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Abstract

Upon ultrasonic treatment at 20 kHz, protein agateg in a dairy whey solution were broken down. In
addition, when sonication was applied to a heatddtion of denatured and aggregated proteins, there
was a dramatic reduction in viscosity and aggregiate, which was maintained after re-heating. This
observed heat stability may be due to shear fdiwgsare induced by acoustic cavitation. To deteemi
whether high shear mixing or homogenisation is &bleause similar effects to that of acoustic eaidn,
sonication, high shear mixing and homogenisationewserformed on 5 wt% whey protein concentrate
solutions at identical energy density levels, whighs based on the power drawn in each system.
Homogenisation provided similar particle size amstesity reductions as sonication while high shear
mixing was less efficient in decreasing particleesiCavitation was shown to be absent in both ke

and homogenisation configurations, indicating ttieg shear forces generated are responsible for the
observed particle size and viscosity reductionadidition, heat stability was achieved in all sysgem
indicating that a combination of heat treatment ang method that generates high shear forces can be

used to improve the heat stability of whey proteins
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1. Introduction
Dairy whey is a by-product of the cheese-makingcess and is considered an important dairy product
due to its significant protein and lactose contétdwever, a major concern restricting its usegdoiv
heat stability: exposure to temperatures aboveCrleéds to denaturation and subsequent aggregaition
the proteins (Wangt al., 2006). This results in excessive thickening dlirgggwhen the protein solution

is further heated in downstream processes (Moriidater, 1999).

The use of pre-heating, or fore-warming, to indbeat stability was first established in the 1948saa
treatment for condensed milk streams (Deydteal., 1929; Singh, 2004; Webb & Bell, 1942). The
denaturation of the whey proteins is irreversibid aence, once induced in a fore-warming step gesvi

a heat-stable product (Tolkach & Kulozik, 2007; Waet al., 2006). However, this approach is
ineffective for spray-dried products as the resgliincreases in viscosity that occur after heatesgrict
the ability to generate a feed stream of high sotidntent. Furthermore, the aggregation that sccur

during heating can result in later phase separatnohprotein precipitation.

More recently, Ashokkumar and co-workers (2009)ehdeveloped a combination of heat and ultrasonic
treatment that is effective at resolving thesedssiProtein aggregates in the dairy whey solutien a
broken down upon ultrasonic treatment at 20 kHzwitcreased solution clarity, reduced viscosity,
reduced gelation times and increased gel stre@gsi ét al., 2011). The reduction in viscosity of whey
solutions is particularly significant as it mayaall solutions of higher solids content to be proedss
effectively in spray driers, evaporators and memértltration units. Overall energy requirementsyma
also be reduced. In addition, when sonication #ieg to a heated solution of denatured and agtgega
proteins, there is a dramatic reduction in visgosihd aggregate size. Ashokkumar and co-workers
(2011) speculated that the reduction in particte sind viscosity is due to the disruption of hydhaipc
interactions by shear forces that are generatethgluacoustic cavitation. Acoustic cavitation is a
phenomenon in which bubbles present in a liquid iomadgrow and collapse because of pressure
fluctuations caused by ultrasound waves. Duringblatrollapse, physical and chemical effects are
generated. Physical effects include shear, turloeleand micro-streaming while formation of highly

reactive radicals is one example of chemical efféadshokkumagt al., 2009).

Similar changes in the particle size of whey pro@ggregates have been observed in physical shdar a
high pressure processes (Bouaouthal., 2006; Dissanayake & Vasiljevic, 2009; Gracia-dwel al.,
2008; Onwulataet al., 2002; Paquin, 1999). High shear mixing of smallwmes is typically performed in

the laboratory using an Ultra-Turrax unit: the lifjmnedium is drawn axially into the dispersion head



high rotation speeds of the rotor and forced radilit the slots of the stator, producing largeasrend
thrust forces that provide mixing and disrupt c@ks, 2009).

In homogenisation or microfluidisation, high pressuare applied over a short period of time. For
homogenisation, a fluid under pressure is forcedudih a small orifice or a valve, resulting in agia
pressure gradient between the inlet and the oofl¢he valve (Flouryet al., 2004; Gracia-Juli&t al.,
2008). Intense shear forces, cavitation and heatpanduced. The amount of shear and cavitation
generated determines the level of aggregate disrupthile the extent of denaturation and aggregaiso
dependent on the amount of heat generated. In @fhiciser, a liquid is split into two streams, ivh

are then recombined in a reacting chamber at higbspres. Aggregate disruption, in this case,asght

to be mainly due to hydrodynamic cavitation (PaguB09).

The use of combined heat and shear to form a ‘mastaulated’ whey stream with small protein
aggregates, which have a creamy mouth-feel, isagtdiblished (Oldrup, 2006; Onwulatal., 2002). A
more limited number of studies have shown imprdvedt stability upon such a combination of heat and
shear treatment. Our own work has clearly showrctmbination of heat and sonication to be effective
in this regard (Zisuet al., 2010). Dissanayake and Vasiljevic (2009) obseraadincrease in heat
coagulation time of whey protein retentate sampteg were microfluidised at 140 MPa. They also
showed that a combination of heat treatment foltbysg microfluidisation further increased the heat
coagulation time. Somewhat differently, lordachd dalen (2003) found that after such a combination
heat and microfluidisation, the whey protein walf sbmewhat sensitive to secondary heat-induced
coagulation. Further, in early studies on condensdd, the combination of heat with downstream
homogenisation was ineffective — the resulting potdvas less heat stable than when fore-warming
alone was used (Deysher al., 1929; Webb & Bell, 1942). The effect of shearluoed either by

homogenisation or acoustic cavitation, upon a loeddéry stream is thus unclear.

In this study, a 20 kHz ultrasonic horn, an UltnadBx mixing unit and a homogeniser were used to
investigate the physical effects of acoustic céata high shear mixing and high pressure on 5 wt%
reconstituted whey protein concentrate (WPC80)tswilby monitoring aggregate size and viscositye Th
objective of the work was to determine whether ptajsshear is able to reduce the viscosity of whey
protein solutions and induce a heat stability effamilar to that caused by acoustic cavitationsé&zhon
the power drawn in each system, a qualitative coispa of energy efficiency and heat stability hasito

made using identical energy density in the sonicataxer and homogeniser.



2. Materials and Methods

21 Materials

Whey protein concentrate (WPC80) powder contai@hg % protein, 10.4 % lactose and 4.4 % fat was
provided by Warrnambool Cheese and Butter Factéarfsford, Victoria, Australia). Ammonium
molybdite tetrahydrate (Chem-Supply, 81.0 %), ph¢@bem-Supply, 99.5 %), potassium iodide (Chem-
Supply, 99.0 %), potassium hydrogen phthalate (A8 %) and sodium hydroxide (Chem-Supply,
97.0%) were used as supplied.

In all experiments, the required amount of WPC8G weconstituted in deionised water at ambient
temperature (22 °C) to give 5 wt% WPCB80 solutiokiser powder dissolution, the solution was left to
stir for an hour then stored overnight in the gefrator at 4 °C. Before use, the solution was dxated

at 25 °C.

A single-phase energy cost meter (Arlec, Victofiastralia) was used to measure the power drawn from
the power supply for the sonicator and the Ultrardxi unit. Power drawn for the homogeniser was

recorded using an in-built three-phase energy meser.

2.2 Methods

Figure 1 depicts a flow chart of experiments perfed. A combination of different heat treatmentghon
native solution served as controls (Samples 1,(69AnA portion of the native solution was alscates

by sonication (Sample 2), mixing (Sample 3) or hgerasation (Sample 4). Pre-heated solutions were
also treated by sonication (Sample 6), mixing (anT) and homogenisation (Sample 8). Further heat

treatment, or post-heating, was then done to thasgples (Samples 10, 11 and 12).

2.2.1 Sonication
60 ml of reconstituted WPCB80 solution was sonicatea glass vessel using a 20 kHz, 400 W ultrasonic
processor and 19 mm diameter horn (Branson Ultresp@onnecticut, USA) at an amplitude of 50 % for
1 min 31 s to provide an energy density of 153 J/fhle power drawn and calorimetric power were
101 W and 31 W respectively, indicating an oveealergy efficiency of 31 %. The energy density was
calculated using Equation 1. During sonicationlletiiwater was circulated through the cooling jaake

the glass vessel to maintain the solution temperatt5 + 1 °C.

power drawn (W) X time (s)

energy density (J/ml) = Equation 1

volume (ml)



2.2.2 Ultra-Turrax High Shear Mixing
60 ml of reconstituted WPCB80 solution was mixedigh shear rates using a T25 Basic Ultra-Turrax uni
(Ika-Werke, Staufen, Germany) at speed dial 4, Wwitiorresponded to 17500 ritinThe power drawn
was 70 W and the calorimetric power was 9.8 W,dating an overall energy efficiency of 14 %. To
ensure an equivalent energy density to sonicatid8 §/ml), mixing was conducted for 2 min 11 s.
Similar to sonication, chilled water was circulatéddough the cooling jacket to maintain the solutio

temperature at 5+ 1 °C.

2.2.3 Homogenisation
The homogeniser used was a GEA PandaPLUS 1000 (Bf#\ Savi, Parma, Italy) equipped with a cell
disruption valve. A single stage and single passdgenisation was performed on 500 ml of
reconstituted WPCB80 solution at an operating pressti80 bar. To ensure an equivalent energy densit
to sonication (153 J/ml), the flow rate of the $wln was set at 3.73 ml/s. The power drawn was\&70

Calorimetric power was not calculated as the outpietrgy is in the form of pressure rather than.heat

2.2.4 Heat Treatment
The following heat treatment methods are perforaedescribed by Ashokkumetral. (2009). For pre-
heat treatments, 300 ml of reconstituted WPC80tismipat its natural pH of 6.29, was pre-heatea in
sealed, stainless steel tubular container fittetl withermometer and an automated paddle stirr2riyf
1 cm, rotating at 1000 mim The container was immersed in a water bath pateldeto 80 °C. The
solution reached 80 °C in 120 + 30 s and was thedah &t this temperature for 1 min. After heatirgg t
container was immediately removed from the watéh laaad placed in an ice bath for rapid cooling to

approximately 20 °C.

For post-heating, 10 ml of treated WPCB80 solutias wwlaced in a 27 ml plastic container and sealed.
The container was immersed in a water bath seb &C8for 20 mins. The temperature of the samples
reached 70 °C in 10 mins and remained at tempesagneater than 70 °C for the remaining time. The
container was removed from the water bath aftetitngand placed in an ice bath for rapid cooling to

20 °C.

2.3 Analysis

2.3.1 Acoustic Cavitation
Acoustic cavitation is known to generate highlyatese hydroxyl radicals (Reaction 1), which in turn

react to form hydrogen peroxide (Reaction 2). ledions are oxidised by hydrogen peroxide to form

molecular iodine (Reaction 3), which further reasith free iodide ions to producq I(Reaction 4)



(Alegria et al., 1989). Thus, the presence of an absorption bardbz nm, which corresponds tg, |

signifies acoustic cavitation.

H,0 - H:-+4+O0H- Reaction 1
20H- - H,0, Reaction 2
H,0, + 21" = [, + 20H™ Reaction 3
L+ ->I5 Reaction 4

In the present work, hydrogen peroxide vyield wasasneed using a method described by
Alegriaet al. (1989). Two solutions were prepared — Solutionohsisted of 0.4 M potassium iodide,
0.05 M sodium hydroxide and 1% 10* M ammonium molybdate while Solution B consisteddf M
potassium hydrogen phthalate. Deionised water wasgcated, mixed or homogenised, using the
conditions given above, for 15 mins. 1 ml of thesfily treated deionised water sample was then added
1 ml of Solution A and 1 ml of Solution B. The stiduns were left to stand for 5 mins prior to absornte
analysis at 353 nm using a Carey 50 Bio UV-visigectrophotometer (Varian, Palo Alto, USA).

The presence of reactive radicals formed througlitateon can also be determined from the extent of
degradation of phenol. During sonication, phenahcte with hydroxyl radicals and degrades to
dihydroxyphenols, catechol, hydroquinone, resoicenad other intermediates (Mahamuni & Pandit,
2006). A solution of 0.1 mM phenol in deionisedt&rawas sonicated or homogenised using the
conditions given above for 1 h. High Performancquiid Chromatography (HPLC, Shimadzu, Japan)
was used to analyse the treated phenol solutioiisfalegradation products. The solvent used wa4060:

methanol:water, the flow rate of the eluent wast kemstant at 1 ml/s and the UV detection wavelengt

was 275 nm.

2.3.2 Particle Size Distribution
The particle size distribution was determined usangalvern Mastersizer 2000 laser diffraction syste

(Malvern Instruments, Malvern, UK). Refractive io€s of 1.58 for whey protein agglomerates and 1.33
for the dispersant, which was water, with an alsampcoefficient of 0.001 were used. Samples were
shaken by hand before dispersion into water toimlata obscuration (the amount of laser light lgsbru
passage through the sample) of 10 %. Mie theony ¢eaHulst, 1957) was used to analyse the datentak

as the average of three measurements and expeesteel volume-weighted average particle size, D[4,3



2.3.3 Rheology
To measure the viscosity of the solution, a 40 namaltel plate geometry with a gap of 1 mm was used

on an ARG2 Rheometer (TA Instruments, New Casti®A)J A conditioning step was first performed to
equilibrate the sample to 25 °C followed by a cmmbius ramp step to obtain the viscosity profile at

increasing shear rates from 10 to 200 s
3. Results and Discussion

3.1 Acoustic Cavitation

lodine tests as described above produced a peai3abm for the sonicated sample but no peak in the
high shear mixed or homogenised water samples &igu The absence of radical production suggests
that cavitation — hydrodynamic or acoustic — doed result from either high shear mixing or
homogenisation. However, to confirm that cavitatisrabsent in homogenisation, a second means of

testing through phenol degradation was employed.

In this study, HPLC results showed that approxitgat % of phenol was degraded after 1 h of
sonication. This is shown in Figugevhere a reduction in the HPLC peak size corresipgnd phenol at
17.2 min and the formation of two small peaks, tlumtermediates formed during phenol degradatton a
4.0 and 7.3 mins, are observed. Mahanairdl. (2006) obtained similar results: 7 % degradatibn o
phenol was observed after 90 mins of sonicationguaihorn transducer. In both high shear mixinga(da
not shown) and homogenisation, the phenol peak iredaunchanged and no product peaks were
observed. Thus, it was confirmed that cavitatioralisent under the homogenisation and high shear

conditions employed.

3.2 Sonication and Heat Stability

A bimodal distribution of particles is seen in Figula of native 5 wt% WPC80 solution. The relagivel
large peak between 10 to 1pfh comprises large, insoluble, whey protein powdgregates that are
formed during the WPC manufacturing process (£tsl., 2011). Upon sonication, which generates high
shear forces, this peak disappears as the largelgsrare reduced to less thamrh, giving an average
D[4,3] of 0.19um (Figure 5). Gllsereet al. (2007) observed an approximate 30 % increase riiclea
size after sonication of bovine serum albumin (BSA)component of whey proteins, for 30 mins.
Through polyacrylamide gel electrophoresis (PAGEY dimerisation was observed and hence
determined that the aggregation of BSA was dueoto-aovalent interactions, such as electrostatic and
hydrophobic interactions. However, their experimaséd a protein that is only a minor constituent of
whey and the sonication conditions were more sewdtte an ultrasonic intensity of 20 W/émdouble

that used in this experiment (10 WArand a much longer processing time.
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At low shear rates, the viscosity of the native glendecreased with increasing shear rates, indiati
slight shear-thinning behaviour (Figure 6a). Athdg shear rates, Newtonian behaviour is observed.
Similar results were observed by Taat@l. (1993) for WPC solutions of less than 10 wt%. Viseosity

and flow behaviour of the sonicated solution ishamged when compared to the native solution, as
shown in Figure 6a. This may be due to the lowos#tg of the native solution. Kre&Skt al. (2008)
obtained an increase in viscosity in WPC and WRItEms that were sonicated at 43 to 48 Wichhey
attributed this increase to the alteration of grosgructure after sonication: hydrophilic portiocsfsamino

acids open towards the surrounding fluid, leading greater degree of binding to water molecules.

When pre-heat treatment was performed on the natligion, there was an increase in particle sfze o
whey protein aggregates and the viscosity of theC8{Psolution (Figure 4b and Figure 6b). This is due
to heat-induced aggregation. At temperatures atfeveenaturation temperature and at its naturaBBpH,
lactoglobulin $-LG) dissociates into monomers, exposing the tioups that were previously buried in
the macromolecule. These partially unfolded pratetren aggregate by thiol-disulphide exchange and
interact further with each other by calcium bridgand hydrophobic bonding to form protein aggregate
(Considineet al., 2007; Katoet al., 1983; Mleko, 2002; Sanchetr al., 1997).a-lactaloumin ¢-LA), a
more stable protein, unfolds upon heating. Howeasrthere is no free thiol group anaLA, it does not
polymerise itself. When proteins that contain fte®l groups, such ag-LG, are presenty-LA forms
aggregates with these molecules by hydrophobicaot®ns or thiol-disulphide exchange (Considehe
al., 2007; Oldfieldet al., 2005; Oldfieldet al., 2000). In a heated mixture @fLA and B-LG, studies have
shown that large aggregatespsEG are held together by disulphide bonds whileraggtes witho-LA

are held together mainly by disulphide bonds andatemaller extent, by hydrophobic interactions
(Dalgleishet al., 1997; Haveat al., 1998; Matsudongt al., 1993).

However, when the pre-heated sample was subseygsemhijlected to sonication, a sharp decrease in both
particle size and viscosity was observed while taaiing the flow behaviour of the native sample
(Figure 4b and Figure 6b). The average particle aimd viscosity of the PreH + US sample wereuin9
and 3.0 cP, respectively (Figure 5). This may be ttuthe disruption of hydrophobic interactions by
ultrasound-induced shear forces (Ashokkustat., 2009; Chandrapakt al., 2011).

As shown in Figure 4c and Figure 6c, for the cdnsample that has been pre-heated, a second heat
treatment, in the form of post-heating, led to @hfer increase in particle size and viscosity, (pnesbly
due to further heat-induced aggregation. When & Rr&JS WPC80 sample was subsequently re-heated,

the low D[4,3], low viscosity and flow behaviour thfe original sample are preserved, signifyingtbat



stability of the sample after sonication. Ashokkurad co-workers (2009) found that these treategiywh

proteins are heat-stable even after freezing arad/afrying.

3.3 Ultra-Turrax

For the same energy density, with high shear mizioge, there was a decrease in average aggrezmte s
but not as significant as sonication (Figure 4a Rigdire 5). In this case, the particle size redurctvas
due to the disruption of whey protein aggregatesmi@chanical shearing. The presence of a peak at
D[4,3] greater than @m indicated that for the same energy density, Biglar mixing was less energy
efficient compared to sonication in reducing theesof whey protein aggregates. Although the flow
behaviour of the mixed sample was unchanged, theosity was higher than that of the native and
sonicated samples at low shear rates (Figure &&)fdrmation of a thick foam was also observed with
a minute of mixing (Figure 7). This was the resafitthe mechanism of the Ultra-Turrax unit, which
draws air into the unit together with the bulk s¢imn. The expulsion of this mixture of solution aaid
produces foam, which reduces energy efficiencysTfham was unstable, breaking down when left

undisturbed. It is likely that it is this foam foation that leads to the observed increase in Viigcos

For a pre-heated and mixed sample, in Figure 4lmimodal distribution at D[4,3] of 2 to 2&m was
obtained. Whey protein aggregates were less redacgde as compared to the pre-heated and sodicate
sample (Figure 5). This confirms the low energyciéfhcy of high shear mixing. Similar to the paic
size results, the viscosity decreased when higargh&ing was performed on the heated sample (Eigur
6b). Foaming of the solution was once again obsemdpon post-heating, the average particle sizbef
whey protein aggregates and the viscosity of tHetism were maintained (Figure 4c and Figure 6c).

Hence, heat stability was also achieved with hlggmas mixing.

3.4 Homogenisation

Upon homogenisation of the native 5 wt% WPC80 saimle particle size distribution obtained was
similar to that of a sonicated sample, giving arentital D[4,3] value (Figure 4a). Both
Bouaouinet al. (2006) and Sanchex al. (1997) reported a particle size reduction when dgenisation
was performed on whey protein isolate (WPI) sohaiol he disruption of protein aggregates is thalres
of a pressure gradient, which induces cavitatibeas and turbulence simultaneously, and in turrugts
intramolecular hydrophobic and electrostatic intéoms (Bouaouinat al., 2006; Paquin, 1999). The
shear-thinning behaviour of the sample was presgeader homogenisation, however, the viscosity was
slightly higher at low shear rates as comparetieéongative sample. Gracia-Juéaal. (2008) observed no
change in viscosity when 10 wt% WPI solution wasated using homogenising pressures of up to

225 MPa. Above that, there was an increase in sigcoupon homogenisation. Similarly,
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Kresk et al. (2008) reported an increase in viscosity with harge in flow behaviour in both 10 wt%
WPC and WPI solutions upon high pressure treatmaeB00 MPa. The viscosity increase was attributed
to the presence of high molecular weight aggregates the increase in the volume occupied by the
unfolded protein due to the loss of the tertiarycture (Kresi et al., 2008).

As shown in Figure 4b and Figure 6b, the partidéke slistribution and viscosity of a pre-heated and
homogenised sample was again similar to that seéhpated and sonicated sample. The D[4,3] obtained
for the pre-heated and homogenised and pre-heatddsanicated samples were 1.6 and idnd
respectively while the viscosities obtained at @ashiate of 200swere 3.1 and 2.9 cP respectively. This
shows that for the same energy density, both stiaicand homogenisation gave similar particle siad
viscosity effects. Thus, the forces generated dunimmogenisation are as effective as those genlebate
sonication for equal energy for both systems. Upost-heating, the average particle size and vigcosi
are maintained (Figure 4c, Figure 5 and Figure @d)us, heat stability is also achieved with
homogenisation and is not unique to sonicatione&ldinis suggests that shear forces alone are isuific

to cause these effects since cavitation was nareéd for homogenisation.

At higher homogenising pressures, the averagecfmagize was similar for all non-heated, homogeahise
samples (Figure 8). This suggests that a pres$@e loar is sufficient for complete disruption dif rron-
covalent forces in the native whey protein aggregjaBoth Bouaouinat al. (2006) and Paquin (1999)
indicate that homogenisation will only disrupt noowalent forces. Bouaouiret al. (2006) observed a
narrower particle size distribution, with a larg@gortion of the particles found to be less thamd, at
increasing homogenising pressures of WPI solutthuesto greater disruption of aggregates. On theroth
hand, Dissanayake and Vasiljevic (2009) microflegdi whey protein retentate and observed a wider
particle size distribution in non-heat treated skaspvith increasing pressure. This may have beenau
protein denaturation induced by high pressure wisithinges the equilibrium between the interactions
that stabilise the conformation of native prote{(@onsidineet al., 2007; Dissanayake & Vasiljevic,
2009). As shown in Figure 8, for samples that havdergone heat treatment, the average particle size
decreased gradually with increasing pressure. &nlibn-heated samples, there are more protein-protei
interactions to be broken in pre-heated sampleas,TWhen there is an increase in pressure, a greate

proportion of these forces are disrupted

4. Conclusion

Various treatments — sonication, high shear mixang homogenisation — were performed on 5 wt%
WPCB80 solution with a combination of heat treatmeéntidentical energy density, smaller reductions i

particle size and viscosity were observed in thgh lghear mixed samples, suggesting a lower energy

11



efficiency. Both sonication and homogenisation pted similar particle sizes and viscosity reduction
This suggests that whey protein aggregates carisbepted to the same extent by both approaches. In
addition, heat stability was achieved in all systeshowing that this effect is the result of sheates,
which is either generated directly in high sheaxing and homogenisation devices or induced by
acoustic cavitation in a sonicator. Therefore,dbmbination of a heat treatment followed by anyahie

high shear process is capable of producing a Isaosgity, heat stable product.
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List of Figures
Figure 1. Flow chart of various treatment of samples, whBreH denotes pre-heat treatment, T
symbolises treatment method, sonication (US), Ulwarax (UT) or homogenisation (HR), and PostH

represents post-heat treatment. The number inrtekéxs indicates sample number.

Figure 2: Absorbance spectra of control and treated samplesre a band centred at 353 nm represents
the absorbance of'l The control sample was distilled water and tlatments used were sonication,

high shear mixing by an Ultra-Turrax unit and homoigation.

Figure 3: HPLC data of 1 mM phenol samples, where a pedk & min corresponds to phenol and two
peaks at 4.0 and 8.3 mins represent intermedialée treatments used were sonication and

homogenisation.

Figure 4: Particle size distribution of reconstituted 5 witPC80 solutions: (a) Samples 1 to 4, (b)

Samples 5 to 8 and (c) Samples 9 to 12.

Figure 5: Summary of dynamic viscosity at a shear rate @i & (cP) and volume-weighted average

particle size, D[4,3],4m) for all samples.

Figure 6: Change in apparent viscosity (cP) with respedh¢eeasing shear ratejsof (a) Samples 1 to

4, (b) Samples 5 to 8 and (c) Samples 9 to 12sa@liitions exhibit shear-thinning behaviour.

Figure 7: Before (a) and after (b) pictures of high sheadimy of 5 wt% WPC80 solution at 17500 rifin

for 2 mins 11 s. A substantial volume of foam wasrfed after mixing.

Figure 8: Volume-weighted average particle size, D[4ah], at homogenisation pressures of 80, 160
and 250 bar for homogenised (HR), pre-heated amuobenised (PreH + HR) and pre-heated,

homogenised and post-heated (PreH + HR + PostH)lsam
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