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ABSTRACT

Flotation has been effectively demonstrated as a low fottpigh efficiency separation process when
utilising simple anionic surface modifying agents such as sodium daigphiate (SDS). These agents
increase hydrophobicity to remove suspended cationic surfacgedhparticulates such as Mg(GH)
from waste suspensions similar to those at British nucleglrmhanagement sites- where corrosion
processes have degraded fuel cladding. The technology is adwastaage it could effectively be
retrofitted into existing waste management facilitiesustiear waste management sites such Sellafield
and Hanford as the simplicity (no moving parts) and sizéisftechnology coupled with low cost of
construction could be rapidly deployed to aid in risk and ftdaguction decommissioning operations
with minimum impact to secondary waste generation. Previosstlium dodecyl sulphate has been
deployed as a collector agent to increase the hydrophobiditg(OH). suspended particles, achieving
a maximum particulate extraction percentage of 93%. To achigher particulate extraction, flotation
performance has been determined to be a function of the hydmdyfimitations extracting fine
material (>20 um). Fine particulates have been shown in the minerals industry to have an inability to
overcome slipstreams created from rising bubbles in flotation bkedl; due to the low mass and thus
momentum of the colloidal material, preventing interachietween the hydrophobized particles and
air-water interfaces (bubbles). To combat this mass traresfistance poly(acrylic acid)-block-poly(n-
butyl acrylate) amphiphilic dibloc&opolymers were synthesised via reversible addition-fragmentation
chain-transfer (RAFT) polymerisation. The anticipated modactibn of these polymers involves the
hydrophilic poly(acrylic acid) block polymer acting as a ¢lolation agent to increase the mass ef th
aggregates, and the hydrophobic poly(n-butyl acrylate) nesdifie hydrophobicity of the resulting
flocs. The concentration of this polymer (termed a macriector) was varied and the change in
particle size distribution of the particulate suspension waysathlusing static light scattering. The
flotation performance was then characterised by seweeshods including percentage particulate
recovery, volume reduction factor and residual bulk partieulxincentration. This was then
benchmarked against the traditional surfactant collecemte®DS.
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INTRODUCTION

The UKs incipient civil nuclear campaign saw the commissidhefirst-generation Magnox storage
pond (FGMSP), a large outdoor fuel storage facility for Magreactor fleet fuellntended to be
temporary storage for the bespoke Magnox clad fuel (an allmyro&rily magnesium, 0.7% aluminium
and 5ppm beryllium)[1], the open-air nature of the factigs been subject to external contaminants
resulting in a restricted ability to control pond water ciseny{2]. This combined with the extended
storage period has resettin the extensive corrosion of the Magnox cladding as illustriatégure 1
FGMSP is understood to be contaminated with approximately 1%#00mg(OH), based sludge
material[3], [4], with the presence of fuel rod fragmentstal fragments (from fuel skips), concrete
degradation products (from the pond infrastructure), wind-blowt, sard other materials such as bird
guano and animal remains as illustrated in Figure THi§ has resulted in the release of radionuclides
raising activity levels in pond water to ~1000 TBd.j5]. The corrosion process has additionally led
to the production of Mg(OH)colloidal material. Maher et al.[6] found that due to tiwdloidal
materials small size and high surface area to mass ratio- Mg(Bridgite is a potential controller of
radionuclide speciation, capable of incorporating radionucligagicularly the actinides) into their
structure such as Puand Ani*. These colloids produce a vector for the incorporatedmadlides to
proceed through downstream ion exchange processes unabatéd)Malco dissolves at pH ~7 in the
carbonation stage of the ion exchange process producing conmipatinghich reduce the effectiveness
of the clinoptilolite ion exchange media in reducingfiés and°Sr discharge concentrations[7]
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Fig. 1. lllustration of the First-Generation Magnox Storage Rdtidassociated decommissionir
challenges including the presence of corroded Magnox sludge, suspendieidicoifterial,
corrosion driven hydrogen production, tipped fuel skips and atggamination.

Due to FGMSPs complex contamination, Sellafield Ltd. hasepl#his facility under an extensive risk
and hazard reduction programme named additional sludgevedtfASR)[8] To remove the corroded
Mg(OH); sludge material, the FGMSP dedicated sludge packaging plaRtPiL$as been deployed
The dewatering mechanism of SPP1, a gravitational thiclkermdr as those used in the minerals and
water treatment industriesf912], relies on gravity driven sedimentation for agpion of solid
Mg(OH), material and returning the resultant cleared supernataatr Iback to FGMSP. However,
gravity sedimentation of colloidal particulates has been shovie tineffective, especially when the
low surface potential of Mg(OH)~+12 mV[13) results in naturally aggregating material. Johnson et
al.[14] found in an investigation into the hindered sedimentaifomg(OH), that this aggregation
results in open structures which display lower aggregate @sngli059-1081 kg.H). The lower
effective densities coupled with low mass of the colloidabnitin a hindered settling regime requires
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extensive sedimentation residence times for adequate remowslispended material from the
supernatant.

A typical solution for improving the dewatering performan€éindeedsettling systems in thickeners
is to deploy polymeric flocculants[9], [1H]L9]. These flocculation agents are often large molecular
weight (MW) statistical or random copolymers (MW-2Imol), comprising of a charged monomer
(opposite charge to the particle surface), ambnionic monomer, where the concentration ratio of
each determines the overall polymer charge density[9]. Tiheger, lower charge density (10-40%
ionic monomer) polymers have slower surface conformation rates adi&orbing to a particulate
surface. This slower conformation allows the polymer chairxtend beyond the Debye layer of the
particulate[15], [16]This non-adsorbed polymer adsorbs onto adjacent particlednipia low density
floc with a much larger hydrodynamic radis¢e 100 um)[18] than naturally aggregated Mg(Otthus
increasing the zonal sedimentation rate of the suspensiefg@B] An alternative flocculation
mechanism is to deploy lower molecular weight homopolymersdsimg one charged monomer
which are highly mobile and form a tight polymer conforioratind localised charge reversal resulting
in charge patch neutralisation flocculation[21]. An investigabigrnZzhou and Franks[21] found that
increasing the charge density of polymers resulted in ddossnith smaller hydrodynamic radii than
the lower charge density polymer systems, which produced lager porous flocs containing more
embodied water due the their open structure[22] as depictedure 2. However, polymeric flocs are
prone to breakdown in shear conditions[21], {237]. SPP1 has been constructed with a pipe bridge
linking the facility to FGMSP. Slurry is sent to SPP1 inchas of 80 rfi(including flushing of the
slurry lined with pond water)[8] and a consequence of tratisgothese suspensions effectively
requires that pumping velocities be above the suspessiaitical deposition velocity. Axiomatically,
these suspensions are subject to high shear conditions reducing floc hgdnadsadii and dewatering
performance as previously investigated[21], {23¥].
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Fig. 2. lllustration of bridging and charge patch neutralisatmttilation mechanisms.

Flotation was selected as an alternative dewatering teaynas it is recognised as a low footprint,
high efficiency cationic particulate separation process whksing simple anionic surface modifying
agents. Additionally the rapid nature of the process has lpwaress residence times than those
observed in gravity driven sedimentation particularly gahtich waters[28]Surface modifier agents
known as collectors, are often surfactants- molecules whiehdcharged head group and hydrophobic
alkyl chain tails. The amphiphilic properties of surfacaaitow adsorption to air-water interfaces and
reduction of interfacial surface tension increasing foaming

The surfactant head groups adsorb to the oppositely chargetemantface forming a monolayer where
the outward facing hydrophobic tails increase particulatéatwéity and particle hydrophobicity (see
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Figure 3). These modified particles actively adsorb to aiewinterfaces, which in flotation manifests
as rising bubbles. Post bubble attachment, the modified particlesiasported to the foam phase via
buoyancy, where the particulate loaded foam phase can be sdpaoat the bulk suspension via a
foam skim as illustrated in figure 3

Particle &
fluid feed

Surfactant: Hydrophobic-Hydrophilic

Fig. 3. lllustration of a flotation cell such as the Jameselh C

Lockwood et al.[13] previously investigated flotation of Mg(@Blispensions using a sodium dodecyl
sulphate (SDS) collector agent with a methyl isobutyl carbifdBC) frothing agent. Particulate
recovery percentages as high as 93% were achieved buatammts of water carryover were also
observed. Flotation performance data combined with adsorggotherm analysis indicated it was
likely only a proportion of particulates were recovered yidrbphobization mechanisms (adsorbing to
the air-water interface). Excess surfactant concentratiessited in increased foaming and fluid
entrainment, where the homogenously mixed suspension axiomaticaliyains additional
particulates[13]. Smaller particulates have been fourniteirmture to have the inability to interact with
the air-water interfaces in flotation due to the slipastrereated by rising bubbles[29]. The lack of
mass and thus inertia to overcome this hydrodynamic barrier niseveydrophobically driven
separation Particle size flotation performance envelopes varylatafion literature but are often
approximated as being between ~20-m[30]-[32], where smaller particulates lack inertia and larger
particulates gravitationigl overcome air bubble buoyancy. Additional investigations in fine andeoa
particle flotation by Gontijo et al.[33] found that the slibbf the bubble-particle aggregate controls
the maximum floatable particle size of coarse particled, far fine particles the flotation limit is
dictated by the energy required to rupture the interveniuidifilm between the particle and bubble.
As it has been identified that the smaller particulatepemarily responsible for not only incorporating
radionuclides but also being the likely vectors for abatementavoifie], additional dewatering stages
must be incorporated for this process to be effectivednaiag radionuclide discharge to the Irish.sea

For increased extraction of fine particulates, a combinatibrilocculation and increasing the
hydrophobic surface modification functionality is required. Terafure responsive polymers have
been investigated in depth as summarised in a review bya§28X, which compared the performance
of a range of different types of polymers-primarily polygogropyl acrylamide), a temperature
responsive polymer that becomes hydrophobic above its lower crimlation temperature
(LCST)[29]. This polymer was used as both a mono-polymer collectbmas copolymerized in
various research to make copolymers incorporating the monoawsdic acid (anionic) and ethyl
xanthate methacrylate (cationic)[34], [35]. These temperatasponsive polymers were used to
separate a range of minerals however, due to the cateticerof Mg(OH) as quantified by Lockwood
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et al.[13] and Johnson et al.[14] analogous minerals, such asalumsimatite and vale iron ore, as
well as anionic copolymers are of particular inter&enerally, these dual flocculation-collector
reagents have been shown to be effective, particutatlye extraction of hematite using poly(acrylic
acid)-co-poly(n-isopropyl acrylate) where a significant enhanceénrethe recovery of fine hematite
particles below 20 pm was observed for both hematite/quartz nexdackvale iron ore[29], [36]. This
recovery ceases to be selective for particles sized atdngdrbelow for both systems. This sub-micron
lower selectivity phenomenon was attributed to gangue entrapmsde the hydrophobic flocs
resulting in concentrate dilution. The presence of thesm@ntopolymers on the surfaces of cationic
mineral particles significantly increases the probability ciment to air-water interfaces leading to
an overall selective increase in particle floatability[3¥wever, heating large volumes of suspensions
above their LCST is economically inefficient and temperatar@tions in systems may cause issues
with the British nuclear regulatory body as the corrosiongs® not only produces hydrogen but in the
case of extensive evaporation, risks igniting pyrophoric 3uél[

While previous investigations of large statistical copolymex® Heeen found to be effective utilising
bridging flocculation, the incorporated gangue materialtheir open structures have proven
problematic.As only solid-liquid separation is required for this decommissiocaigpaign with no
criteria for selectivity unlike the minerals industry, the useaf-responsive block copolymers can be
considered as an alternative flocculation-collector ageicbntrast to statistical polymers - which have
a random probabilistic arrangement of adjacent monomer umjtsABABAABA)- block copolymers
have a sectional block arrangement of adjacent monomersA@AABBBB). The segregation of
monomers in these amphiphilic polymers gives these moleculesesadtee properties, essentially
acting as macromolecular-surfactants (or macro-surfactahte®se polymers also display self-
assembly characteristics forming micelles to reduce é&mergy of the system as observed by
Colombani et al.[38] who investigated the critical micelleasmration (CMC) of poly(acrylic acid)-
block-poly(n-butyl acylate) [PAA-RNBA].

A function of a segregated hydrophilic charged group with 188dénic charge density is that due to
the rapid and dense conformation of the charge groups tdieeanrface, the polymer would likely
promote areas of localised charge neutralisation and rewedsaing charge patch flocculation in
cationic suspension[15], [21]. This mechanism, depicted in Figureould likely form smaller and
denser flocs as indicated in the work by Zhou and Franks{@iith may minimalize the gangue
entrapment reported when utilising the larger temperatapnsive PNIPAM-PAA copolymers in the
work of Ng et al.[36] and Forbes et al.[35] thus improving the dewagarapability of these systems
by reducing concentrate dilution[29]. The relative moleculagtles of hydrophobic and hydrophilic
chain groups have been found to affect surface activity pamticle self-assembly, whereas the
hydrophilic group molecular weight will affect adsorption sign and flocculated particle size
distribution. The density of polymer adsorption will axiomaticalyntrol the density of hydrophobic
chains present on the floc surface which will dictate the éontact angle. The investigation into the
limits of fine and coarse particle flotation by Gontijeaé[33] recommends that for optimum flotation
the contact angle of a particle should be maximiseddigi on this logic, it is known from the work
of Evans et al.[39] that for carboxylate surfactant flotatiba,chain length of the hydrophobic blocks
directly increases hydrophobicity with increasing length cengeat of increasing the chain lengths for
these surfactants and block copolymers is that it will tcive CMC[38]

Whilst micellular adsorption is possible and will likely stilomote flocculation, it will act as a poor
surface modifier due to the protedthydrophobic chains.
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Fig. 4. Diagram of alternative collector mechanisnraditional surfactant flotation- diblock
amphiphilic polymer utilising @ual charge patch neutralisation flocculation-surface modifinat
functionality mechanism to increase particle size and Ipyaboicity for enhanced extraction in
flotation operations.

This research aims to investigate the effectiveness of thiiahiic block copolymer PAA-b-PnBA
use in the flocculation and hydrophobization of Mg(@Bp vol% suspensions in batch flotation
operations. The relative chain length of the hydrophiliomini PAA block was selected to have a
constant degree of polymerizatioRp) ~160 (MW~10g/mol) with two different hydrophobic chain
lengths for the hydrophobic PnBA blocks of Dp=25 and Dp=200. The sojurtiperties of these block
copolymers were compared by investigating the change in suefagient with varying concentration
polymer solutions using tensiometry. Their flocculation perfolmeavas then characterised by analysis
of the fractal structure of the resultant flocs using stégiat Iscattering (SLS) and finally a direct
comparison of flotation performance regarding the mass mteige recovery, volume reduction factor
and residual cell particulate concentrations. The polyméonmesinces were then benchmarked against
the performance of SDS in flotation of 2.5 vol% Mg(Q@HKyeviously investigated in the work of
Lockwood et al.[13] to compare the effectiveness of differelfeator mechanisms.

MATERIALS & METHODOLOGY

Raw Materials

Mg(OH), (Versamag, Martin Marietta, US) was used for flocculatiad flotation experiments and
was analysed using a Malvern Mastersizer 2000E to have a pagsiofe2d44 um. Versamag is a fine
white precipitated powder with a solubility of 6.9 migih water[40]. Researching the same material as
previous work, Lockwood et al.[13] summarised the material priepdrt Table | Mg(OH), is made

up of aggregates of pseudo-hexagonal platelets similar to tbepsged by Johnson et al. [14] and
Mabher et al.[6] Surface charge analysis found thBotential (mV) to be ~12 mV indicating cationic
surface charge with a specific surface area of ~7¢5 amalysed using a BET isotherm with specific
nitrogen adsorption. The material also self-buffered duésteemi soluble nature maintaining a
suspension pH of 10.10 for a solids concentration of 2.5 vol%.

Table I. Physical characteristics of Mg(OH)2 suspended in Rilliiater at 2.5%v/v, as summarised
by Lockwood et al.[13].

Species D[0.5](um) ¢-Potential (mV)  BET S.A. (nfg')  pH

Mg(OH): 245+0.31 12.03+0.03 7.56 £0.17 10.10 £0.26
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Sodium Dodecyl Sulphate (SDS) pellets (TOKU_E >99%) were dissolved in 0.5 1 of milli-Q water to
make up a collector agent bulk solution of 16.4 mM which was storadpolypropylene container
previously washed with Decon-90, then rinsed with ethanol dpedse any remaining surfactants,
rinsed with milli-Q water and dried in an oven to remawg moisture. This bulk solution was diluted
with milli-Q water accordingly for experiments[13 frother stock solution of 100 ppm concentration
was made using 4-methyl-2-pentanol (MIBC) (Sigma-Aldrich, 988d)railliQ water. MIBC was used
as a frothing agent for floatation experiments to prodoeddam phase[13], [41]

Diblock Copolymer Synthesis

Colombani et al.[38] previously synthesised PAA-b-PnBA diblogftotymers using Atom transfer
radical polymerization (ATRP). Here, wgected to use Reversible addition—fragmentation chain-
transfer (RAFT) polymerization which has been proven as fiectiee controlled radical
polymerization process that features aspects of living polgatésn whikt also gaining from the
versatility of a radical polymerisation process. The RAF3cess enables the synthesis of diblock
copolymers exhibiting predictable molecular weight, low molar mass dispersity (D), high end-group
fidelity, and capacity for continued chain growth[42J3] The overall process in this work involved
first synthesising a PAA macromolecular chain transfer {m&3 A) by solution RAFT of acrylic acid
(AA) in water (see Figure 5a), then subsequently chaenebad with n-butyl acrylate (nBA) via RAFT
emulsion polymerisation in water (see Figure 5b). The latterepsohas been well reported recently
and is beneficial in that it enables aqueous polymerisafiorsoluble monomers.

H,O
70°C
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S _S. “ O _OH
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H (@) OHp 0
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nS z HO A m s)J\z
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Fig. 5. Diblock polymer RAFT reaction scheme where the togioga) is the synthesis of the

poly(acrylic acid) macro chain transfer agent and theboteaction (b) is the poly(n-butyl acrylate)
diblock attachment reaction carried out in an ineratihosphere at 70°C. The reaction was carried

out in a HO solvent media with ACVA initiator and CCTP chain transfgent.

Acrylic acid (AA; Acros Organics 99.5% extra pure stabil)sgds polymerised to form a macro-CTA
which as shown in Figure 5a, is required for synthesisefliblock copolymers.

A degree of polymerisation of 160 (Dp=160) and solids concemtrafi30 weight% were the targeted
product of polymerisation. The polymerisatiamitiator 4,4’-Azobis(4-cyanovalric acid) [ACVA]
(Merck

>75%) and chain transfer agent(@¢1-carboxylethyl)thio)carbonothioly)thio)propanoic acid (CCTP;
Boron Molecular) were used in a molecular ratio of atdi: CTA: monomer of 0.4:1:160 respectively,
diluted in the required volume of milli-Q water to achied@ weight% solids concentration. The
polymer reagents were formulated and gently agitated withgnetic stirrer for 2 hours to ensure full
reagent dissolution. The resultant agueous polymer mixture wagrtdresferred t@ 250 ml round
bottom flask containing a magnetic stirrer bar and sealddawitibber septum with a needle exhaust as
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an outlet for excess nitrogen during purgidgsecond needle connected to a nitrogen supply was
inserted into the septum and the tip submerged in the asjypedymer mixture reaction solutiohhe
reaction solution was then placed on a magnetie@stiperating at 500 rpm. Nitrogen was then sparged
into the vessel directly into the liquid phase for 1 hourcésufficiently purged, the reaction was
initiated by placing the round bottom flask polymer mixture ia paraffin oil bath heated at 70°C and
stirred at 500 rpm under a nitrogen atmosphere with the nitioggtrased above that of the liquid
into the headroom of the flasko monitor the polymerisation, 0.4 ml aliquots were extraatath the
reaction vessel using a degassed syringe fitted with a newtliglaced into NMR tubes at 2-minute
intervals for the first 10 minutes, then at increalirgparse intervals up to 60 minutes. The aliquots
were analysed using a Magritek® Spinsolve 60 MHz Carbon benchtop NMR spectrometer. The
series of NMR spectra in Figure 6A show the appearance of peadd due to the polymer formation.
By integrating the peaks due to formation of PAAQ.1 ppm to 2.9 ppm) and the vinyl proton peaks
(6=6.5 ppm to 5.1 ppm) from each spectrum, the monomer conversion lealatedl as a function of
reaction time, where the conversion of monomer at timers1X- A/Ao, where Aand A are the ratios

of the monomer to PAA in the NMR spectra aand & respectively[38]. Figure 6B shows a final
monomer conversion = 95% was attained=rom the conversion data, a semi-logarithmic plot
(In[Aq)/[A] vs time) was constructed (Figure 6B) which indicated a deviation thenexpected pseudo-
first order kinetics beyond ~ 90% conversidhe reaction was stopped by removing the round bottom
flask from the paraffin oil bath and exposing the aqueous polgrixture to the atmosphere.
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Fig. 6. A) NMR waterfall spectra plot evolution with time the synthesis of poly(acrylic acid)
macro-CTA B) Conversion of acrylic acid to poly(acndicid) as a function of time and polymer
livingness.

The macro-CTA PAAs; was then directly used in the synthesis of the diblock withouhédur
purification (as a 30% w/w solutian}he diblock copolymer was synthesised by polymerizing nBA
(VWR >98%, stab. with up to 50ppm 4-methoxyphenol ml) using ACVAhasinitiator and the
previously synthesised PA&as a macro-CTA. The molecular ratio for the two tapgdymers for
initiator: macro-CTA: monomer was 0.4:1:25 for the first ditd copolymer PAAs-b-PrBA2s
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(Dp=25) and 0.4:1:200 for the second diblock copolymer BABPNBuAw (Dp=200). The reaction
procedure was the same as for the RASynthesis, but differed regarding sampling, characterisation
and reaction time. Unlike the synthesis of the macro-CTAxirman conversion was preferably
required. To achieve this high conversion, the reaction resdene was extended to 3 hours to ensure
completion.During this reaction, there was an increaseviscosity due to interactions between the
amphiphilic chains. This resulted in difficulty extractilguots from the reaction vessel without using
a needle gauge that compromised the integrity of the subaBeatefore, the polymer was
characterised ex situ. Due to the immiscibility of nBAd water, the mixture was dissolved in 90%
methanol. Integration of the relevant peaks in the spectvasdifficult in this case due to overlap
between polymer and methan@®=0.1 ppm to 2.9 ppm). Therefore, an NMR standard, 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (TMS salt; Sighidrich; 99%) with peaks around

& =0ppm, was added into the reaction (0.4 g/g solid polymer). Bagpfrom the TMS salt could then
be compared with the depletion of those from the vinyl prototieimonmer. A presaturation solvent
suppression technigue was also used to reduce the magnitude afiohpieaks in the spectra for ease
of analysis. The conversion was calculated to be >99% as ifimdlpeak integrals were within the
noise of the bench top NMR instrument as shown in figureh&.tdrgeted and achieve block lengths
for the two synthesised polymers are summarised below inZable

Inital
'\/' \r;m.
~
1
- ,3
: 4
Final I
‘ NMR Standard
l E
|
| '
8 6 4 2 0 -2

Chemical Shift (&) (ppm)

Fig. 7. NMR spectra of PAA-b-PnBA diblock copolymer at the beigig and end of reaction with
highlighted TMS salt and vinyl proton environments peaks.
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Tablell. Summary of target diblock copolymers and achieved degrgesyoherisation and resultant
block lengths.

Target Polymer PAA Actual Dp PnBA Actual Dp Xnea
PAA1s-b-PnBAs 152 25 >99%
PAA160-b-PNB Ao 152 200 >99%

Experimental Methodology

Surface tension analysis

The surface tension of various concentrations (25 ppm-3000 ppthe dfvo synthesised diblock
copolymers were investigated using pendant drop surface tesusédysis performed by using the
industry standard image analysis tensiometry instrument ddie heta (Biolin Scientific, Sweden).
The instrument camera takes photos of the water dropr{atéer equilibrium surface tension of the
diblock copolymers using an automated syringe) and transmits dige$to the tensiometés bespoke
computer-software for analysis. The software then deternsinesmerical solution for the surface
tension using the Young-Laplgce equation (equation 1), whetke liquid surface tension (for liquid-
air surface)4P is the pressure difference across the liquid surface aadd=R are the principal radii
of surface curvature[44].

1 1
AP = ]/(R—l-l-R—z) (Eq.1)
Flocculation analysis

20 ml suspensions were prepared using 2.5 vol% Mg(@it) milli-Q water and then sonified for 20
minutes to breakup any preformed aggregates. Varying contiemsraf polymer between 25ppm and
3000 ppm were then added from a 10000 ppm bulk solution and agitated osggetic stirrer for 20
minutes. The Mg(OH}polymer suspensions were then added to a Malvern Mastersizer 2000E
(Malvern Panalytical Ltd) SLS particle size analyser diiper unit prefilled with the required
surfactant concentration. The dispersion unit was run at 900or@mstire constant shear rates on the
aggregated particulates. Floc size distribution data aadair dimensions were generated from the
Mastersizer 2000E by Mie theory based SLS. For determination gfitttalfdimension, a particle that
satisfies the Rayleigh-Gans-Debye criteria[45] can be characterised by utilifiegscattering wave
vector Q (a reciprocal of the particle siz#)e scattering intensity I(Q) and S(Q) (the interpaaticl
structure factor which describes the interference progmogttk primary particles within the aggregate

as proportionalities. For a detailed analysis of ligtdttering theory within aggregates, see Sorensen
[46]. The proportionality in equation 2 therefore can be usedltulate the fractal dimension of the
flocs by plotting logl(Q) with respect to logQ[46] as per the foltaywroportionality in Eq. 2[47].

1(Q) «x S(Q) x Q™% (Eq.2)

Floatation experiments

A bespoke floatation cell (210 ml, 65 mm ID; figure 8) was mastufad with an air inlet and a fritted
glass base. 12.31 g of Mg(OHyas added to a measuring cylinder dostd with 98uM of MIBC, the
required dose of diblock copolymer and then made up to 21@mhwilli-Q water. The cell was stirred
for 20 minutes at 250 rpm to facilitate adequate adsorpticomdlymer to Mg(OH)surface.
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Airflow into the bottom of the cell was set at 0.1 |.rhiand the agitator speed was reduced to 100 rpm
to suspend larger particulates but minimise turbulence in the@rmeiénting bubble disengagement.
Foam generated above the air water interface poured thrioeiglitiet at the top of the vessel and into
a pre-weighed aluminium collection container. This contaivees placed into an oven for 24 hours to
evaporate the water component of the foam, leaving behing¢bgered particulates. The container
was then weighed to determine the following performance itutica

Impeller
i’ Flotation Cell
‘[ Foam Phase
Liquid phase || | 3 Collector Tray
£ l.il'_LJ 4
Fritted Glass —&
rS J—I——\ { Flow meter

Air Regulator

Fig. 8. lllustration of the setup for batch flotation experitae

Recovery Percentage«R

M, ,
Ry, = x 100% (Eq.3)
Mr,,

The recovery percentage is shown in equation 3, where the reqmregntage, &® from Mg(OH)

suspensions as suggested by Zhang et al.[48] is the percentagmasshef Mg(OH)recovered from
the initial suspension in the foam phase and the total imitéds of Mg(OH) in the flotation cell
suspension. M is the recovered mass of Mg(QHom flotation operations and-Mis the total initial
mass of Mg(OHy in the system.

Residual Volumetric Concentratiotiy)

v, My, — M
£, = L2 10005 = e ~ Mrp)
Ver pp(VT_Vr)

X 100% (Eq.4)

Derived from a material balance of the flotation célé tesidual volumetric concentration shown in
equation 4&y, is a fraction of the volume of residual Mg(Qlggarticles in the flotation cell suspension,
Vep, @and the remaining cell suspension volume post flotatianme residual mass is then divided by
the density of Mg(OH) (2344 g.t') to compute a volumepf). This is then divided by the remaining
volume in the system which is the difference between ttialimolume of solidsVr, and the recovered
volume of collapsed foam,V

Volume Reduction Factor ()

Voea = (7) (B0-5)

12
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Vied is the volume reduction factor suggested by Mahmoud et9&Mfhere VY is the total volume of
the suspension (210ml) and i€ the volume of extracted suspension i.e. collapsed foalargkr

reduction factor with high floatation yield is favourabletlais means that a large number of particulates
have been extracted whilst minimalizing the entrainmefitiof.

RESULTS & DISCUSSION

The change in interfacial surface tension with varyirodk copolymer concentration was analysed
using a tensiometer as shown in Figure 9. The BARMPNBAs;s copolymer reduced the surface tension
of water to a much greater degree than BAB-PnBAxgo, a phenomenon previously noted by
Colombani et al.[38]. It is likely that steric restrictionsyaet larger polymers occupying the air water
interface reducing the degree of PAAb-PnBAgscopolymer adsorption. This limit in surface tension
reduction is also indicated by the surface tension plateab0fppm which traditionally indicates the
formation of self-assembled micelles to reduce the ®#mergy in the system[50]. At high
concentrations, the air-water interface copolymer adsorgtominates and begins to lemsurface
tension below that of water. It can be expected tatidwer MW PAAs-b-PnBAss will produce
greater foaming due to the more pronounced effect on sudasion at concentrations greater than the
maximum particle surface adsorption and below its apparent GM6E00 ppm). This additional
foaming may lead to further fluid entrainment in the foplnase which is known to be potentially
detrimental to flotation performance[13]. Further exation of the copolymer self-assembly is
required to definitively locate the CMC using techniques ssctlyaamic light scattering (DLS), but
plateaus in surface tension are a fair indication of thisham@sm occurring.

—m— PAA,,-b-PnBA; |
744 a0 —4— PAA5,-b-PnBAy,

E 70‘: \ s A A A

,’Z"‘l‘.

“=2"5 707 Indication of micelle formation

F
<

1] 1 ! 1 . 1] L - T
0 500 1000 1500 2000 2500 3000
Initial Polymer Concentration (ppm)

Fig. 9. Change in interfacial surface tension plottedragaiiblock copolymer concentration for
PAAs5-b-PnBAs and PAAs>b-PnBu/oo at concentrations 25-3000 ppm.

The resultant floc structure was characterised using SLS;evwFigure 10A shows the change in

hydrodynamic radii with increasing dose of copolymer for bapolymer systems benchmarked
against the aggregation behaviour of SDS surface modifie@Mg(
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The hydrodynamic radii of Mg(OH)flocculated with PAAs>b-PnBAs consistently increases with
increasing copolymer dose, actively demonstrating flocculatioM@OH).. Whilst the system
flocculated with PAAs>-b-PnBAygoalso shows an increase in hydrodynamic radii, to a greateealeg
than PAAs>b-PnBAgs, the hydrodynamic diameter of the flocs peaks at 500 ppm thenysldtegond

this point at ~18 um. When considering the behaviour of the surface tension in Figure 9, it is likely that

at concentrations above the CMC, micellar adsorption to th®My(surface is occurring, which while
still promoting flocculation, will limit flocculation péormance as whilst the exposed ionic polymer
block may adsorb to particle surfaces - promoting chargé fflattculation, the shielded hydrophobic
blocks within the micelle structure would not facilitdtgdrophobization. SDS initially increases the
hydrodynamic diameter of Mg(Ok)aggregates, but unlike the diblock copolymers, which induce
flocculation, the partial coverage of Mg(QO#$prfaces with anionic surfactants will increase the surface
energy encouraging aggregation of Mg(G#$]. At higher concentrations, the hydrodynamic
diameters plateau at the initial particle size indicatiag Hilayer surfactant coverage which stabilises
the colloids and prevents further colloidal aggregation.

SLS also allows for fractal dimension analysis of the copolyffoes as shown in Figure 10B. The
flocs for both polymer systems indicated relatively high fladitmensions (~2.4), which have been
associated to smaller denser flocs exhibited in chaageh neutralisation flocculation[21] which was
expected from such high charge density hydrophilic polymer blddieshigher fractal dimension and
lower porosity indicates that less fluid will be entrappéithiw these structures reducing concentrate
dilution effects observed by Ng et al[36]. and Forbes &5l.[The Mastersizer dispersion unit was ran
at 900 rpm, this shear is not analogous to that experienced bysigsigen the experimental flotation
cell. It is known that excessive shear may reduce floc size[2d], [51] and Figure 10C shows a
photographic image of flocs remaining in the flotation ceditgtotation - which are visibly larger than
the micron scale. Particle size analysis usingitu or low shear ex situ techniques should be utilised
to further characterise these systems. However, SLS sufficientlgatesi the presence of flocculation
in these systems, but it should be noted that the extéatofilationis likely greater in the experimental
flotation cell which is important for dewatering perf@amee when regarding hydrodynamic
limitations[29], [35], [52].
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Fig. 10. A) SLS analysis of the change in 50th cumulativegngite floc size with varying
concentrations of diblock copolymers and SDS. B) SLS frdatzension analysis of diblock
copolymers. C) Photo of flocs post flotation showing flocs thawisibly larger than the micron

scale.

Figure 11 shows the percentage recovery of particles in termass extracted from the experimental
flotation cell in the foam phase. SDS appears to largetpesform both polymer systems with a
maximum extraction of 93%. Like the behaviour exhibited in QLOA, PAAs>b-PnBAsshows a
generally consistent increase with increasing concentratidrP AAs>b-PnBAxgincreases to a peak

at 500 ppm extracting ~52% of Mg(OH)articulates in the suspension. At higher concentrations the
performance of PAA-b-PnBAg.decreases until essentially being ineffective at floating Mj¢O
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This is potentially a function of micelle formation andaigpbtion kinetics, where at high concentrations
(1000-3000 ppm) the kinetics of micelle formation are so highlieaetparticles are what gremarily
adsorbed to the surface of the Mg(@H)Vhilst still inducing flocculation as shown in Figure 10A, the
shielding of the hydrophobic tails within the micelle stroetprevent the hydrophobization of these
flocs- thus making them incompatible with flotation technology[&3¥en the rate of extraction with
increasing PAAs-b-PnBAx copolymer dose is much greater from 0-500 ppm than observed by the
PAA:s-b-PnBAss copolymer, it is likely that the particles extracted fie fatter system may not be
through primarily hydrophobic interactions, as this loweramtion rate is observed by Lockwood et
al.[13] in the entrainment regime of SDS flotation of Mg(QKB0-800 uM). Additionally, the flotation
performance of PAA>b-PnBAxge may not be hydrophobically limited but hydrodynamically ladit

as Figure 10C shows imagesfhics that are visibly larger than 150 um which theoretically would be
incompatible with bubble attachment due to their large 30}ef32]. Further investigation with larger
hydrophobic block lengths are required to confirm whether tlik®s are hydrophobically or
hydrodynamically limited in terms of floatability.

SDS Concentration (M)
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Fig. 11. Percentage recovery of Mg(Qldarticulates in regards to mass with increasing
concentration of PAA>b-PnBAs and PAAs-b-PnBufgo diblock copolymers, benchmarked
against SDS performance observed by Lockwood et al.[13].

Figure 12 shows the variation in volume reduction factor (MK different concentrations of diblock
copolymer and SDS in the flotation cell. Whilst the data appdo be noisy for both diblock
copolymers, it is simply an artefact of the mathematicerdening the VRF. If a system effectively
retains water, then small variations in carryover tateshs large changes in VRF. An important
observation is that the largest copolymer, R&&A-PnBAg remains constant (relative to the other 2
systems) which is expected as the variation in surface tengtomereasing copolymer dose in figure
9 is shown to be minimal, indicating that excess copolymer caatiens do noaffect the amount of
foaming which is primarily controlled by the frother aghtiBC in these systems. PA&-b-PnBAs
however does show a trend of decreasing VRF with increasing dpséyofer, which like the larger
polymer can be attributed to the surface tension data iné=gur
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The effects are not as drastic as those observed by SBSwork by Lockwood et al.[13], but still do
indicate that fluid entrainment may still be present hie tPAAs-b-PnBAs system hindering
performance.
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Fig. 12. The volume reduction factor (VRF) of flotatiqmecations using both PA&-b-PnBAs an
PAAs-b-PnBAyo diblock copolymers as flocculation-flotation aids withyiag copolymer
concentrations- benchmarked against SDS flotation as obideyMeockwood et al.[13].

Figure 13 shows the residual Mg(QH)olumetric concentration in the flotation cell post-flaat
PAA:s-b-PnBAsshows an initial decrease in residual bulk concentratiooviell by a steady increase
in concentration to above the initial suspension concentrat®® vol%. This indicates that the excess
foaming caused by the PA&b-PnBAss copolymer entrained so much fluid, coupled with the low
Mg(OH); particulate recovery recorded in figure 11, that the bulk sigéme concentration of Mg(OHl)
actually increased. As figure 10A showed that the RBAB-PNnBAs copolymer acted as an effective
flocculant at all concentrations of copolymer (25-3000ppm)s itikely that the length of the
hydrophobic PnBA block did not provide effective enough hydroplatioiz of the flocs for bubble
attachment. Instead beingo effective at encouraging foaming which results in lowtiglarbubble
attachment with most of the particulates being extracteentrainment. PAAb-PnB A effectivdy
removed particulates with minimalised foaming to reduce ébiglwal bulk suspension concentration
effectively up to the systems apparent CMC (500 ppm), whereavetisie figure 11, the performance
decreased with increasing dose likely due to micellatisorption preventing hydrophobic bubble-
particle attachment. The SDS system observed by Lockwoa§il&] ademonstrated similar behaviour
reducing the residual cell bulk concentration until a pomtng fluid entrainment dominates - resulting
in a bulk residual concentration increase. ComparativetheoPAAs>b-PnBAxgsystem, the SDS
appears to perform best based on a dosage basis, however ityithidse better decontamination
concentrations are only present with large fluid carry éngn the flotation cell.
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Fig. 13. Residual flotation cell bulk concentration on a voluimeasis with varying diblock
copolymer and SDS concentrations as observed by Lockwoo{ll&j.al.

Analysis of the comparative flotation performance of the&sSystem investigated by Lockwood et
al.[13] and the PA&s-b-PnBAodiblock copolymer as conducted shown in Figures 14A and B, where
the analysis was completed on a percentage recovery basis tadinersurfactant/copolymer
concentration basifigure 14A shows the residual bulk concentration as a functionyatticecovery

for the two systems. Figure 14A shows that for the equivaanaction of particles, the SDS system
is less effective at reducing the residual bulk concentratiam PAAs-b-PnBAyo, this coupled with
the analysis in figure 14B, which displays the remaining celimel by percentage as a function of
particulate recovery shows that whilst the SDS is separatingcyates, the water entrainment
associated with this extraction is to a larger degreett of PAAs-b-PnBAyo At extraction above
the maximum attained by PA&-b-PnBAeg the additional particulate extraction achieved by SDS is
associated with very large fluid carryover during flatati This is demonstrated by observing the
maximum particle extraction of 93% is associated with 79%@ floss by volumgwhich is not an
effective solidliquid separation operation for the nuclear industry- as tiflisranslate to a reduction

in waste packaging efficiency which will increase the obginal disposal.
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Fig. 14 A) Dewatering performance of PA&b-PnBAxqg, and SDS on a percentage recovery basis.
B) Remaining cell volume percentage of the Ré&Md-PnBAx, and SDS flotation systems as a
function of particle percentage recovery.

The potential for the use of diblock copolymers has beeressitdly demonstrated in this research as
an alternative to traditional surfactant systems for rdjathtion separatianThe length of the
hydrophobic block was observed to critically affect the extérextraction, with the shorter block
encouraging additional foaming and thus entrainment, dite likely higher density adsorption to the
air-water interface, while also failing to provide adequatlification to the resultant particle contact
angles for compatibility with bubble attachment. The largelrdphobic block copolymer had little
effect on surface tension and thus foamability, whilst effelgtiflocculating and hydrophobizing
Mg(OH).. While it is still not fully understood whether the percentage ragolmitation is purely
dominated by hydrophobic or hydrodynamic phenomena, further weektigating polymers of larger
hydrophobic block length and varying hydrophilic block lengths dontrol of the particle size
distribution is being conducted. Further investigation of the sudiaemistry of these polymers is also
planned, using techniques such as DLS to determine the CMC of tistsms\explicitly and more
detailed analysis of the dynamic surface interactions usinlipbaigi surface tension analysis.

It should also be noted that other factors, such as adjs$téag rates experienced by these flocculated
suspensions and the strategic implementation of this technologysthierf affect the overall removal
efficiency. For example, the performance of SPP1 coulthpeoved by the application of PAé&-b-
PnBAxgo as a flocculating agent to reduce the sedimentatiotamsé time and increase the dewatering
capacity of this unit operation. Flotation then, due soaitlvantages of being a low footprint, high
efficiency separation process, could potentially befittied between SPP1 and FGMSP to remove the
unsettlable material being returned to the pond, where thelocoulated fine material can be extracted
through flotation with minimal additional fluid loss improve the separation extent of radionuclide
carrying Mg(OH) colloids
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These copolymers have therefore demonstrated their potestiah effective tool in reducing the
decontamination burden on downstream procesgaish ultimately could decrease site radiological
discharges to the environment helping to justify nuclear energywebke method of combatting
climate change in the UK, without the stigma of its environmémigact regarding waste

CONCLUSIONS

Diblock copolymers are evaluated as dual flocculationcafidctor agent for flotation operations and
benchmarked against the minerals industry surfactant-based colegtat, SDS for flotation
separation. Flotation performance limitations are ddtitributed to failure to extra ultra-fine material
(<20 um)[30]-[32] due to issues negotiating slip streams created by rising bulsbies research, two
diblock copolymers synthesized using reversible addition chagmfentation (RAFT) polymerisation
from acrylic acid and n-butyl acrylate to form poly(a@ryhcid)-block-poly(n-butyl acrylate). The
hydrophobic poly(acrylic acid) block was held constant at aedegf polymerisation of 152 and the
length of the hydrophobic poly(n-butyl acrylate) blocks for the t@polymers were synthesised at
degrees of polymerisation of 25 and 200. Due to the segregatitme ahonomers, the diblock
copolymers displayed surfactant like behaviour, modifying the sutéasén of aqueous media. It was
found that the smaller hydrophobic chain length polymer, Dple2&ered the surface tension of water
to a greater degree than the larger copolymer, Dp=200amehred to form self-assemble micelle
particles at a higér concentration than the larger polymer (~500 ppm). Both polymeressfally
demonstrated flocculation of Mg(OH3$uspensions forming charge patch neutralisation flocs unlike
previous literature on statistical copolymers which form latgetging flocs which were found to
entrain gangue material. Howeydrwas noted that the larger polymer at concentrations al®ve
critical micelle concentration may exhibit micellukadsorption hindering its effectiveness as a flotation
aid. This was further confirmed when analysing the flotgpierformance. The effectiveness of flotation
of these systems was completed by investigating three prepdtiepercentage particle recovery as a
function of mass, the volume reduction factor and the uwasitbtation cell particle concentration in
terms of volume. It was found that the larger copolymefopered better than the smaller polymer
removing a maximum of 52% of particulates below its CMC anéheddéhe most water in the flotation
cell. This performance was compared on a recovery pegeehtesis to SDS, which had been found to
extract a maximum of 93% of particulates but at the co3©98&6 of the initial fluid volume. When
comparing on a percentage extraction basis, the copolymenfoutped the SDS system up until its
maximum extraction of 52% producing a lower residual flotatielhparticulate concentration. Further
work is required to determine whether the copolymers areotlydamically or hydrophobically
limited, with the implementation of additional diblockpolymers with varying hydrophobic and
hydrophilic chain lengths planned.
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