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ARTICLE INFO ABSTRACT

Keywords: The potential of poly(acrylic acid)-b-poly(n-butyl acrylate) as a dual flocculant-collector in combined flotation-
Flotation sedimentation dewatering operations was investigated. The amphiphilic block copolymers were synthesised with
Flocculation

consistent hydrophilic chain lengths and varying hydrophobic chain lengths. Various techniques were employed
to analyse polymer behaviour at the air-water interface, being interfacial surface tension and dilational visco-
elasticity. Polymer adsorption onto Mg(OH), was determined differentially using UV-Vis spectroscopy. Floc
structures were determined using static light scattering, and flocculation-flotation performance was analysed
using settling tests and flotation cell material balances. Results showed that longer hydrophobic chains were less
surface-active, reducing foamability and water entrainment. The unimer-micellar adsorption transition points
were identified through viscoelastic properties and particle adsorption studies. A distinct change in floc density
and structure was observed for the largest molecular weight copolymer when the dosed concentration increased
into the micellar adsorption region, suggesting a pseudo-bridging flocculation mechanism. Settling rates were
significantly higher for particles flocculated with the larger molecular weight polymer, correlating to their larger
aggregate sizes, especially over the micellar transition point. The largest molecular weight block copolymer
demonstrated superior collection efficiency compared to the traditional surfactant, sodium dodecylsulfate (SDS),
below its micellar adsorption transition point. However, beyond this point, the lack of exposed hydrophobic
blocks hindered the hydrophobisation of Mg(OH), particles, reducing collection efficiency. Comparing flotation
cell particle size distributions, it was suggested that recovery may be hydrodynamically hindered by the largest
floc sizes, though recovery was observed for particles in the order of < 600 pm.

Amphiphilic block copolymer
Polymeric collectors
Polymeric micelles
Magnesium hydroxide

1. Introduction

Flotation has demonstrated its effectiveness as a mineral separation
technique and also as a promising technology for rapid solid-liquid
separation in water treatment processes [1-6]. Flotation cells offer the
advantage of being easily retrofitted to existing facilities and are simple
to maintain. Additionally, their wide operational envelope allows for
greater confidence in accepting varying feed compositions [7]. How-
ever, whilst there is a chemical robustness, flotation suffers from a
limited hydrodynamic operational envelope [8,9]. Particles below the
lower limit of acceptance (fines of < 50-100 pm) may be too small and
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lack sufficient inertia to overcome slip streams generated from rising
bubbles in the flotation cell, preventing bubble attachment [10,11].
Particles above the upper limit of acceptance (coarse particles), are too
heavy for bubble buoyancy to facilitate adequate mass transfer to the
upper foam phase. Poor coarse particle selection has been attributed to
low particle-bubble detachment contact angles contrary to effective
flotation, which is facilitated by the tenacity of bubble attachment
(capillary, hydrostatic pressure forces and buoyancy of the particle
volume submerged in the liquid). Additionally, inertial/gravitational
forces alter the radial slip velocity across the bubble surface, resulting in
relatively high detachment energy [10,12].
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Whilst surfactants are regularly used as collectors in industry due to
their surface-active amphiphilic nature [4,13-16], they have been found
to be poor particle aggregators [3,17,18]. Additionally, surfactants have
been associated with greater water loss in flotation processes from the
high-water content of foams generated, leading to poor dewatering ra-
tios and low collection efficiency [19-24]. Alternatively, polymeric
flocculants have proven to be highly effective at affecting particle size
distributions (PSDs) to produce larger aggregates [25-37], potentially
decreasing the level of fines in flotation operations. However, the di-
ameters of particles across the distribution will also increase, meaning a
larger proportion will exist above the operational envelope for suc-
cessful flotation [38]. Combining flocculation-flotation with subsequent
gravity driven sedimentation may successfully remove these
non-floatable coarse aggregates, where selectivity is not required in
industries such as water treatment and nuclear decommissioning [39,
40,3]. Traditional large molecular weight charged polyelectrolytes used
for flocculation and sedimentation cannot be used as flotation collectors,
since they cannot impart hydrophobicity to particle surfaces as effec-
tively as surfactants. This limitation necessitates the use of additional
collector agents that compete for adsorption with the polymers, or the
design of alternative polymer collectors.

To address the behavioural modification required for both floccula-
tion and hydrophobisation of particles, the use of temperature respon-
sive and novel collector polymers has received a large amount of
attention in recent years [38,39,42-49]. These macromolecules function
as dual flocculation-collector agents displaying several advantages,
including the ability to flocculate particles and use a ‘thermal switch’ to
control bed sedimentation density [42,43,46,47]. However, this thermal
transition functionality is also a caveat to technological viability.
Heating suspensions on industrial scales is highly energy intensive. In-
terest in developing collectors for mineral processing has increased in
line with industry focus on ’smart processing’, which aims to reduce
energy requirements and water consumption. Collectors that can pro-
duce high particle load, low water content foams without the need for
heating are of particular interest.

An alternative to temperature responsive polymers are amphiphilic
block copolymers. Like traditional surfactants, amphiphilic block co-
polymers undergo self-assembly to form nanostructures with morpho-
logical features that are dependent on the relative length of their
hydrophobic and hydrophilic blocks [50]. They can also adsorb onto
solid substrates either as individual copolymer chains, forming a brush-
like layer; or by micellar adsorption depending on dosed concentration
rather than stimuli triggers [51-56]. This mechanism of hydro-
phobisation by adsorption in the monolayer concentration regime is
analogous to traditional surfactants when used as collectors [57]. A
further advantage is that higher molecular weight hydrophobic blocks
have little effect on surface tension, with critical micelle concentrations
(CMCs) decreasing with increasing hydrophobic blocks, allowing con-
trol over water loss [58-62]. In the case of ionic species, the hydrophilic
block will have a high affinity to oppositely charged particle surfaces in
suspensions, adopting a tight patch-wise adsorption mechanism and
facilitating charge patch flocculation below the copolymer CMC
[34,37,45]. Above the CMC, micellar adsorption has been shown to
produce a pseudo-bridging flocculation mechanism through micelle
formation with entanglement of the exposed hydrophobic tails on the
particle surface, producing dense hydrophobic layers which have been
reported to liberate water as they rearrange to reduce free energy
[45,63]. Effectively, the micellisation formation mechanism allows co-
polymers to act as moderate flocculation agents and excellent hydro-
phobic surface modifiers as unimers below their CMC, and above the
CMC, facilitate larger structures associated with excellent polymeric
settling aids [34,64,65].

Herein, a series of amphiphilic poly(acrylic acid)-b-poly(n-butyl
acrylate) (PAA-PnBA) diblock copolymers were synthesised by revers-
ible addition — fragmentation chain-transfer (RAFT) mediated emulsion
polymerisation [66]. During this process, a hydrophilic PAA block of
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fixed length was extended with varying lengths of hydrophobic PnBA, to
act as dual dewatering agents. Characterisation of the interfacial
behaviour of the polymers in solution and on particle surfaces was also
performed. Air-water surface tension and dilational viscoelasticity were
measured to probe the mechanical strength and resistance to bubble
coalescence of generated foams, which has been linked to flotation
performance [67-69]. Copolymer adsorption on waste particle surfaces
was also investigated to determine the transition from unimer to
micellar adsorption, which may possess differing flocculation properties
[45]. Here, suspensions of fine magnesium hydroxide (Mg(OH),) were
used, owing to their cationic surface charge, allowing electrostatic
attraction to the charged PAA blocks. Additionally, Mg(OH), is a com-
mon nuclear waste analogue, as it is a corrosion product from long term
underwater storage of Magnox alloy used in UK nuclear fuel cladding
[70]. Mg(OH); has also used in previous investigations, where its sedi-
mentation with traditional polyelectrolytes and flotation with surfactant
collectors have been determined [26,57]. Likewise, here, the block co-
polymers were investigated for their performance as both sedimentation
and flotation aids in a batch flotation cell, using methyl isobutyl carbinol
frothing agent. Performance was assessed by measuring particle and
water mass recoveries, comparing dewatering efficiencies with a
collection efficiency factor.

2. Materials and experimental methodology
2.1. Materials

Fine magnesium hydroxide, Mg(OH),, powder (Versamag, Martin
Marietta, US) was used for flocculation and flotation experiments, as in
previous work by the current authors [26,57]. Mg(OH), is made up of
aggregates of pseudo-hexagonal platelets similar to those reported by
Johnson et al. [71] and Maher et al. [72]. Surface charge analysis found
the zeta-potential to be ~+12 mV indicating a cationic surface, a spe-
cific surface area of ~ 8 m2.g~! was measured using BET analysis as
described in the authors’ previous work [26]. Mg(OH), was also found
to be self-buffering when suspended in water, due to its semi-soluble
nature, maintaining a suspension pH of ~ 10.10 with an initial solids
concentration of 2.5 vol%. It should also be noted that in previous work,
Mg(OH), was found to aggregate to a degree overtime [57].

For the polymeric synthesis of the PAA-b-PnBA amphiphilic block
copolymers (referred to from hereon as block copolymers), the mono-
mers acrylic acid (AA; Acros Organics 99.5% extra pure stabilised) and
n-butyl acrylate (nBA: VWR > 98%, stabilised with up to 50 ppm 4-
methoxyphenol) were selected to form the hydrophilic and hydropho-
bic segments respectively. The AA and nBA monomers were polymerised
in the presence of 3-((((1-carboxylethyl)thio)carbonothioly)thio)prop-
anoic acid (CCTP; Boron Molecular) which acted as a RAFT chain
transfer agent [54,73,74]. The polymerisation was initiated using 4,4
azobis(4-cyanovaleric acid) (ACVA; Merck > 75%). Methanol (Sigma-
Aldrich > 99.6%) was used as a compatible diluent for AA and nBA,
allowing characterisation before the emulsion polymerisation stage, as
nBA is not soluble in water and prevents NMR spectroscopy of the re-
agents prior to polymerisation. For NMR spectroscopy analysis, 3-(tri-
methylsilyl)-1-propanesulfonic acid sodium salt (TMS salt; Sigma
Aldrich; 99%) was used as an internal standard to enable calculation of
nBA conversion.

For the flotation and interface modification investigations, sodium
dodecylsulfate (SDS) (TOKU-E, USA > 99%) was used as a comparative
surfactant collector, at a concentration of 16400 uM (where the critical
micelle concentration of SDS in water is ~ 8200 pM [75]). For all
flotation experiments, 4-methyl-2-pentanol (MIBC) (Sigma-Aldrich,
98%) was used as a frothing agent.
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2.2. Synthesis and characterisation of poly(acrylic acid)-b-poly(n-butyl
acrylate)

A detailed description of polymer synthesis is given within the
Electronic Supplementary Materials (ESM, Section S1). First, a PAA
macromolecular chain transfer agent (macro-CTA) was prepared by
aqueous RAFT solution polymerisation of AA (see Fig. 1A), which was
subsequently chain-extended with a n-butyl acrylate (nBA) chain via
aqueous RAFT emulsion polymerisation. The latter process has recently
been well reported and is beneficial in enabling aqueous polymerisation
of insoluble monomers [73]. An array of three target block copolymers
were selected for this work. Firstly, PAA was synthesised using AVCA as
a thermal initiator and CCTP as the chain-transfer-agent (reaction A in
Fig. 1). A target degree of polymerisation (Dp) of 160 was chosen for the
macro-CTA, which represents a relative MW = ~1.15 x 10* g-molL.
This is a comparable order of magnitude to polymeric flocculants which
utilise a ‘charge patch’ flocculation mechanism to successfully aggregate
particles into tight compact flocs [76]. A solids concentration of 30 wt%
was selected for a relatively low aqueous macro-CTA solution viscosity
for ease of manipulation.

Aliquots of the PAA macro-CTA polymer solution were extracted and
analysed using a Magritek® (Germany) 'H Spinsolve 60 MHz benchtop
NMR spectrometer, determining the achieved macro-CTA Dp. A con-
version of 96% was achieved (estimated using the reduction in vinyl
proton environment peaks, see ESM Fig. S1) giving a degree of poly-
merisation of 153. The reaction was quenched by introducing oxygen to
the system to ensure high retention of terminal RAFT trithiocarbonate
groups, required for effective chain extension (See Fig. 1B). The PAA was
then used as a macro-CTA for the RAFT emulsion polymerisation stage
(reaction B in Fig. 1). The polymerisation process was repeated using the
macro-CTA in lieu of CCTP with the nBA monomer, with targeted PnBA
Dp of 25, 100 and 200 to give three separate polymers for investigation
(for reagent ratio details, please see ESM Table S1). The RAFT poly-
merisation reaction was carried out until completion and NMR spec-
troscopy indicated monomer conversions of > 99% (judged by near
complete disappearance of the signals relating to the vinyl protons in the
NMR spectrum, see ESM Fig. S2). The solids concentration for the block
copolymers was also 30 wt% for ease of manipulation. During the
polymerisation, successful chain formation was confirmed by an in-
crease in turbidity of the samples, due to in situ self-assembly of the

S H,0 S
70°C O~ OH
30 wt.%
ACVA

Fig. 1. Reaction scheme for the two-step synthesis of the block copolymer via
aqueous RAFT solution polymerisation. A) Synthesis of the poly(acrylic acid);s2
macro chain transfer agent via aqueous solution RAFT. B) Chain extension with
n-butyl acrylate via RAFT aqueous emulsion polymerisation reactions were
carried out in an inert N, atmosphere at 70 °C with ACVA initiator and CCTP
chain transfer agent.
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polymers to form polymer micelles. The three polymers, listed herein as
PAA;53-b-PnBAgs, PAA153-b-PnBA; (9 and PAA;53-b-PnBAy(o, were then
each diluted in Milli-Q™ water to make three stock solutions of 10000
ppm, which could be sampled and diluted as required for the experi-
ments in this work. Unfortunately, the resulting polymers were insoluble
in all available solvents used for gel permeation chromatography,
meaning a measured molecular weight distribution could not be ob-
tained. It is assumed that the total polymer MW (MW,) is the sum of the
products of the segment target molecular weight, MW; and corre-
sponding conversion fraction for each segment, X; (i.e. MW, =
>, MW; e X;). This is important for mass to molar conversions in order
to compare on a molecular basis with the benchmarked surfactant
system.

2.3. Interfacial tension and viscoelasticity characterisation

The interfacial surface tension and dilational viscoelasticity were
determined using a PAT-1 tensiometer (SINTERFACE Technologies,
Germany) instrument. Utilising image analysis of a pendant drop to
determine the principal radii of curvature of the drop, the Young-
Laplace equation was used to calculate the dynamic interfacial surface
tension [77]. The effect of polymer concentration on the surface tension
and dilational viscoelasticity of aqueous polymer-water solutions was
examined over the concentration range of 0-207 pM and 0-81 pM for
PAA;53-b-PnBAys and PAA;s3-b-PnBAyg respectively. Polymers were
prepared on a mass basis before conversion to molar for benchmark
comparison explaining the molar ranges. SDS solutions (0-820 pM) were
also measured for comparison to the polymers, and for comparison to
previous work from the current authors using SDS as collector agents
[57]. An oscillation period of 5 s and 10 complete cycles, with a pendant
drop volume oscillation envelope of 9-11 pL, were selected based on
previous investigations of surface tension and dilational viscoelasticity
with the same instrument [78-80].

2.4. Polymer-particle adsorption

Adsorption experiments were performed for both PAA;53-b-PnBAys
and PAA;53-b-PnBAygo polymers, to represent the envelope of the hy-
drophobic block chain lengths investigated in this work, across a range
of concentrations of 10-655 pM and 3-270 pM respectively. For each
adsorption experiment, Mg(OH)2 powder and polymer solution were
placed in a centrifuge tube (15 mL) with a total volume of 10 mL, at a
solid:liquid ratio of 1:100. The centrifuge tubes were placed in an ul-
trasonic bath (Clifton Sonic) for 20 min to ensure the breakup of any
preformed Mg(OH), aggregates. The samples were then put on a
carousel stirrer at 40 rpm for 24 hrs for adsorption to occur. The sus-
pensions were separated in a Megafuge 16R (Thermo Fisher Scientific,
UK) at 8000 rpm for 30 min and the supernatant polymer solution was
removed into a separate sample vial using a pipette. UV-visible spec-
troscopy was used to analyse supernatant polymer concentrations, as the
carbonyl group on both PAA and PnBA is known to be a chromophore
[81]. Solutions were analysed using a Cary 60 UV-VIS spectrometer
(Agilent Technologies, UK).

The adsorption of block copolymers onto the Mg(OH); was then
characterised using the Freundlich isotherm, as previously undertaken
for surfactant adsorption onto the same particles [57]. The linear
Freundlich adsorption isotherm is shown in Eqn. (1), where g, is the
adsorption density of the polymers onto the Mg(OH), surface (g, is given
in units of pmol-m 2 by dividing the solids concentration of Mg(OH) by
its specific surface area, A; = 8 m?-g1). C, is the equilibrium concen-
tration of polymer in the supernatant, 1/n is a Freundlich constant
(related to the adsorption intensity) and ks is the Freundlich constant
related to the adsorption capacity (umol-m~2).

Log(a.) = Log(ly) + Log(C) W
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2.5. Floc structure characterisation

Floc structure characterisation was completed using a similar pro-
cedure to that of previous work by the current authors [26]. Static light
scattering (SLS) was used to measure the fractal dimensions of the
flocculated suspensions. Here, 20 mL suspensions were prepared using
2.5 vol% Mg(OH); in Milli-QTM water and then sonicated for 20 min to
breakup any preformed aggregates. Various concentrations of the block
copolymers, PAA;53-b-PnBAgs and PAA;53-b-PnBAyg, were then added
and suspensions agitated using a magnetic stirrer for 20 min. The sus-
pensions were then added to a Mastersizer 2000E (Malvern Panalytical
Ltd) using a Hydro 2000SM aqueous dispersion cell. The unit was
sheared at 900 rpm to ensure consistent flow of suspensions through the
vertical optical window at concentrations within the instrument
obscuration envelope. The obtained scattering intensity, I(Q), and the
scattering wave factor, Q, were then used to determine the fractal
dimension of the flocs, denoted as dy. As the relationship between the
scattering intensity and scattering wave vector is established by the
proportionality I(Q)xQ % [82], the fractal dimension of the block
copolymer-Mg(OH); flocs can be determined by plotting logl(Q) with
respect to logQ [82].

Visual microscopy was used to confirm the size and morphology of
aggregates produced from suspensions dosed with polymers. Two sam-
ples were set up at different initial concentrations for each block
copolymer (PAAjs3-b-PnBAjs at 207 pM and 345 pM, and PAA;s3-b-
PnBAygo at 41 pM and 81 pM). A Morphologi G3 (Malvern Panalytical
Ltd.) automated single element microscope measured floc samples on a
floc by floc basis taken after 5 min of agitation in the flotation cell. A 4-
slide plate was selected for dispersing the floc suspensions, where a
droplet of the sample was added to each slide, sealing with a cover slip.
The microscope setting was optimised, starting from the smallest
magnification, taking images of each sample. A magnification of x 20
was selected for PAA1s3-b-PnBAss and x 5 for PAA;s3-b-PnBAggg. A
differential z-stacking of 2 was selected to cover an appropriate depth of
scanning, and the full scan area was selected to maximise sample size.
Data were analysed and computed as a cumulative frequency distribu-
tion for comparison of floc population sizes. Floc sizes were compared
between pre-flotation directly from the flotation cell and post-flotation
from the collector tray (see Section 2.6) to establish the flotation sepa-
ration floc size envelope and inform on post-flotation sedimentation.

2.6. Sedimentation and flotation performance and analysis

Visual observation of suspension-supernatant boundary level change
with time was used to measure the influence of block copolymer con-
centration on hindered settling rates. Here, 12.31 g of Mg(OH)y was
added to a measuring cylinder and dosed with 98 pM of MIBC, along
with the required dose of block copolymer (for final solution concen-
trations of 35-245 pyM and 14-81 pM for PAA;53-b-PnBAys and PAA;s3-
b-PnBAyg respectively) and then made up to 210 mL with Milli-Q™
water. The mixed flocculated suspensions were then transferred to 250
mL measuring cylinders, where the cylinders were inverted 5 times to
evenly re-suspend flocs and the interfacial velocity was determined.

Flotation performance was investigated with 2.5 vol% Mg(OH),
suspensions that were prepared and pre-mixed by agitation in a bespoke
flotation cell at 250 rpm with variable concentrations (35-245 uM and
14-81 uM for PAA;53-b-PnBAys and PAA;53-b-PnBAyg respectively) of
two block copolymers. Airflow into the bottom of the cell was set at 0.1 L
min~! and the agitator speed was reduced to 100 rpm to suspend larger
particulates, but, minimise turbulence in the cell and prevent froth
destabilisation. Foam generated above the air-water interface poured
through the outlet at the top of the vessel and into a pre-weighed
aluminium collection container. This container was weighed and
placed into an oven for 24 hr to evaporate the water component of the
foam, leaving behind the recovered particulates. The container was then
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weighed again to determine the performance indicators including mass
percentage recovery, water recovery and the residual volume concen-
tration in the cell (see ESM Section S2 and Eqns. S1-S3 respectively). The
performance of the collectors was compared using a collector efficiency
factor, & shown in Eqn. (2), which is a ratio of the percentage of the
particles to fluid recovered from the flotation cell. Here, £ > 1 indicates
there are more Mg(OH); particles recovered than water by mass, where
& = 1 there is equal particle-fluid extraction (entrainment) and when &
< 1 there is more fluid being extracted than Mg(OH), particles. The
collection efficiency factor was then used to determine the optimum
dose of collector to maximise solid-liquid separation.

Py,

£=T00-w,

(2)

3. Results and discussion
3.1. Interfacial tension and dilational viscoelasticity

To compare the surface activity of the block copolymers with stan-
dard surfactants, Fig. 2A shows the change in interfacial surface tension
(y) as a function of dosed polymer concentration. The results are
compared to SDS over a similar concentration range. PAA;53-b-PnBAys,
which has a shorter hydrophobic block, exhibits significantly higher
surface activity than PAA;53-b-PnBAgqo. It is also more surface active
than SDS at equivalent concentrations, due to its much greater molec-
ular weight, noting the maximum concentration of any solutions re-
ported in Fig. 2A is only 10% of the reported CMC of SDS of 8.2 mM,

70

Z 50 \\\
S —B— PAA,,-b-PnBA

&~ A PAA,5-b-PNBA,
- SDS

1 10 100

’ E

10 100 1000
Cy (uM)

Fig. 2. A) Change in interfacial surface tension (y) with increasing concentra-
tions of amphiphilic block copolymers PAA;53-b-PnBA,s and PAA;53-b-PnBA5g0,
in comparison to sodium dodecyl sulfate (SDS). B) Interfacial elasticity for the
same concentrations of block copolymers and SDS.

—_
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with plateau y value of ~ 33 mNm ! [75,83]. It has been reported that
block copolymers display much lower CMCs than short-chain molecular
surfactants such as SDS, and the CMC also decreases with increasing
hydrophobic block length [59,60]. The specific CMCs of the polymers
were not able to be clearly determined using interfacial tensiometry,
because of slow relaxation times, and other methods such as fluores-
cence correlation spectroscopy may have been more appropriate to
identify micelles [84]. The concentration range was also limited by the
flotation performance envelope, where greater concentration resulted in
little to no particle recovery (see Section 3.4). The observed lower sur-
face activity associated with more hydrophobic copolymers has also
been evidenced by Ghosh et al. [62], who examined the effect on surface
activity/non-activity of a range of comonomer ratios, and found a crit-
ical transition point of hydrophilic/hydrophobic block length ratio
when block copolymers became non-surface active. This transition effect
was suggested to be a combination of the hydrophobic driven compo-
nent and the image charge effects of parallel hydrophilic chains at the
air-water-interface, where the addition of salt and resultant Debye
screening resulted in a reduction of surface tension.

It has also been reported that the degree of hydrophilicity/hydro-
phobicity of the comonomers in a block copolymer play a role in the
surface activity/non-activity, where weakly hydrophilic comonomers
[58,85-87] and strongly hydrophobic comonomers [88] may micellise
without adsorption to the air-water interface. The degree of image
charge repulsion from hydrophilic polyions has also been found to
destabilise block copolymers adsorbed at the air-water interface
[61,62,89,90]. Similarly to Ghosh et al. [62], this image charge effect
was observed by Eghbali et al. [90], when investigating the surface
activity and micellisation of PAA;s50-b-PnBA;jgo polymer, where the
addition of NaCl neutralised the image charge repulsion of PAA seg-
ments and lowered the CMC. Reduction occurred even at longer chain
hydrophobic blocks, indicating that both image charge effects and hy-
drophobicity/block length were factors in surface activity. Consistent
with Ghosh et al. [62], this work observed more significant surface ac-
tivity for the less hydrophobic PAA;53-b-PnBAys than the PAA;s3-b-
PnBAyq, highlighting the relationship between decreasing hydrophobic
chain length and its impact on surface tension reduction.

Fig. 2B presents the measured dilational elasticity (¢, mN-m ) for
the three systems over the same concentration range. The dilational
elasticity is a potentially important consideration in foaming systems or
flotation operations where dynamic processes play a key role in deter-
mining system performance. As foams form and drain, higher elasticity
values indicate a greater ability for the interface to remain stable to
perturbations, as surface active species dynamically adsorb or desorb in
response to surface area changes, potentially leading to lower bubble
coalescence [23,91]. The elasticity values for PAAj53-b-PnBAys and
PAA;53-b-PnBAyyo display differing magnitudes, although both show
peaks at intermediate concentrations. The contrast in magnitude would
be expected from the variance in their surface tension response. As
elasticity is measured from the change in surface tension under oscil-
lation, it is perhaps not surprising that the larger MW, more hydro-
phobic, polymer gives lower values, due to the lack of measured surface
activity and slower diffusion of the larger copolymer. However, the
general relationship between elasticity and concentration is character-
istic of both low and high MW surface active molecules [90-95]. Since
elasticity is a function of surface tension, it depends on the migration
time of a molecule to diffuse from the bulk solution to the air-water
surface upon expansion or contraction of the interface [94]. Therefore,
as the surface-active molecules approach their respective CMCs, the
total molecular diffusion time becomes fast and depletes the surface
gradients created by the air-water interface perturbation [94]. Beyond
this point, the elasticity begins to decrease as the formation of micelles
competes with the diffusion of free surface-active molecules to replace
those at the perturbed air-water interface [91-93].

Thus, the elasticity data in Fig. 2B suggests the CMC for the smaller
MW PAA;s53-b-PnBAys may be ~ 90 uM (correlating to the peak
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elasticity), although the surface tension still appears to reduce slightly
beyond this point. The same observation is made for the PAA;s3-b-
PnBAygo polymer, assuming the CMC occurs at the elasticity peak at ~
11 pM, while the low values make interpretation difficult in this case.
The fact the surface tension still decreases in both polymers beyond
these points may be due to the slow conformational relaxation of these
macromolecules and their tendency to form pre-micellar aggregates in
the bulk phase [93-95]. The difference in apparent CMCs between the
polymers would also agree with observations that longer chain hydro-
phobic block copolymers display lower CMCs, as well as slower
conformational and diffusional exchange at perturbed air-water in-
terfaces [91-93]. A peak in the SDS elasticity is not seen, as it is inves-
tigated at concentrations well below its CMC [75]. It presents an
increase in elasticity, within expected magnitudes, due to its compara-
tively fast diffusional exchange and air-water interface relaxation times
[95].

Other block copolymers such as pluronics, tri-block copolymers of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) used in
paper deinking [96] and coal flotation operations [97], have also been
investigated in regard to their dilational viscoelasticity. Noskov et al.
[98] studied the viscoelasticity of PEO7¢-b-PPO2g-b-PEO7¢. They found a
maximum spread film dilational elasticity of ~ 20 mN-m ™, similar to
those observed by the PAA;53-b-PnBAy system in Fig. 2B, although the
lower molecular weight PAA;53-b-PnBAys displays elevated maximum
dilational viscoelasticity of ~ 50 mN-m~'. Whilst greater than those
observed for pluronics by Noskov et al. [98], investigations of nano-
particle stabilised film elasticities of latex stabilised hexane/water in-
terfaces with adsorbed block copolymers of poly(methyl methacrylate)-
b-poly(2-(dimethylamino)ethyl methacrylate) have shown dilational
viscoelasticity values in the range of 120-140 mN-m~! [99].

3.2. Polymer-particle adsorption

Polymer-particle interactions of the two varying MW block co-
polymers were studied over a range of polymer concentrations, to
investigate the impact of polymer structureon particle flocculation
characteristics. The adsorption affinity of PAA;53-b-PnBAgs and PAA;53-
b-PnBAyq for the surface of Mg(OH), particles is presented in Fig. 3,
where initial calibrations (UV-Vis absorption vs polymer concentration)
with reference polymer solutions can be found within the ESM (Fig. S3A-
B). Here, a wavelength of 304 nm was selected from the measured
300-350 nm range as the peak maximum. The linear correlation
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Fig. 3. Adsorption isotherms for amphiphilic block copolymers PAA;ss3-b-
PnBAjs and PAA;53-b-PnBAg, onto Mg(OH),, particles, in terms of equilibrium
concentration (C,), fitted to a two region Freundlich model. Here, C.* is indi-
cated by the unimer-micellar fit intercept, showing the critical transition con-
centration between unimer and micellar adsorption regimes.
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Fig. 4. A) Change in the ratio of the smallest repeating floc unit diameter (D)
to the primary particle diameter (D,) with increasing block copolymer con-
centration determined through static light scattering. B) The change in fractal
dimension (dy) with increasing block copolymer concentration determined
through static light scattering. C) Floc density with increasing block copolymer
concentration determined via Eqn. 3. Symbols as per legend in B in all cases.

between dosed concentration, C4, and equilibrium supernatant con-
centration, C,, is also shown within the ESM (Fig. S4A).

There is a distinct difference in the adsorption behaviour between
the PAA;53-b-PnBAys and PAA;53-b-PnBAyg systems. Fig. 3 presents the
Freundlich adsorption isotherms, indicating a unimer adsorption regime
and micellar adsorption regime for both block copolymer systems. The
two adsorption isotherms describe the changing surface adsorption
density (Log ¢.) of the polymers on the Mg(OH), surfaces, with
increasing logarithmic supernatant equilibrium concentration (Log C,).
Firstly, there is the initial electrostatic adsorption and relaxation of
unimer block copolymers onto the particle surface driven by the PAA
block, followed by potential relaxation and hydrophobic adsorption of
the hydrophobic PnBA tails to the charge neutralised sites on the particle
surface. The processes, which occur below the block copolymer CMC,
reduce the free energy of the system [34,46,100]. Secondly, at higher
concentration of added polymer, there is micellar adsorption of block
copolymers to the surface, increasing the mass of polymer on the surface
to a significantly greater degree.

The mechanistic transition from unimer to micellar adsorption is
indicated by the transition of both 1/n values for the block copolymers

Table 1

Freundlich adsorption isotherm coefficients, kr and n, with corresponding co-
efficients of determination for amphiphilic copolymers PAA;53-b-PnBA,s and
PAA;53-b-PnBAyg above and below their estimated critical micelle concentra-
tions calculated from the data in Fig. 3.

Isotherm value PAA;53-b-PnBAys PAA;53-b-PnBA3gg

Unimer Micellar Unimer Micellar
Freundlich R® 0.99 0.79 0.99 0.97
ks (pmol-m ) 1.8 x 1074 2.5 x10°° 0.296 0.015
i/n 1.78 2.69 0.23 1.65
g* (umol-m~2) ~0.92 ~0.48
Co* (UM) ~119 ~8
Ca* (M) ~269 ~54.7
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in the steeper right-hand isotherms being greater than 1 (see Table 1).
Values for 1/n > 1 suggest increasing adsorption affinity with concen-
tration. As greater block copolymer adsorption occurs on the Mg(OH),
surface, the adsorption intensity of block copolymers increases, inferring
greater van der Waals attraction to the hydrophobic tails[101,102]. The
two block copolymers differ in their 1/n values, with the higher mo-
lecular weight block copolymer showing a considerable increase in
adsorption intensity between the isotherm regimes. This suggests that
the adsorption affinity increases with increasing concentration of the
block copolymer on the surface and that the exponential adsorption is
driven by both enthalpic and entropic components due to the larger
hydrophobic tail group. Conversely, for the lower MW block copolymer,
the 1/n value transitions from < 1 (as normal for surfactants) to > 1,
suggesting the transition from enthalpic dominance in the left-hand
isotherm to entropic dominance in the right-hand isotherm. This
mechanism is supported by the enthalpically favourable hydrophobic
attraction of the PnBA tails of the copolymer in the bulk solution and
those on the particle surface, indicated by the linear increase in the
percentage of polymer in bulk solution with surface adsorption (see ESM
Fig. S4B) [45].

The unimer and micellar adsorption regimes for the lower MW
PAA;153-b-PnBAgs block copolymer have much closer adsorption in-
tensity values (1/n) than their greater MW counterpart (PAA;s3-b-
PnBAygo). However, both adsorption regime intensities are larger than
the PAA;53-b-PnBAyg equivalents. At the unimer-micellar adsorption
transition concentration (C.*), located at the intercept of the two iso-
therms, there is a stark increase in the greater MW PAA;53-b-PnBAggg
block copolymer adsorption intensity. It should be noted that for both
block copolymer systems, their C.* values align with the dilatational
viscoelasticity peaks in Fig. 3B, which is likely related to the block
copolymer CMCs [94]. The greater MW PAA;s53-b-PnBAyy block
copolymer and lower MW PAA;53-b-PnBAys block copolymer have C,*
values of 8 uM and 119 uM respectively, as shown in Table 1 (along with
other Freundlich isotherm fitting constants). These parameters were
then related back to the dosed concentration using the C4 vs C, plot (see
ESM Fig. S4A) and the equivalent dosed transitional C4* block copol-
ymer concentrations are shown in Table 1, highlighting close correlation
to the observed inflection in dilational viscoelasticity in Fig. 2B.

Although the dilation and adsorption experiments conducted in this
study involved investigations of air-water and solid-water interfaces
respectively, small deviations between the CMC concentrations esti-
mated from dilational and adsorption measurements could be due to
differences in the degree of deprotonation of the PAA carboxyl func-
tional groups. PAA is known to undergo greater dissociation at higher
pH levels, and as the dilational viscoelasticity studies in Section 3.1 were
completed without the presence of Mg(OH), that provides pH buffering,
it is reasonable to expect a low degree of deprotonation at pH 7 (~30%).
Swift et al. [103] observed that PAA chains with a molecular weight of
< 16.5 kDa do not readily protonate compared to their higher MW
counterparts due to thermodynamic arguments around short-chain
hydrogen bond formation in acidic solutions. Therefore, a greater de-
gree of deprotonation may be occurring in the system observed in this
study (PAA chains ~ 11 kDa), promoting stronger similarities between
dilational and adsorption measurements.

At the unimer-micellar adsorption transition point, the adsorption
densities of the lower MW PAA;53-b-PnBAgs block copolymer are greater
than the larger MW PAA;53-b-PnBAyg block copolymer; with g.* values
of ~ 0.92 and ~ 0.48 pmol-m~2 respectively. There are two factors
influencing these q.* values. Firstly, as the lower MW block copolymer
has a shorter chain length, it can more easily conform and relax to the
Mg(OH), particle surface. Also, the smaller hydrophobic chain will
provide lower steric barriers to further adsorption of block copolymers
on the Mg(OH), surface [100]. Furthermore, the unimer-micellar
adsorption transition point occurs at a much greater concentration due
to the comparative entropic stability of the lower MW block copolymer.
This results in a greater concentration gradient of block copolymer in
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bulk solution to drive adsorption onto the Mg(OH), particle surface.

Additionally, the associated van der Waals attraction between the
bulk solution and adsorbed PnBA tails is reduced due to the lower mo-
lecular weight, which is indicated by the greater 1/n values compared to
both regimes for the greater MW block copolymer [59,60,91-93,95]. It
is lastly noted that previous work by the current authors [57] investi-
gated the adsorption densities of SDS onto Mg(OH),, again through its
monolayer and bilayer adsorption regimes using Freundlich adsorption
isotherms. The monolayer-bilayer transition concentration was found to
have a g, * value of 0.11 pmol-m ™2, which is lower (although in the same
region) than those observed for the block copolymers in this work,
inferring close conformation of the polymers in the current case on the
surface of the particles (noting these are both relatively small MW
polymers).

3.3. Floc structure characterisation

The flocculation characteristics of the two block copolymers were
investigated using SLS, with Fig. 4A showing an increase in the ratio of
the minimum repeating floc size to primary particle size (D/Dp) with
increasing dosed copolymer concentration. Consistent with its greater
adsorption density at low concentrations, the more hydrophobic
PAA;53-b-PnBAygo produces significantly larger flocs. It is assumed the
charged PAA segments cause local neutralisation of the Mg(OH), surface
which could promote charge-patch flocculation, while the hydrophobic
PnBA segments may extend away from the surface and promote bridging
flocculation [45].

Determined fractal dimensions, df (see ESM Fig. S5 for raw logl(Q)
with respect to logQ data for both polymers) for varying dosed concen-
trations, are shown in Fig. 4B. The dy values are approximately constant
with increasing block copolymer concentrations for both systems, dis-
playing values in the range of 2.2-2.4. For high charge density poly-
meric flocculants (100% charge density) of small to intermediate MW,
similar high fractal dimensions have been previously recorded. Zhou
and Franks [37] measured fractal dimensions of ~ 2.7 for a homopol-
ymer poly(diallyldimethylammonium chloride) (PDADMAC) used to
flocculate silica particles, however for kaolin flocculated with poly-
aluminium chloride, values were in the range of 2.1-2.3 [104]. Fractal
dimension is a function of polymer charge density, particle concentra-
tion and polymer conformation and these factors can affect the floccu-
lation mechanism [105]. These mechanisms have been modelled by
various authors [106,107] and generally quantify fractal dimensions of
2.2-2.4 as following an aggregation mechanism between diffusion
limited particle-cluster aggregation and reaction limited cluster—cluster
aggregation [108]. Additionally, Bushell et al. [105] reported that
bridging flocculation systems can display fractal dimensions of
1.75-2.5, which indicates an area of uncertainty regarding flocculation
mechanism for structures of these intermediate fractal dimensions.

In fact, in addition to the PDADMAC homopolymer, Zhou and Franks
[37] investigated a copolymer of PDADMAC and polyacrylamide with a
cationic charge density of 40% and found that the flocculation mecha-
nism was likely a combination of charge patch and bridging flocculation
mechanisms. This dual functionality has interesting implications for the
block copolymer systems, as there is little known about their floccula-
tion mechanisms or effect on fractal dimension. It is also noted that in
previous work by the current authors [26], very high MW (10° g-mol™1)
statistical copolymers of PAA and poly(acrylamide) (PAM) of 30% and
40% charge density were used to flocculate similar Mg(OH), suspen-
sions. This work reported fractal dimensions consistent with open,
porous bridging mechanisms of 2.07-2.09 (giving computed floc den-
sities of ~ 1045-1049 kg-m ™).

Calculated floc densities for the block copolymers are given in Fig. 4C
(See ESM Section S3 and Eqns. S4 and S5 from previous work [57]).
Fig. 4C indicates that the flocs display relatively large particle agglom-
eration densities (correlated to their high fractal dimensions) compared
with traditional reaction limited cluster—cluster flocculation [106,107].
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Interestingly, there is also a clear decrease in floc density with increasing
polymer concentration (and associated floc size). This change appears to
lead to a transition to a plateau value at ~ 1230 kg-m~° for aggregates
using the larger MW PAA;53-b-PnBAygy, whereas the flocs from the
smaller copolymer have a more gradual decrease in density that also
approaches ~ 1230 kg:-m 3. The density plateau for the more hydro-
phobic block copolymer occurs at approximately the unimer-micellar
transition concentration, Cq* (although, onset appears slightly before
the transition point). Nevertheless, this result does suggest that reduc-
tion in density occurs with the formation of pseudo-bridging floccula-
tion through micellar intermediates between particles, which is
schematically illustrated in Fig. 5.

O’Shea et al. [45] also noted that P(AA-co-BA)-b-PNIPAM block co-
polymers could adsorb at particle surfaces, facilitating flocculation with
micellar intermediates between particles, using a combination of
charge-patch, charge neutralisation and hydrophobic attraction mech-
anisms. These hydrophobic blocks have much shorter chain lengths than
traditional bridging flocculants, while the adsorption of high charge
density hydrophilic blocks provides electrostatic charge neutralisation,
reducing the electrical double layer repulsion between particles [100].
The transition to plateau floc densities of ~ 1230 kg-m™> at lower
concentrations of the greater MW system likely indicates a pseudo-
bridging flocculation mechanism. For the lower MW polymer, there is
a gradual transition to this mechanism, as larger proportions of copol-
ymer are entropically driven to adsorb to the particle surface with
increasing concentration. Whilst the unimer-micellar transition occurs
slightly below the proposed unimer-micellar transition point concen-
tration (C4* in Table 1) for PAA;s3-b-PnBAgoo block copolymer. It is
known that large thermodynamically unstable hydrophobic block co-
polymers form pre-micellar aggregates before full micelles [91,93,95].
Thus, it is possible that the adsorption of the pre-micellar aggregates
lowers the observable transition concentration below the CMC.

3.4. Sedimentation and flotation performance

Fig. 6A presents the change in zonal settling rate with initial dosed
block copolymer concentrations. For both systems, there is a clear in-
crease in zonal settling rate from the non-flocculated baseline. The
larger PAA;s53-b-PnBAjy0-Mg(OH), flocs have a distinctly greater
settling rate at lower dosed concentrations than the lower MW, less
hydrophobic, system. Initially, for the more hydrophobic longer copol-
ymer, there is a plateau sedimentation performance below the unimer-
micellar transition (dosed concentration Cy4* highlighted in Fig. 6A).
Above this concentration, there is a significant increase in zonal settling
rate. For the PAA;s53-b-PnBA5-Mg(OH), system, however, there is a
more gradual increase in floc settling rates, inferring differences in floc
structure from the lower degree of polymer hydrophobicity, as discussed
in relation to Fig. 4. Fig. 6B presents images of settling tubes showing the
flocs formed with increasing dosed concentration for the more hydro-
phobic PAA;53-b-PnBAyo, where the change in aggregate size is clearly
visible. Visual evidence of the differences in aggregate size between the
polymers is given in Fig. 6C-D, with microscopy images of extracted
samples at concentrations below and above the unimer-micelle transi-
tion point. Here, the larger floc sizes are evident in the micelle region
(Fig. 6Cii and 6Dii) correlating to the faster settling velocities, while the
larger MW polymer also displays much greater aggregate sizes than the
smaller polymer (noting the difference in size of the image scale bars).

The change in zonal settling rate is function of a number of factors,
especially in hindered settling systems. The sedimentation dynamics
have been found to be sensitive to floc size when inter-aggregate packing
density was lower than the intra-aggregate packing density, where flow
around the flocs was free and not restricted by floc-floc spacing
permeability [26,71,109]. Fig. 6C indicates that the two-block copol-
ymer aggregate suspensions in this work have more compact floc den-
sities than traditional flocculation agents previously investigated [26].
This difference suggests that for the block copolymer systems floc size
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added copolymer.

and density are dominant, as inter-aggregate packing allows for sub-
stantial flow around the structures, reducing hindering affects when
compared to large bridging flocculation systems [25,26]. However, drag
and shape effects are likely influential on the zonal settling rates, with
suspension permeability being effectively less important than in highly
porous bridging flocculation systems due to lower inter-aggregate
packing density than intra-aggregate packing between the floc struc-
tures [64,110]. This structural difference in the flocs implies that floc-
floc interaction effects are also less important, where it has been
found in previous investigations that larger flocs are more influential on
zonal settling rates due to netting effects [26,33,111,112].

As an alternative to sedimentation, flotation is being increasingly
considered for dewatering applications, as it is a high-rate process with

much greater space efficiency [57]. To investigate the efficacy of the
block copolymers as flotation agents, the mass percentage of recovered
Mg(OH), during batch flotation operations with dosed block copolymers
is displayed in Fig. 7A. Here, data is also given for a third polymer of
intermediate hydrophobic chain length (PAA;53-b-PnBA; o) in addition
to the smaller and larger hydrophobic block polymers previously char-
acterised. Flotation performance was also benchmarked against recov-
ery using SDS as a collector, determined in a previous study [57]. The
SDS appears to outperform all three block copolymer systems in terms of
mass recovery of Mg(OH),. For SDS the recovery plateaus at 93% re-
covery, while for the polymer systems the greatest recovery occurs with
the largest MW PAA;53-b-PnBAy (peaking at 52%), where the smallest
hydrophobic block polymer performs very poorly (~30% maximum
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recovery), and the intermediate MW PAA;53-b-PnBA;(( recovers an in-
termediate amount (~32% max).

The flotation recovery trends are consistent with expectations of the
degree of hydrophobisation that the polymers impart onto the Mg(OH),
aggregates upon adsorption. It is clear that the small hydrophobic block
of the PAA;53-b-PnBAys polymer is almost completely insufficient to
enhance aggregate contact angles to promote bubble attachment. It is
also noted that, at least for the intermediate and large hydrophobic
block polymers, maximum recovery occurs at a dosed concentration
below expected micelle transition. Above transition, performance re-
duces markedly, as the micelles remove the ability for the polymers to
modify the degree of wetting of particle aggregates, due to the formation
of charged corona of PAA blocks, much like a surfactant system
[8,9,41,38,113].

The mass of water remaining in the flotation cell post-flotation is
shown in Fig. 7B as a comparison to particulate recovery (where both are
needed for an efficient dewatering operation). An interesting observa-
tion is the significant water losses associated with the SDS and lowest
MW PAA;53-b-PnBAgs. Fig. 2A indicates that SDS and PAA;53-b-PnBAys
collectors have the greatest air-water interfacial surface activity, with
corresponding largest dilational elasticities (Fig. 2B). Excess water los-
ses, compared with the greater MW system, are likely related to the
increased foamability, as well as small contributions from the improved
foam stability. Foams with higher interfacial elasticity have shown an
increased ability to dissipate energy from local shear stresses, preventing
film rupture and enhancing resistance to disproportionation, through
adverse capillary pressure gradients. This occurs for foams with disperse
bubble size distributions, although, not to the extent of particle stabi-
lised foams which can sterically resist film drainage [23]. The small rise
in Mg(OH), recovery at higher dosed concentrations for the lower MW
block copolymer is likely related to the corresponding increased water
loss due to entrainment within an overly stable foam film, much like the
SDS system. This has been observed by Said et al.[40] where their froth
flotation foam acted to filter hydrophilic particles during drainage at
greater foam residence times. Indeed, because of the presence of MIBC as
the primary foaming agent, additional stabilising effects from collector
interactions at air-water interfaces appears to reduce true flotation
performance, rather than enhance it in this case. There are lower rates of
water loss when considering the intermediate and most hydrophobic

0 10 20 30 40 50 66 70 80 90 100

Py, (%)

copolymers, which is likely due to their much lower surface activity as
reported for other hydrophobic chain length polymers [61,62] and
shown in Fig. 2A.

The compound effects of the relative Mg(OH), recovery and water
retained in the flotation cell are summarised in Fig. 7C, which displays
the residual cell concentration (vol.%) post flotation as a function of
dosed collector concentration. Fig. 7D shows the relative mass of par-
ticles recovered as a function of water remaining in the flotation cell,
which is compared to an entrainment line (Py; = V). It is apparent that
when considering the residual cell concentration, SDS appears to reduce
the flotation cell concentration most effectively, which is also reflected
in Fig. 7D, and indicates that a much greater mass of particles was
recovered than water lost from the flotation cell. However, at higher
concentrations, enhanced particle recoveries were also associated with
greater degrees of water loss from the cell, reducing the overall effi-
ciency. At lower concentrations, the largest PAA;53-b-PnBAygo polymer
actually performed comparatively better than SDS (in terms of the ratio
of recovery to water retainment) and similar in terms of reduction in
dispersion concentration, before reducing significantly above the
unimer-micellar transition concentration. Such comparisons highlight
that a number of factors need to be correlated to understand the true
operational efficiency of collectors for dewatering, rather than just total
collection percentage.

The lowest MW polymer also gave some interesting performance
characteristics, as Fig. 7C shows that the residual cell concentration
increases above the initial 2.5 vol% Mg(OH), suspensions, inferring
there is, in fact, a greater mass of water lost than of Mg(OH), aggregates.
This result is likely due to the high surface activity and thus foamability
of the PAA;53-b-PnBAys, as well as its relatively poor adsorption char-
acteristics (leading to high relative concentrations able to interact with
foam interfaces). It also suggests that the small increase in recovery at
higher polymer concentration doses is from entrainment rather than
hydrophobic interactions. Again, the intermediate MW PAA;s3-b-
PnBA; oo block copolymer had an intermediate performance by all four
metrics in comparison.

The collection efficiency factor (Eqn. (2)) allows quantification of the
overall dewatering ratios of the three polymers and SDS, which can be
related to their adsorption and flocculation characteristics. Fig. 8A
shows the collection efficiency factors for the three polymers and SDS,
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again as a function of dosed concentration. The same mechanistic ob-
servations are made regarding Fig. 7C and 7D, where the entrainment
line is represented by £ = 1. When & < 1 there is a greater mass of water
being recovered than Mg(OH), particles and when & > 1 there is suc-
cessful dewatering occurring. Effectively, the greater the magnitude of &,
the greater the collection efficiency. In work with SDS [57], it was found
that the greatest £ values occurred when the surface adsorption density
reached monolayer coverage. Beyond this point (as a bilayer of SDS
began to form) the performance decreased markedly, as shown in
Fig. 8A, where Mg(OH), recovery was mainly through liquid entrain-
ment rather than adsorption interactions (reflected by the collection
factor approaching & = 1).

The collection efficiency factor in Fig. 8A helps to accentuate the
flotation trends observed in Fig. 7, where the increase in relative per-
formance of the most hydrophobic PAA;53-b-PnBA2oo polymer over all
other systems, including SDS, is now evident at low to moderate dosed
concentrations, until the unimer-micellar transition (Cq4 ~ 30-50 uM).
The limitation of flotation using the block copolymers appears to be a
balance of their hydrophobising capacity (which is prohibited beyond
micellisation) and the resultant floc size, which can hydrodynamically
limit Mg(OH); recovery. This is ultimately highlighted when comparing
the PAA;s3-b-PnBAjyy performance directly with SDS, where the
PAA;53-b-PnBAyg system has much greater collection efficiency and is
likely due to its superior hydrophobising capacity, granted by a much
longer hydrophobic chain length and low surface activity, reducing
excess water loss.

It is also important to consider the competing influence of floccula-
tion on flotation. As the dosed concentration of PAA;js3-b-PnBAsgg
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increases, there is an increase in floc size (see Fig. 6-D(ii)) to a much
greater degree than PAA;53-b-PnBAys, inferring there may be increasing
hydrodynamic restrictions preventing mass transfer of flocs to the foam
phase [114]. The decreased particle recovery at these higher concen-
trations provides a lower degree of stratification at the air-water in-
terfaces in the foam, reducing the effect of the steric barrier that
prevents fluid draining from the foam lamella back into the flotation cell
[23,24]. Additionally, increased floc sizes in flotation operations have
also been reported to increase film piercing, which may exacerbate
drainage to the point of destabilising foam structures resulting in
collapse [67].

The hydrodynamic restrictions of the flotation operation were
further investigated by assessing the impact of block copolymer floc-
culation on flotation performance. Here, the best particle recovery sys-
tem was selected (PAA;53-b-PnBAygg block copolymer system at 14 pM
dosed concentration) as this allowed for the greatest proportion of
particles to compare before and after flotation operation, rather than the
greatest collection efficiency factor. The cumulative size distributions of
flocs were characterised (using single-element automated microscopy)
from samples taken in the flotation cell before flotation commenced, as
well as from the froth phase post flotation, and are compared to non-
flocculated particles in Fig. 8B.

As observed for the sedimentation tests, the hydrophobic block
copolymer effectively flocculates the particles in the flotation cell, with
size increasing significantly across the entire PSD. Comparing the PSDs
from the collected froth and the initial mixed dispersion can help
establish the hydrodynamic limitations of using the block copolymers as
collectors. Noticeably, the djp and dsp values are very similar pre and
post-flotation. However, there is a larger difference in dgy values, with
pre-flotation showing a dgp spherical equivalent floc diameter of around
800 um, whereas post-flotation samples from the separated froth indi-
cate a dgo spherical equivalent floc diameter in the order of 650 ym. This
difference indicates that flotation using flocculating block copolymers as
collectors effectively targets fines and intermediate particle sizes,
pushing limits of coarse particle flotation when considering traditional
bubble attachment mechanics [8]. Due to the porous and fractal nature
of flocs, it is possible that floc structures may interact with or even
entrain multiple bubbles in floc-bubble aggregates which have been
observed by Zhang et al. [4] when using humic acid to float TiO». In the
case of floc-bubble aggregates, the fractal density of the aggregate is
further reduced, allowing buoyant forces to overcome gravitational
forces, and the bubble rise velocity is reduced which impacts intercep-
tional effects benefiting finer aggregates [10]. As bubbles are entrained
in floc structures it is likely that detachment due to radial inertia is
reduced, if not eliminated, improving the hydrodynamic phase transport
effectiveness [11]. It should be noted that this would likely be detri-
mental for systems requiring selectivity.

Further qualitative assessment is reflected in Fig. 8C, which shows an
image of the flotation cell post-flotation, where it is evidenced visually
that larger flocs remain in the flotation cell that have settled and
consolidated on the base of the cell. This suggests that the block
copolymer collectors produce flocs of sizes above hydrodynamic limits
for flotation. Thus, to compensate, these larger flocs could be targeted
using a subsequent sedimentation stage, which is often built into flota-
tion cells as waste sludge outlets [115]. Therefore, it is suggested that
the best utilisation of these charged block copolymers would be in dual
flotation-sedimentation operations.

4. Conclusions

Amphiphilic block copolymers of poly(acrylic acid)-b-poly(n-butyl
acrylate), with consistent hydrophilic poly(acrylic acid) chain length
and varying hydrophobic chain length, were investigated as potential
dual flocculant-collectors for combined flotation-sedimentation dew-
atering operations targeting Mg(OH), radioactive waste removal.
Various techniques characterised polymer behaviour at the air-water
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interface and their adsorption onto Mg(OH), particles. Longer hydro-
phobic chain lengths exhibited reduced surface activity, resulting in
decreased foamability, water entrainment, and dilational elasticity. The
unimer-micellar adsorption transition points were determined based on
viscoelastic properties and confirmed by particle adsorption studies. The
largest molecular weight block copolymer displayed significant changes
in floc density as the dosed concentration increased into the micellar
adsorption region, indicating a structural shift facilitated by micellar
intermediates and pseudo-bridging flocculation. The polymers’ appli-
cation as a flocculation agent was assessed through particle sedimen-
tation, with particles adsorbed by the larger molecular weight polymer
settling at notably faster rates, correlated with their larger aggregate
sizes (particularly beyond the micellar transition point). Their efficacy
as polymeric collectors was also examined, and the largest molecular
weight block copolymer exhibited superior collection efficiency, even
outperforming the traditional surfactant SDS, below its micellar
adsorption transition point. However, hydrophobisation of Mg(OH),
particles and subsequent collection was hindered beyond the transition
of low surface energy micelles due to the lack of exposed hydrophobic
blocks. Analysis of flotation cell particle size distributions suggested
hydrodynamic hindrance of recovery due to the high bubble detachment
energies associated with the largest floc sizes, thus, combined flotation-
sedimentation operations have significant potential as unfloatable ag-
gregates would settle quickly in a subsequent clarification step. In
summary, the pseudo-bridging flocculation regime demonstrated supe-
rior settling rates prior to flotation, while post-flotation sedimentation is
expected to yield the most substantial reduction in solids cell concen-
tration, indicating a promising application of these amphiphilic block
copolymers for rapid dewatering of radioactive and other mineral
wastes.
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