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Publishine Nucleation in food colloids

\J

Malcolm J. W. Povey, School of Food Science and Nutrition, The University
of Leeds

For The Journal of Chemical Physics, Special Topic Issue on Nucleation:
New Concepts and Discoveries.

&
Abstract ?\

Nucleation in food colloids has been studied in detail g Ultrasound

Spectroscopy. Our data shows that classical nuc M ry (CNT)

remains a sound basis from which to understagd ndcleation in food

colloids and analogous model systems using nza nes*Various

interpretations and modifications of CNT are discussed with regard to

their relevance to food colloids. Much of the id25ce presented is based
4

on ultrasound velocity spectrometry megsurements which has many
advantages for the study of nucleatin emg compared to light
scattering and NMR due to its sensitivity f6w solid contents and its
ability to measure true solid conté NQ nucleation and early crystal
growth stages. Ultrasound atte e%ﬂ spectroscopy also responds to
critical fluctuations in the ind c%n. We show however, that a
periodic pressure fluctuation as‘a quasi-continuous (as opposed to a
pulse comprising only a feWw pr ure cycles) ultrasound field can alter the
nucleation process, even a w acoustic intensity. Thus care must be
taken when using ultr nigues that the measurements do not
alter the studied processeswQuasi-continuous ultrasound fields may
enhance or supprgs cleation and the criteria to determine such effects
are derived. Th clusions of this paper are relevant to colloidal
systems in fo ds,/ph aceuticals, agro-chemicals, cosmetics and
personal pr W

u
1. Intr Cl'cjm

Whagare Food Colloids
fobd colloids are ubiquitous and will be found in any domestic
refriger orjand food cupboard, not all food colloids contain crystalline
amples of food colloids in which crystal nucleation plays a
ole during processing are fatty spreads including butter and
margarine, ice cream?, clotted and whipped cream?, milk fats in general
dfsugar-fat confectionery creams. These are all examples where a gel
{Qr soft solid) is created through the crystallisation of a colloidal
dispersion, thereby creating structure from an otherwise liquid system?.
Many of these emulsions are precursors for very many more foods such
as breads, cakes, meringues and mousse. Emulsion crystallisation of oils
is also used to encapsulate valuable nutrients which would otherwise be
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unstable during storage but are required to release the bio-active
component when digested (for a recent review see *). Similar systems
exist in creams manufactured in the pharmaceutical, agro-chemical,
cosmetics and personal products industries.

The dispersed phase diameter may vary in food colloids from a few
nanometres in size (micelle, swollen micelle) and compr'!éing a few tens of
IS

molecules through to a few micrometres, the upper li bqge;ally
controlled by the point at which the buoyancy of the rsetphase

overcomes the thermally induced Brownian motior\wx'\ keeps the
ff

particles dispersed. In many food colloids, Brownian“di ion may be
greatly reduced through a variety of particle i e@tion which give rise
to weakly connected (attractive interaction 1€ i¢s of“a few kgT) systems
of particles. Paradoxically, whilst reducing the theS I motion which

overcomes gravitational destabilisation, these&ntefactions may transform
‘ed_

the colloidal substance into a weakly gell which prevent or

syst
suppress gravitational destabilisation@an eéit larger sized particles to
be stable than would otherwise be the case.“"

1.2. Crystallisation in Food Colloids
Crystal nucleation kinetics are ed once a bulk liquid melt is

dispersed as small droplets or colloidal substance comprising a

liquid suspending phase apd t ispersion of particles which are initially
liquid then transform intoxd. many food colloids, the transformation
[

to crystalline solid of t &%;i d liquid phase is only partial, giving rise
to a dispersion of SO"dN dispersed liquid phase. Cow’s milk is an
example of such a loidal System, where the oil droplets dispersed in the
agueous suspen se themselves contain crystalline fat particles.
Complicating maatters,is the fact that the amount of crystalline material
ear and the animal feeding regime. The

depends on ti elf
nucleation ﬁti\ cles in the oil droplets which form the milk
is o

dispersi of the first stages in butter manufacture. The fat grows
out of the ojl droplets and when the needle like crystals from nearby
dropléts collide they sinter to form a space filling network which proffers
the id’pr rties of the butter soft solid. This network traps water
dfoptets i?l'ﬁn it, locking them away from microbial and mould growth,
creatingya product with a shelf life of months. When the butter enters the
“mo he crystal network melts, the system inverts to an oil-in-water
emuision and rather than an oily mouthfeel a pleasant watery feel forms
of the eating experience.

'T\He study of the crystallisation of food emulsions over many years in the
School of Food Science and Nutrition in Leeds and the ready availability in
our laboratory of colloid manufacture and characterisation provided the
wherewithal for our studies of crystal nucleation kinetics in model and real

2
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food colloids. The combination of this resource together with a unique
combination of ultrasound and acoustic techniques has enabled the new
concepts and discoveries described herein.

1.3. The Study of Nucleation in Food Colloids
Emulsion crystallisation has many advantages for the study of crystal
nucleation because it permits the reduction of the crystallising volume to
that of a single small droplet whose size (hence volum a}n%rface area)
can be controlled. It therefore makes it possible to the effects of
volume and surface - measurement of isothermal grystdllisation rates in
an emulsion can even give the Gibbs Free Ener M tion>. It is
also possible to identify and isolate the seed cn s@s o] rious sorts
(sometimes called catalytic impurities) whichsal FfHVariany act as the
nuclei in food colloids ® - homogeneous nudleation iSwery unusual and I
am not aware of any industrial processiﬁ:o ation which currently relies

h

on homogeneous nucleation. However, as.been shown that through
the use of surfactants, the surface en of alvery small oil droplet can
be reduced to the point where surf :Iﬁ%sso'g'eneous nucleation of the
droplet becomes more or less certajn.% Pracessing operations generally
involve seeding the melt and i roﬁ&g Shear.

As mentioned above, anoth r&ge of emulsion crystallisation for
fundamental studies of crysta aufeation is that a great deal of control
over the surface can be a ved, through the use of a wide variety of
surfactants which low rfacésenergy and may also act as surface
heterogeneous nuclei%also worth noting that at constant

dispersed phase v Iu,ggjas he size reduces the surface area increases

and that this inteffacialcegion is far from simple, contributing to surface
heterogeneous/ucléatioh effects in a number of ways, some of which
could be reg dfas expected. For example, in 100 nm droplets of
trilaurin, 7{ \/gllume is directly influenced by the surface which

of t
generall Dr%ﬂ%es a solution of surfactant and oil, causing surface
meltin ;& depression and lowered surface energy.
.Tpe Proguction of Food Colloids
F oid% are produced in a number of ways. The most common is
high presstre homogenisation using water or oil-soluble surfactants to
L ez‘ne interfacial energy and stabilise the dispersed phase 137%°,
Power ultrasound may also be used and can produce fine stable emulsions
217 however for water containing systems the associated cavitation may
p{oduce undesirable oxidative rancidity and other unpleasant off-flavours,
such as a metallic taste associated with erosion of the sonotrodes used to
apply the ultrasound to the processed material. Another technique is the

ultrasound whistle, also called the Pholmann whistle or jet edge
transducer 8 in which a blade vibrates at ultrasound frequency as a result

3
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blishing of fluid passing across it and the blade motion breaks up the particulate
phase. In some cases micro-emulsions may be produced, a good example
being the Ouzo effect where anise oil dissolved in ethanol is precipitated
out of the ethanol through the addition of water which acts as an ‘anti-
solvent’, causing the spontaneous nucleation of droplets small enough to
scatter light (80 nm to 500 nm) imparting a milky app;?ance to the

drink and forming a colloidal dispersion of oil droplets ended in an
ethanol/water drink '°. Micro-emulsions differ from &cmmm in
Ja near zero
step. However,

that they do not require the use of surfactants and
surface energy, requiring only a very simple fluid addit
most micro-emulsions have a narrow range of i
occupying an important niche have limited ap

1.5. Power Ultrasound and Sonocrystallisation
There is considerable literature and interest | the).lse of high power
ultrasound for the control of crystal nu%go . Power ultrasound
interacts with crystal nucleation and f\)a number of ways and in
general is not well understood. Thi ag:&)ﬁa% shown that stable
cavitation 2® can induce the crystdlljsation of ice simply through bubble
wall motion 2/7?°, Transient cavitatiofscan induce crystallisation and can
also melt the crystals so pro uceﬁi@énding on the power levels.
Pressure and heating effects alse occur in the absence of cavitation,
tioP\df crystals at pressure anti-nodes 3°,
ation and crystal morphology. On the

whole, power ultrasou sono-crystallisation is a complex and poorly
understood area in which cessful applications have been developed as

much by empiricisin as,anything else. However, conventional
% power ultrasound suffers from the same

together with the concen
thereby modifying seconda

sonocrystallisati
disadvantageg as the uge of power ultrasound for emulsification of many
food colloidg’~ flayours, oxidative rancidity and irreproducibility.

1.6. Ulmagountigs a Diagnostic Tool in Crystallisation
ﬂDlas developed pulse-echo time-of-flight (PE) techniques for
ent of crystallinity >°373°, for example solid fat content

ethods'edn also be used to determine water content 3’. More recently PE
has beeh used to monitor protein crystallisation 8. The PE technique used
“for ing isothermal crystal nucleation described below is described in
detél in 3.

S S\hear reflectance techniques have most recently been used to study the
isothermal nucleation of cocoa butter 3%,
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blishing 2. Classical Nucleation Theory in Food Colloids

Crystal formation can be considered in three stages: (i) the clustering of
molecules into a prenucleation embryonic (unstable) state of
indeterminate structure, either randomly within a volume (homogeneous
nucleation) or in two dimensions on a pre-existing surface provided by a
seed crystal or catalytic impurity (heterogeneous nucleZon), (ii) the

formation of crystal nuclei with a definite structure (us the final
polymorph) and the potential to create a site for cry ro and then
(iii) the growth of the crystal from the so formed nu . The metastable
zone exists between the saturation limit and the Vr%% leation limit. It
is also necessary to distinguish between crystalfisation fgom a melt and
crystallisation from a solution. This may be a p m<because in many

foods, distinguishing between crystallisatiorf from elt and from a
solution can be difficult and in these cases atgcurateé determination of the
phase diagram may be very difficult - g'FLme ing point forms may be
soluble in lower melting, still liquid fo en)if they are well below their

melting point and hence expected to crystalfise out. For example, in the
case of what is generally regardedxa‘q ‘pure’ fat — Cocoa butter - a great
It

deal of variation is found in its me e, according to origin (Figure
5 S

NS
N

solid fat nt %( PNMR - IUPAC 2.150)

l

100
Malaysian
8 Ghanaian
Brazilian
£ .
4

™

20 25 30 35
temperature C



http://dx.doi.org/10.1063/1.4959189

/-l\IP

Pu

blishing

N UC'F%‘BM%JE%%&QA&% by J. Chem. Phys. Click here to see the version of record.

Figure 1 Solid fat content (SFC) of cocoa butters from different growing areas obtained by NMR
measurements *'

For a more complex fat such as anhydrous milk fat (AMF) part of the fat
remains liquid at ambient temperatures and different components of the
fat crystallise selectively from ‘solution’. It is quite possible to zone refine
and thereby purify fat mixtures this way.

nucleation in bulk fluids and the additional properties mihich“dispersion as
a colloid imparts on the behaviour of the fluid phaseff the crystalline

material 474> > 46 47 48 49 Thare follows a summar\kgft\ important

features. )
2.1. Bulk saturated material -~

—~
With regard to the bulk saturated material, there g metastable phase
between the saturation limit and the viable leafion limit. This is
described in detail in a recent paper by hrelf_sll and Coles°.

\ - . Secondary
Concentration : A
solubility

A

The reader is referred to various reviews for an overvie@stal
i

e

'I'_emperamre

Thé generalised solution crystallisation diagram, showing the thermodynamic solubility curve,
ne li?it, the secondary nucleation threshold and the metastable limit, reproduced with

pérmission CrystEngComm 18, 369 (2016). Copyright 2016 Royal Society of Chemistry *°.

U

Referring to Figure 2, the line of saturation (delineating the transition
ror§ solubility to saturation, A-B) can be determined through
measurements of the temperature dependence of the velocity of sound
mich has a different slope in the two regions. In B, viable nuclei don't
form although the system is saturated and a degree of super saturation is
necessary before nucleation can occur, instead molecules cluster into a
prenucleation embryonic (unstable) state of indeterminate structure,

6
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blishing appearing in a transient form and then disappearing, creating so-called
critical density fluctuations °!, °27>%, In C stable nuclei appear, which
whilst stable are too small to scatter light and whose numbers are too
small to significantly affect the crystal solid content. Nevertheless, in
region C, the nuclei have a definite structure (not always the final
polymorph) and the potential to create a site for crystal growth. It is only
when the secondary nucleation threshold is crossed andfwe enter D, that
lj
ill &%

proliferation of seeds occurs and detectable growth o stalline
material occurs (It is in this region that SAXS/WAXSAill gvidence crystal
structure). Finally, the metastable zone limit is redehed“and crystal
growth proceeds, secondary nucleation and spo b%eg\ion cleation occur.
It needs to be born in mind that the transitionS«C- .a,@ -E are time and

volume dependent and the lines C-D and D+E-will ve to lower
concentration and higher temperature at longer tifpes.

Considering only the crystal nucleation %;gngescr ed above) and crystal

growth stages; in the nucleation stagé.s /iz:)oscopic viable crystal

nuclei are formed which develop in o%ﬁystals during the

subsequent growth stage. With m% nous nucleation the crystals are
t

formed directly from the liquid.gdgterQgeneous nucleation is nucleation
mediated by foreign particles allk%yv sent in the liquid. Secondary
b

re-existing crystals.

nucleation is nucleation medw
o
The temperature, concen ion'and pressure at which these events occur
and the speed (the te f%s;ory of all the independent and dependent
variables) at which théy\ lace have an important impact on the
r

performance and properties‘ef the final crystalline material.
2.2. Ultrasoungkstudies of nucleation in supersaturated solution
How does thi enera ed view of Threlfall and Coles map onto our
using u
on

observati(zz{ JXl'asound velocity measurements? In Figure 3 region
I, which corr to A in Figure 2, the solution was quickly cooled
down frgm 40 ° 28 °C to prepare the supersaturated solution. There
were po tals in the solution, and this was verified by comparing the

velogity yaluesto the temperature dependent pure solution velocity data.

ter regdi r(I in Figure 3, the solution temperature was kept constant at

°C, |’§gion IT corresponding to the induction period, note that the

iy increases slightly in this region indicating a reduced adiabatic
compressibility, probably associated with changes in ordering in the liquid

wed later by the formation of a few seed crystals (C in Figure 2).

S Since the solid content determined by ultrasound is a function of the
properties of both the suspending fluid and the emerging solid phase, it is
not possible to distinguish between compressibility changes occurring due
to liquid ordering and solid ordering and the amount of seed crystals
cannot be quantified in this region, except to say that it is <<0.5% by

7



http://dx.doi.org/10.1063/1.4959189

I P N UCIFaﬁiﬂM%@%@iM@ﬂ& by J. Chem. Phys. Click here to see the version of record. |

Pu|b|ishing volume. In region III (corresponding to C and D in Figure 2) the velocity
decreased as the amount of the crystals increased. After all the crystals
came out from the solution, the sound velocity remained constant. The
sound velocity change in Region III, calibrated against the measured
sound velocity for a given concentration was used to calculate the crystal
compressibility depending on the modified Urick model and then the
crystal solids content (Figure 4). /

. AN

v

)
O
1608 H%h

¥ T ' = T ' T
0 \]\5{) 200 250 300 350

Time mins

50
Figure 3 Sound Vck@t of stirred 45 w% copper sulphate solution at a fixed temperature of 28 °C
55 / /

e

1622

S

1620
1618
1616

1614
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>
o
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Figure 4 Crystal volume fraction evolution
solution fixed at a temperature at 28 °C >

en tr.a?ound, DSC, Infra-red and NMR

An important observatjon en,comparing DSC measurements with
ultrasound measuremeg\ia\w at the ultrasound measurements directly
respond to the density an iabatic compressibility changes associated
with crystallisatiofi proegsses, even under isothermal conditions whereas
DSC cannot opgratedsothermally unless there are large enthalpy changes

occurring. For\any industrial processes, DSC temperature scanning rates
as( and therefore it is difficult with DSC to investigate

2.3. A brief comparison be

the temp ension of phase diagrams except at very short times. In
fact, ul ta on crystallisation processes is better under
isothefmakgonditions because otherwise the impact on the speed of

sound oftemperature changes has to be accounted for (See for example

regian 'nllfigure 3). So DSC and ultrasound should be regarded as
C mplel$1e tary techniques.

ttering techniques are widely used to study crystallisation
sses>®™%2, Ultrasound has advantages in comparison for optically
ue and/or highly absorbent materials and also responds to changes
in*particles whose size is below that where light scattering is insignificant,
typically this limit is around 80 nm, hence its capabilities for the study of
nucleation.
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pNMR is a standard method for the measurement of solid fat content®?

and whilst water reduces accuracy methods have been developed for the
measurement of solid fat content in food emulsions®*®. In comparison,
ultrasound is more sensitive and accurate at low solid contents, however
it becomes increasingly inaccurate at later stages in crystal growth where
crystal networks are developing. An initially very promising development
in NMR is Fast Field Cycling NMR (FFCNMR) ©7-®8, Rece s%di\es in our

laboratory suggest that the mobility of fat molecules bes¢ompared
using FFCNMR, providing a new insight into the pro&Qtransition from

liquid to solid in nucleation processes. \
2.4.

Bulk material dispersed as a coll -)

-~

S
~

to determine the solids content of a disperse ase of an emulsion, with
corrections made for droplet size ultraspund sgattering and volume

In essence, the same procedure is used as cri&d for the bulk material
G
fraction. The rate of increase of sol'dig‘im-( ‘fﬁe isothermal crystallization
i
ry

rate. The first experiments on theﬂ% ation of crystal nucleation
kinetics using Classical Nucleati n%ﬁ CNT) concepts and using
emulsion crystallization as a eN tal technique was by Turnbull &

Cormia (1961)* whose appr we'have followed in most respects.
( ) pp ‘05 e p

2.5.Some comments on C
The proposition of CNTEJ ntury by Fisher et al. 1948 *? is essentially
an energy one which Tngs\%}pplied to any nucleation process, not only
crystal nucleation. Fhis approach is often counter posed to the stepwise
molecular self-asSemblysapproach such as that discussed by Davey et al,
2013%. Howevér, theessence of CNT (for a review see *’) is the energy

balance betwe urface energy terms and bulk solid energy in the
formation Q? y threshold®®. Critiques of CNT centre (a) on the

ne
difficulti ﬁc}hglating the surface energy and (b) the indisputable fact
that a ieg of steps may form part of the pathway to the formation of a

stab n?c s. Neither (a) nor (b) can detract from the fact that the
surfa 0 velume energy balance is a crucial and often calculable factor
cleati

ir( na ) n kinetics.
°3. ce and volume heterogeneous nucleation

In 5)he surface and volume energy terms in units of kgT is calculated for

10



http://dx.doi.org/10.1063/1.4959189

N UCIFaﬁiﬂﬂﬂﬁnﬁﬂﬂ)@iM&!ﬂ& by J. Chem. Phys. Click here to see the version of record. |

Puplishing
150 0.8

AG [keT

Ik' AGnucl.ul per

molecule /k,T

0.6

100 -~

50

_1w ...... Volume energy kBT ."'-...) e

— Surface energy /W8T P
-« AGrucieus /W8T
_150 - = AGrucieus per molecule kT

o
- -0.2

Figure 5 Plot of surface and volume energy in uhi ox a function of particle radius for a trilaurin

droplet, together with the estimated attachment en p olecule in units of kg7. The surface tension
in this plot is 1 mN/m and the enthalpy chawurin in the alpha form is taken as 167 J/kg.

In that paper it is also sh@wn that if* colloidal systems it is possible to
reduce the probability ﬂ%ﬁ critical nucleus in any one droplet to
well below one and ye IR an increasing probability of nucleation
arising from inter-droplet egllision mediated nucleation. As a result,
undercooling initi lls as droplet size is decreased at a constant

dispersed phas ume\fraction and then rises again as the Brownian
motion media d;ol ion processes take over.

Through thé.em 'ot(crystallisation method, it is possible to control
droplet sj N‘sed phase volume and surface energy thereby giving
control Qver)nucleation which is unavailable in bulk fluids and permitting
measdre t of surface Gibbs energy for nucleation, determination of the
nat of nucleation (surface or volume, homogeneous or

héterog us), partial coalescence and energy barrier to coalescence.

ethér with ultrasound spectroscopy, a unique facility exists for the
“eha risation of crystal nucleation in food colloids.

)we theory of coupled pressure and heat fluctuations
S'\ 4.1. Introduction

In *° it is shown that a continuous sinusoidal ultrasound pressure wave of
2 MHz frequency and a power level of 3 watts can suppress the nucleation
of eicosane. In these experiments the undercooled fluid was maintained

11
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at constant temperature, removing the small amount of heat transferred
to the entire undercooled fluid by the insonifying field. We show here that
such low power levels may nevertheless pump sufficient energy into a
crystal embryo to suppress its transformation into a stable nucleus. It is
suggested here that such energy transfer occurs only between the
suspending fluid and the embryo and since embryo’s comprise a very
small part of the system mass only very small amount energy need be
involved, the important relation being between the v e egergy (latent
plus free energy) and the surface energy of the embgyo./This energy
transfer occurs because of the different thermal preperties and acoustic
properties of the suspending fluid and the embr; h in the presence
of a continuous oscillating pressure field (ultra arx;.@ ses a difference
in the oscillating temperature generated in uspending and dispersed
phase. All other things being equal and

there would be no net energy flow becagse th ltant heat flow on the
compression phase would be equal and e to that on the expansion
phase. However, when the area over whjch heat flow occurs is taken
into account, there is a small differénce bétween the area through which
heat flows which is slightly greate xpansion phase than on the
compression phase (Figure 6). s to a ‘rectification’ in the heat
transfer with a small amount{ of heai transferred into the embryo on each
cycle. Energy is therefore pumped«gto the embryo over many cycles,
thus we would not expect ea&this effect in pulsed ultrasound.

4.2. Heat flo
In 37 the the
detail and

nucleus and its suspending medium
tic scattering in colloidal systems is developed in
ry contains a solution for thermal diffusion around an

oscillatin | particle. In ° it is suggested that thermal diffusion
must play ap important role in crystal nucleation in colloidal systems and
a Si ivation is given here for the case of low amplitude pressure
0SCi

e here the heat flow between a small nucleating particle
tallembryo) suspended in a fluid and the suspending phase as a
of a continuous low power oscillating acoustic field. We assume that

crystal embryo.

=1
resylt
K‘%e}ntire system is maintained at constant temperature and consider
wm y the temperature difference between the suspending phase and the

12
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t oscillating in a sinusoidal pressure field. r, is drop radius, J; is
ield frequency f, or, is the change in drop radius due to the
ortional to area and the temperature gradient reverses when
positiye to negative. On the positive pressure cycle (a) the droplet has a

the negative pressure cycle (b). The temperature gradient reverses when the
is rectified because on the positive pressure half cycle (a) the droplet has a

oscillating pressure field.
the pressure switches fr

phase is zero so the
smaller surface ar
the phase is ze%nd

which is small GNQ

eat flow is rectified because it is proportional to the surface area of the droplet
ive pressure cycle than it is on the negative pressure half cycle, so that q., #q_,

The t ture 9 of a medium fluctuates with pressure ’° according to
Equati 1/
~ so=2(- 1)
pc?

3 B
Whé'e the instantaneous pressure fluctuation Ap is given by

<

Equation 2

—_

Ap = Apysinwt

The volume coefficient of thermal expansivity S is

13
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blIShlng Equation 3 Lov

B=v3e

And the amplitude of the pressure fluctuation Ap, is related to the acoustic
intensity I (W m™) through

Equation 4 /
2
Here V is volume (m?); Ap is instantaneous pre M nd the
adiabatic compressibility « (Pa™!) is related to l%cit of sound cin a
I

—
fluid medium through ¢ = J% (m s™). Bis thewo e coefficient of

) abc 27” is the radial

is frequency (Hz). We will
isL pressure wave vector

thermal expansivity (K'); p is density (

frequency of the pressure wave (rad s
also use the following definitions: k (mMs

(27”), A is wavelength (m).

An equivalent equation to Equ 'o&ﬁes to the droplet phase

Equation 5

gy K,_

N L)
\ B’ p'C'2
Where all the quantitie s defined above and primed quantities apply
to the dispersed or dropletyghase. Equation 5 is only approximately true

because (a) Equ oﬂ\ds true for an infinite medium and (b)
Heat will flow iAnto a t from the drop, driven by the difference in
temperature wéen/t e suspending phase and the droplet.

Equation 6 /
-) A(AB) = A’ — AB

Using/the“data in Table 1for a hexadecane oil-in-water emulsion this
quantityds K in a 1 MHz oscillating pressure field with an amplitude of
4 4Ra, equifalent to a field intensity of 10 W m™.
Noting al the time that the temperature fluctuation Aé is an oscillating
“one roximately adiabatic and is not isothermal. In each pure phase,
this heat flow between the pressure wave and the medium is adiabatic
S bécause the temperature rise on one half cycle is balanced by the
equivalent temperature fall on the second half cycle. However, once an
interface is established, such as that between the droplet and its
suspending medium, the situation becomes more complicated. The
temperature difference between the two phases will drive heat flow

14
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blishing between them, although this is still not necessarily thermally dissipative
heat flow. However, because the temperature gradient reverses between
the two half cycles of the pressure wave and heat flow across the
boundary is proportional to area, the possibility of rectification of that
heat flow arises because the surface area of the drop is greater during the
expansion phase than during the compression phase. D;?ermination of

the direction of heat flow depends on a detailed calcula of Equation 6
and of the dynamic surface area which is calculated ‘\jv\

Equation 7
14V
= V ép ‘)

In order to obtain the dynamic surface area n (-:I‘t"'o"integrate Equation
7 which gives Q’

-

Equation 8
V(t) = V,exp(Apgsii

Where V(t) is the time dependent wolum oﬁ'droplet whose mean
volume is V, and Ap, is maximu resgure displacement of the

insonifying, oscillating pressureyﬁ\ﬂglS en by Equation 2.
1@

The instantaneous surface ar \i';
Equation 9 \\
. 2
A®) %M{%ew(fcﬁosm(wo)} 3

The instantaneo I'Te%ilow g(t) (3 s’1) into the droplet of volume Vp is
obtained approXximately by assuming that all heat flows take place over
the therma? s(on/le gth d:in the suspending phase so that

Equation 10 \ q =
A A(AO
-N: (t) (t)A(AH)

8¢

Wheke tds the thermal conductivity of the suspending phase (W m™ K').

ar in midd that the temperature distribution is established by Equation

6 'and nat by the unsteady state heat transfer equation.
.ﬁ

Using the data below for hexadecane oil-in-water emulsion it can be
own using the above equations that heat will be differentially
S tgansferred from the insonifying pressure field into the droplets, initially
without significant heating of the surrounding fluid.
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\Q\

),

Symbol | Property Value units ..
Ip | sound intensity 10 wm’ given
w | radial frequency 6283185.3 b calculated
f | sound frequency 1.00E+06 I-§: given
po | Maximum pressure 3.86E+03 (P ') calculated
deviation f -
T | Period of wave 1.00E-0 X calculated
Mparticle | Particle radius 4.00E—9K given
V,articie | Particle volume 2.68 : calculated
uspending phase properties | Dispersed phase properties
) \\ - Water at 25 °C | n-hexadecane at 25 °C
AHr | Latent heat of fusion \ 167 J kg
Latent heat of fusion \ 3.45E-20 ]
for the particle \
A | wave length v/f Q01497 m calculated
a | attenuation 0.00216  Np m™ MHz? 0.009725 Np m™* MHz™?
B | volume expansiyi 0.000257 K given B' 0.00091 K
(thermal dila
k | wave vector, 4197.1846 m’ calculated | k'  4687.2 m?
y | ratio of sp 1.05 given y' 1.05
7 | thermal 0.59525 W m'K! given T  0.14 W mtk!?
C, | Heat ¢ 4178.476 1 kgt K! given Cp' 2217 J kgt Kt
constant p
o | thermaldi i 1.431E-07 W mtK! calculated [0’ 0.00275 W m™*'K!
p€p
viv Iocity&of sound 1497 m st given v’ 1340.5 m st
-dertsi 995.24 kg m™ given p' 770 kg m™
( adiabatic 4.484E-10 kg m'ts™ calculated |k’ 7.2E-10 kgms™?
\gressibility
}; rQermaI diffusion length 2.13E-07 m calculated
thermal wave vector 4.68E+06 m™ calculated

|

Table 1 Data used in the spreadsheet calculation of - 72 See also http://webbook.nist.gov/cgi/cbook.cgi?ID=C544763 &Mask=4
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Note that the latent heat of fusion of the droplet is BI4Xed0 22d which is
much less than the heat accumulation over 300 cycles from Figurerd. At
1 MHz 300 cycles takes 300 ps. Of course, the heat accumulation will not
go on increasing indefinitely. Either it is transferred into melting and
suppression of further nucleus growth or as the temperagure rises steady
state, non-oscillatory thermalisation mechanisms will r ribute the
heat.

At 1 MHz, the thermal diffusion length in water is &ound 200 nm, a large
distance in comparison to the size of a critical n Au\% re 5). Finally,
the entire effect can be reversed depending o e/adiabatic
compressibility of the suspending phase (In er‘gelow 4 °C the
adiabatic compressibility is negative) and o%la ive magnitudes of I’
and . -
4.3. Approximate analytic expression fore ecgﬂ'@ating of a dropletin a
suspending medium ‘\
Finally, an analytic expression ca@ ed for the heating effect Q
n

(Joules) over a large number o ( o) which involves integrating
Equation 10.

Equation 11

\\ My
To do this the followin used

Equation 12
@ = gy

Here
o= KAPo/i
We et/
- / T=37m/a)

RS0 at)he integration is carried out over the number of cycles of the
pressure wave to which the droplet is subjected.

ining Equation 9 through Equation 12 gives

. .
Equation 13
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2/, _ AN, (1
3n /(3V K 5 K T 12
Q=rlli_)1£l°;<2_1:]0(lcp0/i)> Dot ( pc )/I} ( pc )/B, /5,:

The same caveat must be applied to this equation as to the results of the
numerical calculation presented in -; that is that slower dissipatory

Publishing

processes neglected will take over as the temperature rence between
the drop and its surroundings increases and the effe th al pumping
will diminish over time until it reaches a steady stat&wIn/the work cited
above 7!, the waxing out temperature in the eicos by 9.5 °C but

was not completely suppressed.
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Pu|b|ishing 4.5. The effect of phase change on ultrasound propagation

This treatment thus far ignores the impact of phase change. In terms of
interaction with an oscillating pressure wave, there is a big difference
between the interaction with an undercooled crystallising system and one
at its melting point. (Figure 8).

90 -

|
\

80 . .1
o 8l
— 70 - o]
g E
a 60 - g a4
< §ul
50 - 3 wd
c
5 | Foig s <
®| Y
?: o
Q o o
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< 20 - a
| e et B+, -+ 4 g ) o
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0 +—1
0 20 40 60 8 100
Time }
~
Figure 8 Variation of attenuation co ient with time at 3 °C for n-hexadecane-in-water emulsions with
different mean droplet diameters (d;, =3.3.um for (0) and 0.36 pm for (+). Inset is the solid content
temporal evolution indicating that fer the coarser emulsion which shows the attenuation peak,
crystallisation is almost complete whils e finer emulsion crystal growth has only just begun. &

Phase change int ‘L%tan additional rectified heating effect which is
referred to in a#h ical investigation of crystallization nuclei
y
SO

undergoinif S)pmmetric oscillations in supercooled liquids and
supersatu jons exposed to a sound field. According to these
authors jodiescrystallization and melting processes occurring in the

cours ssure oscillations are shown to result in higher amplitudes.
Thisg&nhan the nonlinear interaction of sound with an oscillating

nuclets whigh results in the phenomenon of rectified heat transfer, i.e. a
S on‘(a ainst the sound cycle) process of heat pumping into a nucleus.
show that phase transformations may markedly increase the

abs fon and dispersion of the speed of sound propagating in
crySaIIizing liquids as compared with liquids containing solid particles
S -Vi. out phase transformations.

Finally, 74 points out the similarity between the form of the nucleus Gibbs
Free energy function and the quantum tunnelling potential. The
advantage of this approach is that all possible paths between the liquid
suspending fluid and the embryo can be explored and provides a bridge

20
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ishing between the two state (or many state) models and CNT. In particular,
molecular attachment theories permit the one or two at a time
attachment of molecules from the liquid state to the growing embryo or
nucleus. Yet, for most of the existence of the embryo, each step remains
energetically unfavourable so the question is how can 400 molecules
(Figure 5) suddenly find themselves in a stable nucleus uantum

tunnelling provides an approach to this problem which @ir‘:tﬁrestrlct
e su

itself to one or two steps but permits a proliferation r less
unlikely steps, the overall probability of transition béi over all
possible paths. This suggests that a molecular mo8elling.@approach which
permits the enumeration of all possible paths t a\msn cleus may be
a profitable next step towards the solution oft t on problem.

5. Conclusion

Our data shows that the Classical Nucle{w y remains a sound
basis from which to understand nucleati od colloids and in
analogous model systems such as thoseof nzalkanes. The theory has
been examined using a number of téghniqlies but most usefully with
ultrasound velocity spectrometry. nd velocity spectrometry
measurements have many adv or the study of nucleating
systems compared to light s€attering and NMR due to its sensitivity at low
solid contents and its ability taﬁaiure true solid contents in the
nucleation and early crystal'growth stages. Unlike other techniques
ultrasound attenuatlo S ec 05¢gopy also responds to critical fluctuations

in the induction reglon a eItlng and crystallisation phenomena close
to the melting poi ﬂote ial prize is unprecedented control over the

nucleation step obwous implications for all industries in which crystal
growth is imp ant

In addltlon se,és an analytical tool we show, that a periodic
pressure f t|o such as a quasi-continuous (as opposed to a pulse
compr| i g nIy ew pressure cycles) ultrasound field can alter the
nucle rocess, even at very low acoustic intensity.

In preyi u rk, it has been assumed that low power ultrasound is not
r|a r|ng 37 . The current work challenges that assumption
aning that care must be taken when using ultrasound techniques to
"éns at the measurements do not alter the studied processes. This
can ve done for example by repeating experiments at different power
S s, measurement results in PE experiments should be independent of
pewer. If they are not, then the measurement technique is changing the
material. This treatment of rectified heat flow does not apply to PE
measurements where short pulses are concerned, nevertheless care
should be taken over this point. With regard to micro-emulsions such as
Ouzo, CNT will not apply to micro-emulsions in the way it is applied in this

21



http://dx.doi.org/10.1063/1.4959189

/.LIP

Pu

blishing

N UC'@E‘BM&@%@MJ&P&&% by J. Chem. Phys. Click here to see the version of record. |

paper because of the small surface energy term. Nevertheless, it is
possible that the region over which micro-emulsions are stable may be
widened (or reduced) through the application of low power quasi-static
ultrasound since they destabilise once the surface energy term increases
relative to the volume term.

Low power quasi-continuous ultrasound is a potentially powerful tool for
the control of nucleation; quasi-continuous ultrasound 'aw?g:y enhance
or suppress nucleation and the criteria to determine u‘d) efféets have

been derived in this paper.
There is considerably more work to be done on ﬁ@ction between
low intensity oscillating pressure fields (<10KP dwaucleating colloidal
systems. However, the conclusions of this paper are relevant to the
understanding of nucleation behaviour and thebractical application of
colloidal systems in foods, pharmaceutigals, ag hemicals, cosmetics
and personal products.
? -
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