometer
HR-3 (TA Instruments, New Castle, DE, USA) equipped with two stainless steel parallel plates
(diameter 60 mm). The sample temperature was controlled at 30 ± 0.1 ◦C by a Peltier system. For each
polymer solution (0.1 wt %), the linear viscoelastic region (LVR) was determined via a stress sweep
at a fixed frequency. Once determined, a frequency sweep from 0.1 to 100 rad s−1 was performed at
a stress value selected from within the LVR. Rheological parameters were obtained directly from the
manufacturer-supplied computer software (TRIOS, TA Instruments).

The compressibility of selected treated suspensions was measured using a stepped-pressure
filtration rig [29]. Suspension was pressurized in a compression cell, forcing liquid out through a filter
membrane at the cylinder base. The filtration pressure was monitored using a transducer mounted
flush in the piston face. Movement of the piston was tracked by a linear encoder with a spatial
resolution of 10 µm. The pressure control system allows pressures from 1 to 400 kPa to be applied.
At the conclusion of each pressure step, the resulting cake at its characteristic solids concentration has
a compressive yield stress equivalent to the applied pressure.

3. Results and Discussion

3.1. The Impact of Applied Mixing

3.1.1. Chord Length Distributions and Dewatering Performance

Figure 4 plots the unweighted chord length distributions and the corresponding net water
removal measured for 20 wt % kaolin suspension as a function of polymer dosage and mixer type.
The unweighted chord length distributions offer greater sensitivity to the number of particles within the
suspension, in this case illustrating how increments in polymer dosage led to a progressive reduction
in counts and an increase in apparent sizes. The magnitude of this effect was greatest for the chaotic
mixer, although the impeller mixer displayed superior fines capture at lower dosages due to the rapid
dispersion of the polymer throughout the suspension. However, the excessive shear that is hard to
avoid with impeller mixing can lead to chain rupture and aggregate breakage, limiting the growth
of larger aggregate structures, and it is this point that appears to be the key toward maximizing
dewatering efficiency.

Polymer-initiated thickening by chaotic advection led to a doubling in net water recovery after
2 h compared with high-shear impeller mixing, as shown in Figure 4C,D. It is emphasized that the
performance of the impeller mixer was not optimized for maximum water recovery—the results
show the range of response that can be expected from laboratory-scale mixers involving uncontrolled
turbulence and low-shear chaotic advection. For both mixers, increasing the polymer dosage over the
range 400–1000 g t−1 resulted in additional water recovery, although further increases in dosage to
1200 g t−1 led to water entrapment, particularly for the chaotic mixer. In this case, streaks of unreacted
polymer were clearly visible during mixing, which was evidenced by inefficient fines capture and
a reduction in apparent sizes. In all cases, the dewatering efficiency appeared to be directly related to
the real-time chord length distributions measured during deposition, with both the fines content and
aggregate size contributing to the extent of water recovery.
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The mean-square weighted chord length distributions better capture the relative volumetric
contributions of the aggregated solids, while being insensitive to the presence of any remaining
unaggregated fine solids. Therefore, increases in aggregate size for reactions with the chaotic mixer
are much more apparent in Figure 5, which shows a significant shift in the peak size to larger values
(shaded area) as the dosage was increased. For example, at a polymer dosage of 1000 g t−1, use of the
impeller mixer led to unweighted and square-weighted means of 221 µm and 549 µm, respectively.
The corresponding values for the chaotic mixer under the same conditions were 327 µm and 1650 µm.Processes 2020, 8, x FOR PEER REVIEW 9 of 20 
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Figure 6 presents unweighted chord length distributions and the corresponding net water removal
measured for an initial kaolin slurry concentration of 30 wt %. The overall trends remain the same,
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with the chaotic mixer producing larger aggregate structures and a greater degree of dewatering.
However, at the higher initial solids concentration, fines capture in both mixers is suppressed (reflected
in higher counts for the 1–10 µm fraction), resulting in lower water recovery. In terms of the larger
aggregate structures, the mean square-weighted chord lengths for the impeller and chaotic mixer were
656 µm and 1430 µm, respectively, at a dosage of 1000 g t−1. With both mixers giving poor fines capture,
the formation of larger aggregate structures with the chaotic mixer appears to be critical for accelerated
dewatering. It should also be noted that the chaotic mixer allowed a decrease in polymer demand
(800 g t−1) compared to pitched blade turbine mixing (1000 g t−1) for optimum dewatering.
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For a 35 wt % kaolin suspension (not shown), sediment from the impeller mixer displayed no
dewatering over the range of applied dosages, whereas the chaotic mixer gave a maximum water
recovery of 22%. These results demonstrate that applying appropriate shear when mixing dense
suspensions and viscous polymer solutions is important in optimizing aggregate properties for
maximum dewatering. Insufficient or excessive shear leads to structures with reduced permeability
and sub-optimal dewatering.

The formation of a highly permeable sediment through aggregate structure alteration allows for
the rapid separation of water from the solids. Figure 7 shows the solids concentration measured after
dewatering as a function of mixing regime and polymer dosage for two initial kaolin concentrations.
It was evident that sediment with a higher dewaterability could be produced using the chaotic
mixer compared to the more intense impeller mixing, with the latter giving only marginal additional
sediment compaction.
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3.1.2. Aggregate Free Settling Rates and Effective Densities

The additional water release achieved on deposition after applying high polymer dosages implies
the formation of aggregate structures that are denser than those formed from conventional low solids
flocculation. The FBRM results regarding the extent of aggregation described in the previous section do
not themselves offer any insight on the structure of the aggregates formed. Therefore, samples of the
aggregates formed were examined with the FDA. Figure 8A shows the relationship between unhindered
free settling velocities and size for approximately 400 individual aggregates produced in the two mixers
and collected from the sediment after dewatering measurements. Although there is considerable
variation in the data (due to the polydisperse nature of the primary particles and the highly asymmetric
aggregates shapes formed), the difference in the fitted curves for aggregates produced by the chaotic
and impeller mixer is clearly substantial (approximately 20 m h−1 for aggregate sizes of 600 µm).
Such a differential in settling velocity has not been observed for low solids flocculation (i.e., as in
a thickener feedwell) across a range of conditions and with different flocculant chemistries [30–34].

The size and settling velocity of an aggregate can be used to estimate an effective density,
as discussed in Section 2.3.2, although it is recognized that many of the aggregates measured have
settling velocities outside the Stokes’ regime (approximately 50% of aggregates for the chaotic mixer;
20% for the impeller mixer). While the assumptions made for this calculation may influence the
absolute numbers, an inescapable conclusion is that significantly denser aggregate structures are
formed under low shear mixing conditions at high polymer dosages.

Figure 8B shows distinct differences in the density–size relationship of the individual aggregates
present in the two sediment samples. For example, the average effective density of 200 µm aggregates
present in the sediment from the chaotic mixer is 1.28 g cm−3, whereas that from highly turbulent
mixing is 1.07 g cm−3. This corresponds (using a particle density of 2.68 g cm−3) to respective volumetric
liquor/solid ratios of 5:1 and 23:1. Over the entire range of aggregate sizes measured, higher densities
were always recorded for aggregates produced under low shear conditions. This finding suggests
that the enhanced dewatering induced by chaotic advection occurred not only by the removal of
inter-aggregate water but also by the removal of intra-aggregate water, resulting in densification of
the aggregates.
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Figure 8. (A) Unhindered free settling rates as a function of aggregate size for the two mixer types.
Conditions: 30 wt % kaolin, 1000 g t−1 Magnafloc® 336. (B) Corresponding effective aggregate densities.

Given the impact aggregate structure has on dewatering performance, efforts were made to provide
additional characterization. FDA and PVM images both offer insight into the overall morphology of
the aggregates. Figures 9 and 10 present comparisons of aggregates produced with the impeller and
chaotic mixers, respectively, with images selected to show similarly sized and shaped aggregates for
the two techniques. Aggregates formed in the impeller mixer appear less compact and show more
filaments or protuberances than those in the chaotic mixer. In contrast to the impeller mixer, aggregate
sizes larger than 1 mm were routinely observed during FDA image analysis for the low shear chaotic
mixer, which is consistent with results from real-time FBRM monitoring. This supports the assumption
that aggregates were not overly damaged or modified by the offline PVM and FDA testing procedures.

These initial measurements suggest that chaotic advection represents a viable approach to polymer
dispersion and aggregate growth in tailings underflow applications. This class of mixer shows distinct
promise on the grounds upon which mixing is achieved: it is not driven by the dynamics of the
flow field itself, but rather through the underlying geometry of the mixing device. Thus, chaotic or
topological mixers impart such actions regardless of the material rheology or flowrate, and so mixing
is expected to be robust across a wide range of processing conditions.
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3.2. Tapered Shear and Chaotic Mixing

3.2.1. The Importance of Tapered Shear

In recognition of the difficulty of getting good dispersion of polymer through a high solids
suspension, Wells et al. [10] emphasized the importance of adding flocculant under high shear,
with subsequent tapered shear to give the optimum discharge properties. The concept is well
understood in low solids concentration water treatment applications [35,36], and while not widely
recognized as such in the minerals industry, it also forms the basis for the optimal flocculation in
well-designed and operated thickener feedwells [34]. A weakness of the chaotic mixing system as
applied in Section 3.1 is that polymer is dosed at a single location under mild shear, and hence
there is less efficient initial distribution through the suspension at a critical stage when the polymer
is most active for adsorption. A pre-conditioning coil was instead introduced to provide a brief
period (approximately 10 s) of higher shear (Figure 3), based on the configuration described by
Grabsch et al. [37]. Then, the entire system was able to be used in continuous mode, with the chaotic
mixer providing consistent low shear across the vessel’s full volume to maximize aggregate growth
under controlled conditions.
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Using tapered shear, distinctly robust aggregate structures were produced that rapidly released
water on deposition, with the effects of better fines capture and larger sizes often achieved at lower
dosages (Figure 11). The latter was evident through an increase in the mean square-weighted chord
lengths from 674 to 2008 µm after the introduction of a short coil ahead of the chaotic mixer, which then
minimized any additional shear forces on the existing pre-aggregated material. The water recoveries
after 24 h of gravity drainage with and without this tapered shear mixing regime were 74% and 30%,
respectively, and the corresponding final solids concentrations were 44.3 and 30.8 wt %.

Processes 2020, 8, x FOR PEER REVIEW 13 of 20 

 

3.2. Tapered Shear and Chaotic Mixing 

3.2.1. The Importance of Tapered Shear 

In recognition of the difficulty of getting good dispersion of polymer through a high solids 
suspension, Wells et al. [10] emphasized the importance of adding flocculant under high shear, with 
subsequent tapered shear to give the optimum discharge properties. The concept is well understood 
in low solids concentration water treatment applications [35,36], and while not widely recognized as 
such in the minerals industry, it also forms the basis for the optimal flocculation in well-designed 
and operated thickener feedwells [34]. A weakness of the chaotic mixing system as applied in 
Section 3.1 is that polymer is dosed at a single location under mild shear, and hence there is less 
efficient initial distribution through the suspension at a critical stage when the polymer is most 
active for adsorption. A pre-conditioning coil was instead introduced to provide a brief period 
(approximately 10 s) of higher shear (Figure 3), based on the configuration described by Grabsch et 
al. [37]. Then, the entire system was able to be used in continuous mode, with the chaotic mixer 
providing consistent low shear across the vessel’s full volume to maximize aggregate growth under 
controlled conditions.  

Using tapered shear, distinctly robust aggregate structures were produced that rapidly released 
water on deposition, with the effects of better fines capture and larger sizes often achieved at lower 
dosages (Figure 11). The latter was evident through an increase in the mean square-weighted chord 
lengths from 674 to 2008 µm after the introduction of a short coil ahead of the chaotic mixer, which 
then minimized any additional shear forces on the existing pre-aggregated material. The water 
recoveries after 24 h of gravity drainage with and without this tapered shear mixing regime were 
74% and 30%, respectively, and the corresponding final solids concentrations were 44.3 and 30.8 wt 
%. 

 
Figure 11. Effect of tapered shear on the unweighted and length square-weighted chord length 
distributions from focused beam reflectance measurement (FBRM) monitoring of 20 wt % kaolin 
slurry treated with a high molecular weight (MW) polyacrylamide (PAM) ([η] 17.2 dL g−1). 

3.2.2. The Impact of Polymer Molecular Weight 

Molecular weight (MW) is a key characteristic governing the effectiveness of water-soluble 
polymers used in hydrometallurgical or mineral processing operation to induce the aggregation 
(flocculation) of fine particle suspensions [38,39]. This is primarily a consequence of increased 
capacity for polymer bridging between particles for higher MW polymers. An increase in MW leads 
to an increase in coil dimensions that is dependent upon the conformation of the polymer in 
solution. Larger polymer chains have more potential points of attachment per molecule, while an 
extended solution conformation increases the probability of successful collisions. 

Figure 11. Effect of tapered shear on the unweighted and length square-weighted chord length
distributions from focused beam reflectance measurement (FBRM) monitoring of 20 wt % kaolin slurry
treated with a high molecular weight (MW) polyacrylamide (PAM) ([η] 17.2 dL g−1).

3.2.2. The Impact of Polymer Molecular Weight

Molecular weight (MW) is a key characteristic governing the effectiveness of water-soluble
polymers used in hydrometallurgical or mineral processing operation to induce the aggregation
(flocculation) of fine particle suspensions [38,39]. This is primarily a consequence of increased capacity
for polymer bridging between particles for higher MW polymers. An increase in MW leads to
an increase in coil dimensions that is dependent upon the conformation of the polymer in solution.
Larger polymer chains have more potential points of attachment per molecule, while an extended
solution conformation increases the probability of successful collisions.

There is very little information in the open literature on the effect of polymer MW on dewatering
performance that is of direct relevance to high-solids tailings applications. It is possible that lower MW
polymers than those commonly used in thickener feedwells will offer some advantages, although high
MW polymers will still be required, as bridging mechanisms are likely to be involved. Of the limited
studies available, Watson et al. [40] reported that blends of a very low and a high-MW anionic copolymer
could enhance dewatering and consolidation compared with tailings treated by the high-MW polymer
alone, producing a trafficable material in less time.

Figure 12A shows the effect of polymer dosage on water recoveries from high-solids kaolin
suspensions treated with PAMs of varying MW. For all polymers studied, dosages up to 600 g t−1

were ineffective at producing the sought-after continuous networked structure. The highest water
returns (approximately 70%) were observed for medium-high MW PAMs ([η] 15–17 dL g−1) at 800 g t−1,
with further increases in dosage resulting in diminished returns. Lower MW polymers gave similar
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water returns to the higher MW polymers, albeit at elevated dosages (>1000 g t−1), and these were less
sensitive to over-dosing. That these experiments used suspensions containing 0.005 M Ca2+, which were
shown to have a particularly adverse effect on low MW PAM activity in feedwell flocculation [41,42],
highlights the fundamental points of difference between the two processes. Even though low MW
chains have fewer potential points of attachment per molecule, the concentrated particle stream in
high-solids applications increases the probability of successful collisions under low-shear conditioning.

In Figure 12B, the effect of mixing time on dewaterability is examined at a fixed dosage of 800 g t−1.
From this analysis, it is clear the polymers have distinct mixing requirements. The results indicate
higher MW polymers that produce more bridges will tolerate and probably require more mixing during
inline polymer addition. Fixing the mixing regime on the basis of what is considered appropriate
for a low MW polymer may lead to sub-optimal performance for a high MW polymer that is more
a reflection of the mixing than the polymer’s potential performance.
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In tailings storage facilities (TSFs), where thickened suspensions are normally held for many years,
the compressibility will play a key role in the final achievable solids. Figure 13 shows the compressive
yield stress curves for 20 wt % kaolin before and after treatment with low, medium, and very high MW
PAMs at 600–1200 g t−1. Increasing the applied dosage resulted in a higher compressive yield stress
relative to the untreated suspension (except for the low MW polymer at 600 g t−1). The magnitude
of this effect was greatest for the low and medium MW polymers, with the very high MW polymer
showing only marginal increases at higher dosages. Above 800 g t−1, the medium MW polymer
produced thickened suspension with a significantly higher compressive yield stress than the other
polymers, which is consistent with the formation of stronger, more rigid aggregate structures that
rapidly expel water. The implication for TSFs is that the compressive yield stress must be exceeded by
the self-weight of the over-laying material for the tailings to then consolidate.Processes 2020, 8, x FOR PEER REVIEW 15 of 20 
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3.3. Relating Polymer Performance to Rheological Properties

Medium-to-high MW PAMs ([η] 15–18 dL g−1) were generally preferred for higher water
recovery, with diminished performance always observed for the very high MW PAM ([η] 19.6 dL g−1),
as shown in Figure 12. This could be caused by entanglements or agglomeration of the polymer
chains (non-permanent change) as they flow through transfer pipes, which can impact polymer
performance [43].

To test for conformational effects, the viscoelastic properties of the seven PAM solutions (0.1 wt%)
were measured using an oscillatory shear rheometer in the frequency range of 0.1 to 100 rad s−1.
Figure 14 shows the storage modulus, G′ (elastic response), and loss modulus, G” (viscous response)
of the PAM solutions. For a given frequency, G′ and G” generally increase with MW for the series of
polymers studied, although the highest MW PAM ([η] 19.6 dL g−1), which was presented as a dashed
gray line, is an exception to this, presumably because its polymer chains are highly entangled. Crucially,
the results illustrate that the direct measurement of viscoelastic properties provides a better indication
of a polymer’s potential performance than intrinsic viscosity [η].

It is noteworthy that the magnitude of the difference between PAM 12.2 and PAM 15.4 in Figure 14
was less pronounced for measurements carried out with 0.5 wt % polymer solutions (not shown).
This concentration-dependence in the dynamic moduli suggests that a critical polymer concentration
(C*) exists beyond which the rate of change in G′ and G” rapidly increases. At higher concentrations,
more chains are available, thus increasing the probability of association/interaction between polymer
chains. Decreasing polymer MW would lead to an increase in C* as it directly impacts the polymer’s
chain size and radius of gyration.
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Oscillatory tests would be expected to provide more information than intrinsic viscosity tests
because the tests probe both the amount of energy stored by the deformable polymers (via G′) and the
dissipative behavior of the polymers in solution (via G”). Both these measures are able to be made
across a range of frequencies, in contrast to [η], which gives a measure of the hydrodynamic size in the
limit of zero concentration and zero shear. Bridging and related flocculation mechanisms depend on the
molecular size, concentration, conformation, and deformability. Therefore, the enhanced information
provided by oscillatory measurements compared with [η] should provide greater insights into polymer
performance prediction.

4. Implications

A challenge in studies of high molecular weight polymers used for the aggregation of fine particle
suspensions is to design experiments in such a way as to properly isolate polymer impacts from that of
the applied shear regime used to induce aggregation. This may not be a major concern in wastewater
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clarification studies at very low solids concentrations, for which quite strong mixing in traditional
jar tests (i.e., impeller mixed vessels) is required to promote aggregating collisions between particles,
with reaction times measured in minutes. Aggregation is more sensitive to applied shear conditions
at moderate and high solids concentrations, with required reaction times far shorter and, critically,
the likelihood that extended durations under shear will be highly detrimental [44].

Excessive shear in such tests can dampen or mask performance trends, as may be the case in
results from Clark et al. [45], who attempted to quantify the effects of both flocculant molecular
weight and anionic charge density on settling rates for kaolin at moderate solids concentrations,
but consistently applied a protocol of 20 cylinder inversions identified previously with lower molecular
weight cationic flocculants [46]. This was likely to be excessive shear for anionic flocculants and
certainly for higher molecular weight products. The published literature related to polymer dosing at
higher solids concentrations suffers such issues to a greater degree, with the authors in many cases even
admitting to testing polymers at below the target solids concentrations because of their inability to get
useful results without solids dilution. The consequences can be extreme overdosing [47], ill-defined
mixing conditions [48], or the contrasting of distinct products under inappropriate shear and dosing
regimes [12].

The system described here involving continuous flow through a pre-conditioning coil followed
by a chaotic mixer offers excellent control over both the high shear applied during the initial mixing
of the polymer solution and the subsequent lower shear used to achieve a maximum aggregate size
prior to deposition. Such control has never been achieved in any previous published study of polymer
dosing at high solids concentrations, and this preparative approach has clear advantages in terms of
offering insights into both the impacts of polymer properties and the optimization of applied conditions.
However, the disadvantage of this is in the requirement for attaining much larger suspension volumes,
with the treatment of at least 6 L (approximately 3 turnovers of the entire system volume) at each
condition essential to ensure stability. While this may seem excessive in cases where the preparation of
only small volumes is sought for micro-characterization, scaling down the dimensions of the equipment
is not recommended. Then, flow within the pre-conditioning coil may become unstable, and reducing
the gaps between the rods within the chaotic mixer could potentially impact upon the size of aggregates
that can be formed.

Mixing into high solids streams at an industrial scale is also disadvantaged by the energy costs
associated with the highly viscous nature of the thickener underflows and large processing volumes.
To address this, new mixing techniques need to be developed that can be applied to rheologically
complex materials, impart low shear, and consume low energy, for which chaotic advection is an option.
The chaotic mixer described here clearly could not be scaled up appropriately to be applied industrially,
particularly given the complexity of the rod rotation, which would represent a high capital cost.
However, Lester and Chryss [49] have described a static mixing device inspired by bakers’ flow [50],
which is a three-dimensional fluid mechanical analog of the bakers’ map that is used for the study of
chaos in dynamical systems. This device has been shown to give rapid, efficient global mixing over
a range of yield stress fluids ranging from viscous- to plastic-dominated.

In separate work, the chaotic mixer was used to dewater a challenging industrial clay slurry
containing palygorskite, which is a magnesium aluminium phyllosilicate that is present in many
calcrete-hosted uranium and rare-earth metal deposits. The stability of this slurry is attributed to the
distribution of alternating positive and negative charges on the extremely acicular palygorskite particles,
which readily form gel suspensions in salt and fresh water. Pre-aggregation in the conditioning coil
strongly affected the subsequent breakdown of the gel structure by the gentle stretching and folding
motion imparted by the rotating rods. Crucially, experiments carried out under the same conditions
with an axial flow impeller mixer failed to produce a well-flocculated structure for a wide range of
flocculant types and dosages. The results from this case study will be reported elsewhere.
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5. Conclusions

This work has demonstrated that the addition of polymer solutions to high solids kaolin
suspensions under the low shear conditions imparted by chaotic advection resulted in markedly
improved dewatering performance and enhanced consolidation. The application of a suite of aggregate
measurement tools (FBRM, FDA, and PVM) revealed the formation of a larger, denser aggregate
structure compared to a common bench-top mixing practice. These reflected in at least a doubling of
the mean square-weighted chords lengths (approximately 1500 µm versus 600 µm), significantly higher
free settling rates of individual aggregates (20 m h−1 versus 6 m h−1 for 200 µm aggregates), and higher
corresponding effective densities (1.28 g cm−3 versus 1.07 g cm−3). The controlled formation of optimal
aggregate structures by chaotic advection could result in improved water recovery by reducing the
water lost in tailings through evaporation and entrapment.

Access to seven anionic PAMs with distinct MWs, coupled with specialized tools for flocculation
under controlled conditions and real-time measurement of aggregate dimensions, has produced new
insights into how process variables substantially alter the flocculation response to MW. Across the
high-solids regime, medium-to-high MW polymers were generally preferred, with further increases in
MW resulting in significantly diminished dewatering outcomes. Importantly, direct analysis of these
specific polymer solutions through oscillatory rheology provides a more robust basis for flocculant
selection, which is currently very much trial and error.

Further work is required to develop in-line methods for underflow polymer mixing in tailings
management applications across the broad range of relevant processing conditions.
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