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Stellingen

bl

. Men realiseert zich veel te weinig dat coalescentie in eatbare emulsies van gering balang is,

terwijl partiéle coalescentie daarin juist een prominente rol kan vervullen.

. De term "rebodying" is ongelukkig gekozen, daar partidle coalescentie sen duidelijkes

karakteristiek gevalg is van deze temperatuurswisselingen dan de, in sommige gevalien
eveneens waargenomen, stevigheidstoename.

Dit proefschrift.

. Het gemak waarmee de term deegontwikkeling wordt gebruikt, zonder dat de betekenis ervan

precies duidelijk is, geeft aan hoe empirisch het bakkerij-onderzoek nog aitijd is.
Dexter, J.E.; Kilborn, R.H.; Praston, K.R.; Cereal Chemistry §7 (1990} 48.

. Het is verheugend dat analytisch chemici zich nu af gaan vragen wat de betekenis is van de

door hen bepaalde molecutaire en microscopische structuren voor de eigenschappen van het
onderzochte materiaal.
Galan, L. de; Cheamisch Magazine september 1991 blz 518,

Zolang Rogers et al. gean duidelijke correlatie kunnen aantonen tussen hun instrumentele test
en sensorische waarnemingen, lijkt hat nut van dis test gering.
Rogers, D.E.; Doescher, L.C.; Hoseney, R.C.. Cereal Chemistry 67 (1990} 188.

. Het optreden van kristallisatie in onderkoelde emulsiedruppels tengevolge van de aanwezig-

heid van volledig gekristalliseerde druppeis, zoals waargenomen door Mc Clements et al.,
moet zijn veroorzaakt door uitstekende kristalfen in de vaste deeltjes die de onderkoelde

druppels raken.
McClements, D.J.; Dickinson, E.; Pavey, M.JW.; Chemical Physics Letters 172 (1990) 449.

. De aanduiding "appellation d’origine contrdlée” op het etiket van sen fles wijn geeft slechts

garantie omtrent de herkomst en is geenszins gen waarborg voor goede kwaliteit,

. Hoewel het de overzichtelijkheid niet ten goede komt, is er toch veel voor te Zeggen om de

auteur van een proefschrift te vermelden boven het dankwaoord en allen die in het dankwoord

genoemd worden als auteurs van het proefschrift.

. Het zou de sport (en de gezondheid van de sporters) ten goede komen indien voetballers, net

als de leden van de Nederlandse Golf Federatie, met goed gevolg sen examen "omgangs-

vormen” zouden dienen af te leggen alvorens te worden toegelaten tot de compaetitie.

Stellingen horende bij het proefschrift 'Partial Coalescence in oil-in-water
emuisions' van Karin Boode.
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ABSTRACT

Boode-Boissevain, K. (1892). Partial coalescence in oil-in-water emulsions. Ph.D, Thesis,

Wageningen Agricultural University (159 pp, English and Dutch summaries).

The influence of crystals on the stability against partial coalescence at rest and during Couette
flow was examined in emulsions of saturated triglycerides in SDS- or caseinate solutions and in
natural cream. Partial coalescence was characterized by determining changes in globule size
distribution and fat content. In the absence of crystals emulsions were stable at rest and in
Couette fiow.

At rest partially crystallized emulsions remained stable unless numerous large fat crystals were
present or a temperature cycle was applied { = rebodying procass}). A theory was developed to
explain this temperature controlad phenomenon.

In Couette flow considerable partial coalescence was observed if the fat network inside the
globules was continuous. Due to a lack of liquid oil crystals were sticking out of the glabule
further, thereby increasing aggregation. Aggregatian could be nullified within a few hours after
clumping by changing the wetting properties, so that the fat crystals became preferentially
wetted by the aqueous phase. Deaggregation could occur also in a flow field if the solid fat
fraction had exceeded the optimum, which depended mainly on the properties of the fat and on
the velocity gradient applied.

A theoretical model was developed that accurataly describes the course of the partial
coalescence process up to the point where most of the fat creamed out of the emuision, when
warming it. The model is based on Smoluchowski's frequency equation and distinguishes
between singilets and clumps with and without crystals. From the model it was deduced that the
kind of fat, the solid fat content and the number of globules that contains crystals are the main
factors that determine the instability of the emulsion globules.

Free descriptors: partial coalescence, coalescence, clumping, aggregation, Brownian motion,
Couette flow, emulsion stability, cream, contact angle, fat crystallisation, aggregation kinetics,

permeability, rebodying, triglycerides.
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GENERAL INTRODUCTION

1 OBJECTIVES AND MOTIVATION

The present study deals with the stability ta coalescence of oil-in-water emulsions, in which
part of the oil is crystallized. Many processes are known in which the stability of an
emulsion is influenced by the presence of fat crystals. For example, the churning of cream
to produce butter is impossible without crystals in the oil phase [10] and according to Berger
& White H] fat crystals are necessary for clumping of fat globules in ice-cream. During
storage and transport, on the other hand, emulsions should remain stable. Contral of the
aggregation process is, therefore, a necessity and a basic understanding of the principles
that underlie destabilisation of emulsions, caused by fat crystals, is required. Several
workers have studied coalescence in partially crystallized emulsions. Labuschagne [7]
studied the possibility of churning in the absence of air. Darling [5] worked on the instability
of dairy creams. Van Boekel [2] investigated the influence of crystals in the oil phase on the
stability of paraffin-in-water emuisions that were stable in the absence of crystals. Melsen
[9] studied the stability of milk fat emulsions, in which the fat was recombined in skim milk
or whey. Recently, Mc Clements et al. [8] reported an the behaviour of hydrocarbon
emulsions containing a mixture of solid and liquid globules.

The above mentioned investigations have clearly shown that the course of the aggregation
process and the rate at which coalescence occurs depends on the type of emulsion present.
The crystals play a key role in it. Therefore, the objective of the present study was to
investigate the effect of fat crystal properties on emulsion stability and to gain a more
fundamenta! understanding of the variables that influence these properties. Special attention

was paid to the kinetics of the process in an attempt to better differentiate between factors
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that influence emulsion stability by their effect on the number of encounters {s.g. globule
size and velocity gradient} and factors that change emulsion stability by causing a change

in the efficiency of encounters {e.g. type of fat and fat crystat size).

2 DESTABILIZATION OF O/W EMULSIONS BY PARTIAL COALESCENCE.

2.1. Mechanism

An qil-in-water emulsion is a dispersion of oil globules in an aqueous solution. One of the

processes that may occur in such a system is the rupture of the film between two

approaching globules resulting in the merging of the glebules. This is called coalescence.

When crystals are present in the oil phase coalescence may be incomplete in the sence that

the globules do not flow together completely, because a crystal structure prevents this.

Instead, clumps of irregular size and shape are formed [10], This process is called partial

coalescence.

Partial coalescence is a form of apgregation that exhibits some important differences as

compared to true coalescence of liquid globules [2, 7, 9]:

- Due to the irregular form of the aggregates, the viscosity of the emuision may
increase.

- The aggregation can ga on until a continuous network is formed throughout the
volume, thus giving the product solid properties {yield stress) and immobilizing other
particles {e.g. air cells) present.

- The rate of aggregation greatly depends on agitation (i.e. velocity gradients in the
liquid); the rate may be increased by e.g. a factor 11%, while liquid droplets rarely
show an appreciable dependence of coalescence on G.

- Under many conditions {in a cream layer, during flow or other agitation) the stability
to partial coalescence is orders of magnitude smaller than would be the case for true

coalscence {the glabules containing no crystals}. The most probable explanation is
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that crystals, protruding from the O/W interface, pierce the thin aqueous film
between closely approaching globules [3]. The film, that would have remained stable

in the absence of crystals, ruptures and the globules will partially coalesce (figure

1-1).
— —-—
aporoach crystal protrusion partial merging

Figure 1-1. Partial coalescance of two fat globules {highly schematic).

2.2 Kinetics

The general problem of predicting the globule size distribution changes with time in
suspensions and emulsions has been studied by many authors in various areas (11, 12, 13,
14]1. In partially crystallized O/W emulsions the problem, however, is more complicated,
since next to the encounter fraquency aggregation depends on the properties of the fat
crystals. For example, larger crystals may cause greater instability in a further unaltered
emulsion. It is, therefore, not surprising that partial cocalescence may occur in several ways.
Figure 1-2 gives examples of the various types that have been observed. It clearly shows
that in most cases a fat layer is produced. Consequently, description of the changes in
globule size distribution, solely, is insufficient to describe the procass. The course of the
partial coalescence process can only be described accurately with the combination of

changes in the globule size distribution and the total fat content.
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The experiments were all carried out with emulsions with some
spread in globule size. Emulsions were warmed to 45°C before
globule size distributions were determined. In this way

spherical globules were abtained in all cases.

Tvpe A: The fat globules that participate in partial coalescence
form irregufarly shaped clumps. On warming, an emulsion is
obtained with glcbules larger than at the beginning of the
experiment.

Example: paraffin mixture in PVA solutions [2].

Type B8: In some instances the clumps become so large that
they cream out of the emulsion when it is warmed. The
remaining fat giobules are larger than the original ones.

Examgple: natural cream [7].

Type C: Some fat globules participate in rapid partial
coalescence, leading to clumps creaming out of the emulsion,
while the remaining fat globules show an unaltered size
distribution.

Example: milk fat in whey protein solutions [7].

Type D: As in types B and C, large clumps are formed that
cream out of the emuision on heating. This time, however, the
remaining emulsion does show an altered size distribution with
smaller globules [4].

Example: saturated triglycerides in SDS solutions.

Figure 1-2 Various types of partial coalescence {highly schematic). in some instances type A changes into type B

in the course of the process, and similary types C and D.
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3 OUTLINE OF THIS THESIS

This thesis consists of five parts, that have already been published or will be published in
the near future. The purpose of this study was to investigate the role of fat crystals in O/W
emulsions. Most attention was directed to model systems of saturated triglycerides in
solutions of SDS or caseinate.

Chapter 2 deals with thickening of O/W emulsions, caused by temperature cyeling (this is
called the rebodying process [6]). This process is well known for natural cream, but it is
clearly shown that the same phenomena are valid for model systems as well. A theory is
developped to explain the observed thickening. Fat crystallization appears to play a key role.
Chapters 3 and 4 are about the various ways in which partial coalescence can occur and the
rale of the fat crystals in it. Spacial emphasis is given to the properties of the fat. To that
end measurements have been done on the bulk fat and on the emulsified fat plobules.

In chapters 5 and 6 a kinetic model is presented that describes the caurse of the partial
coalescence process up to the point where too much fat creams upon warming of the
emulsion. The influence of various parameters has been investigated. Experimental results

are compared to model calculations.
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DESTABILIZATION OF O/W EMULSIONS CONTAINING FAT

CRYSTALS BY TEMPERATURE CYCLING.

ABSTRACT

The behaviour of model triglyceride oil in water emulsions during and after a temperature
cycle was studied. As a surfactant aither SDS or a protein was used. The behaviour
appeared to be the same as in the case of {recombined) cream. The emulsions, though
stable during storage at 5°C, exhibit considerable thickening when warmed to a temperature
where most of the fat was melted and subsequently cooled again. From the results of
microscapic observations, determination of the change in the globule size, and observations
an the effect of dilution with deflocculating agants it was concluded that partial coalescence
is the cause of thickening.

A theory is developed to explain the role of the fat crystals. Nucleation plays a key role. It
appeared essential that the temperature treatment causes significant changes in the state

of crystallization of the fat, without fully melting it.

Roade K., Bisperink C., Walstra P.; submitted for publication in Colloids and Surfaces.
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DESTARBILIZATION OF O/W EMULSIONS CONTAINING FAT CRYSTALS BY

TEMPERATURE CYCLING.

1 INTRODUCTION

The presence of fat crystals in the oil can cause a considerable decrease in the stability of
oil-in-water amulsions. The reason is that fat crystals may stick out intoc the water phase and
if such a crystal is present in the film between approaching globules it may pierce the film,
causing the globules to coalesce. The solid fat fraction prevents rearrangement to the
spharical shape, so that the globules form weirdly shaped clumps, in which remnants of the
original globules still can be distinguished. This process has been called partial coalescence
and it has been particularly studied by van Boekel [1]1 and Melsen [11}. Generally and up to
a certain limit, the higher the amount of crystals present the less stable the emulsion. An
explanation for the influence of a higher solid fat fraction may be that more globules contain
pratruding crystals, while crystals also may stick out further if there are more crystals in the
oil droplet, or if the crystals are larger. Attempts of van Boekel [1] to obtain smaller crystals
in the glebules by cocling the emulsion very quick in ice water were unsuccessful. The
crystals had the same appearance under the microscope as when cooled in the normal way.
Moregver, some stirring was inevitable when rapidly cooling a large amount of emulsion, and
this caused instability.

In dairy science, a temperature treatment that results in aggregation of the il globules in

natural cream has been known since as long ago as 1932 [7]. This process may take several
forms, but the essential features are:

- cooling the cream to 5 °C {figure 2-1,1)

- keeping it at that temperature for at least 2 hours (for maximum effect} {figure 2-

1,10
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- warming the cream to 30 °C (T, ) {figure 2-1,1l1}

- keeping the cream at 30 °C for soma time (figure 2-1,I1V)
- cooling ta 5 °C (figure 2-1,V)

- aging {figure 2-1,VI}

TICl

0 05 10 15
time of temperature cycle [h]

Figure 2-1. Rebodying sffect. {—— ) temperatura cycle, (----} apparent viscosity, as measured at 5°C (=) % of

the fat baing solid.

In cream of 30% fat or more, tempering {i.e. a short tarm for temperature cycling) in this
way can cause a very thick and plastic consistency to develop; this effect has been called
rebodying. It is nullified by heating the cream above 40°C, but it can be induced anaw.
Commercially available UHT-cream, stored at ambient temperature, shows this rebodying
effect if the storage temperature fluctuates. Recambined cream made of skim milk and
butter fat with phospholipids dissolved in it, shows this viscosity effect in the same way as
does cream. Recombined cream without phospholipids added to the fat can not be
"rebodied" [8, 13]. We consider it very likely that neck-plug formation in cream liqueurs
during temperature cycling [5] is the same phenomenon.

Several authors have attempted in vain to explain the rebodying process:

Hening & Dahlberg (7] said that the rebadying effect could be caused by what they call

clumping of the milk fat globules, because the rebodying effect mere or less disappears
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when warming tha sample to room temperature. This explanation was contradicted by the
fact that micrographs of the treated samples did not show more or bigger clumps than the
untreated ones. According to the authors the rebodying effect could also be caused by
protein adsorption or hydration, but they did not explain how, Wiese et al. [25] came to the
conclusion that the material in the surface layer of the milk fat globule and the compasition
of the milk fat play an important role in the rebodying process. They were, howaver, not
able to give any further explanation.

Sommer [15] hypothesised that the temperature treatment during the rebodying process
causes reorientation of the molecules in the milk fat globule and at its interface. He argued
that upon warming the cream from 5°C to 30°C the lower melting triglycerides will melt
first. The situation now is one of a continuous liquid phase of low melting triglycerides with
the unmelted triglycerides in suspension. Since the lower melting triglycerides contain {per
unit mass) more polar groups than highar melting triglycerides, he suggested that relatively
more lower melting triglycerides will be lodged at the O/W interface. After a temperature
treatment, the polar groups at the interface will dominate as compared to the O/W interface
after merely cooling from the totally liquified state to a low temperature. The increased
surface forces somehow cause adsorption which favours the cohesion of the globules. The
effect of phosphalipids in the fat phase on the response t¢ the temperature treatment was
explained by the same effect of the polar groups. However, the proportion of polar groups
in triglycerides or other largely non-polar lipids has never been shown to correlate with their
surface activity, contrariwise, factors like the pessible chain packing density seem to
predominate {for instance, stearic acid is much more surface active than either oleic¢ acid or
myristic acid). In itself, this invalidates Sommer’s ideas, but some other statements neither
fit with what is known about surface chemistry.

From earlier experiments [B] we have indications that if recombined cream with
phaspholipids dissalved in the oil phase is tempered, partial coalescence is the type of
aggregation. In natural cream, on the other hand, clumping could not clearly be datected.

This paper deals with the mechanism whereby a temperature cycle leads to aggregation of
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the emulsion globules and the role of the fat crystals in it.

2 MATERIALS AND METHODS

2.1 Materials

Cream was obtained by centrifuging fresh cows’ milk at 40°C to the desired fat content.
To inactivate lipase it was heated for 15 min at 70 °C,

Skim milk was obtained by centrifuging fresh cows’ milk at 40°C to a fat content of
0.07%. To inactivate lipase it was heated for at least 10 min at 64°C.

Sodium caseinate was prepared from fresh skim milk by repeated pracipitation with
hydrochloric acid and redispersion in weak NaCH (to pH 6.7). Afterwards it was spray-dried.
It was used in 1% solutions.

Sodium dodecyl sulphate (SDS), was obtained from BDH chemicals, England; its grade was
specially pure. The critical micelle concentration {CMC) in water is 0.23% at 20°C [4]. It

was used in concentrations of 0.4%, unless stated otherwise.

% solid
| D-_“_O\O\
i . o
“f ::‘\A
2 i- \ s

c)
Figure 2-2. Solid fat content of several fat blends ag a function of temperature.

(®): blend A {0): blend B {4): milk fat {®}: mixture of solid and liquid paraffin oil.

Anhydrous milk fat {> 99.8% pure fat, < 0.1% water} was stored at 7°C in sealed tins.

The fat was fully melted before use.
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Paraffin oil was obtained from OPG, Utrecht, The Netherlands. Viscosity 80 - 80 mPa.s;
density about 860 kg m™. Sgiid paraffin was obtained from Merck A.G., Darmstadt, W-
Germany. It had an appareqt meiting point of 42 - 44°C and a density of about 880 kg m™,
Both paraffins were mixed in diffarent ratios, which are indicated in the text.
The trigiyceride blends A and B were kindly supplied by Unilever Research, Vlaardingen, The
Netherlands. Both blends contained about 96.9% triglycerides, 3.0% diglycerides and 0.1%
monoglycerides. The malting curves of the above mentioned fats are depicted in figure 2-2.
The liguid fractions of both fat blends were obtained by fractionation at 5°C.
Tristearin was also obtained from Unilever Research, Vlaardingen, The Netherlands. It had
a melting point of 63°C, somewhat below the pure compound’s melting point of 72°C.
Soy lecithin was obtained in pawdar form from Du Lectin-Van Schuppen, containing 97%
phospholipids; The powder {0.7%) was dispersed in the milk fat, in which it was well

dispersible.

2.2 Emulsification,

Qil-in-water emulsions were made by mixing fat {oil} and surfactant solution at 80°C in the
inlet vessel of a Rannie laboratory homaogenizer {capacity 100 I/h), while stirring. The
mixture (11) was then homogenized at a homogenization pressure of 4 bar, circulating the
emulsion for 20 minutes, cautiously avoiding any uptake of air. Fairly narrow globule size
distributions are obtained in this way, the surface-weighted relative standard deviation c,

[191 heing about 0.5; the volume surface average droplet diameter, d,,, was about 2.5 ym.

2.3 Pretreatment of the O/W emulsions.

All emulsions were stored at least overnight at 4°C to ensure crystallization of fat in all
globules [23]. Storage was shorter than a week so that bacterial spoilage was avoided.
Creaming and subsequent partial coalescence were prevented by storing the emulsion in
slowly rotating cylinders, end over end, under exclusion of air. The droplet size distribution

was found not to change during storage.




16 TEMPERATURE CYCLING

2.4 Characterization of the emulsion.

For the characterization emulsions were split. In one part the amount of fat that was
crystallized was estimated by wide-line proton pulse-NMRA [2) and the appearance of fat
crystals in the oil globules was observed by polarized light microscopy. Four different crystal

habits were distinguished, in analagy with milk fat globules [18]: figure 2-3.

DoaO®

0 N1 Nz L [t

Figure 2-3. Habit of emulsion dreplets containing fat crystals, as observed by polarizad light microscopy. Modified

after Walstra [18).

in the O type crystals are absent or tog smal! to be visible. In the N type "needles”™ are seen,
although in fact, most crystals are elongated platelets. In the L type crystals are tangentlally
oriented near the droplet boundary. The M type has the characteristics of both L and N
types.

The other part of the emulsion was diluted with 5% solution A (a solution of 0.375%
disodium ethylene diamine tetraacetate {(EDTA} and 0.125% polyoxyethylene sorbitan
monolaurate in water, adjusted to pH 10 with NaOH) to pravent globules from flocculation
and heated (1 hour, 45°C) in a cylinder (of 0.15 m in height} to turn any clumps into (fully
liquid) globules. Big aggregates {diameter > approximately 10 um) cream, causing the
separation of an oil layer on top of the emulsion. After removal of the oil layer, the fat
content in the remaining amulsion was estimated by wide-line proton pulse-NMR 12] and the
globule size distribution was determined by a spectroturbidimetric method [17, 19, 241, For

this purpose the emulsion was further diluted to a fat content of approximately 2% with
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solution A.
In some cases emulsions wers diluted with water or a solution of S0S (0.1 or 1%]. If so,

this is indicated in the text.

2.5 Couette flow.

Some O/W emulsions were subjected to Coustte flow, i.e. flow betwaen two concentric
cylinders of which the outer one rotated and the inner cne was fixed. The rate of rotation
was about 100 s, so that laminar flow developed (3]. After 30 minutes of rotation the

apparatus was emptied and the samples were characterized as described in section 2.4,

2.6 Tempering.

Emulsions were stored at 5°C to ensure crystallization in all fat globules. Emulsions were
carefully poured into test tubes. They were placed in a Haake D8 water bath at 5°C. With
a Haake programming unit, PG20, connected to the water bath, temperature cycles were
carried out. Each temperature cycle ifigure 2-1) consist of warming of the emulsion from
B9C to T, at a rate of 1°C min"', kesping the emulsion at T, for half an hour and
subsequently cool the emulsion to 5°C, again at a rate of 1°C min’'. Between subsequent
cycles emulsions where kept at 5° for half an hour. In some experiments a different
temperature programme was applied, as indicated in the text.

Thickening of the samples was examined by pouring out the emulsion. The consistency
varied from a thin liquid to a solid substance that no longer subsided under its own weight
{strong thickening}. In several cases, the emulsian started to flow if poured out, but the
substance had become solid (so that the flow stopped} even befare it reached the end of
the test tube [moderate thickening). Hence it is useless to carry out guantitative viscosity
measurements, since the mere filling of the viscometer would already cause considerable
changes in the sample.

Afterwards the samples were treated as described in section 2.4, or they were stored for

treatment in tha Couette apparatus (Sec. 2.5}).
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3 RESULTS

3.1 Effect of tampering on natural cream

A temperature cycle was applied to natural cream of various fat contents. Before tempering
and one day afterwards the emulsions were characterized as described in section 2.4, and
thickening of the creams was examined (table 2-1}. The crystals were situated inside the
droplet {O- or N-type). Only rarely some crystals were observed at the boundary layer (L/M-

type). The proportion of fat being solid appeared to be the same in all cases : 51% at 4°C,

Table 2-1. Characterization of natural cream of various fat contents before and after tempering.

t=0h t=24h
d,, [um} fat [%] d,, [pm] fat [%]  thickening
3.37 10.2 3.36 10.2 no
3.39 19.0 3.42 19.0 no
2.07 20.0 2.10 20.0 no
3.44 30.0 6.02 11.5 strang

From these results it becomes clear that 20% dispersed phase is insufficient to cause

significant aggregation.

3.2 Influence of tempering on various O/W emulsions.

So far the effect of tempering has only been studied in dairy emulsions. To find out whether
other emulsions can be rebodied as well, we examined several systems, of which the
stability after storage at 5°C and in Couette flow are known. Compositional data and the

behaviour of these emulsions under the conditions mentioned are given in table 2-2, In those
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Table 2-2. The effect of stability of model O/W emulsions (35% dispersaed phasa) on (i} keeping at $°C, {ii)

tempering as shawn in figure 2-1 or {iii) in Couette flaw (30’ at 100 s, 20°C).

Oil-in-water emulsions 50C 5-35-5°C Couette flow
S0S - kiquid part of blend A stable stable stable
SDS - blend A stable unstable unstable
SDS - liguid part of blend B stable stable stable
5DS -blend B unstable unstable unstable
SDS - paraffin (40% solid paraffin) stable stable" slightly

unstable

Na-caseinate - blend A stable stable stable
Na-caseinate - blend B stable stable stable
Skimmilk - milk fat stable stable stable”
Skimmilk - milk fat - lecithin stable unstable unstable?
Natural cream stable unstabla unstable?

" 7, of 20, 25 and 30°C had the same result 2 after Melsen & Walstra [12] .

cases where the emulsion became unstable an oil layer appeared an top after heating the

emulsion to 45°C. The o, sometimes changed and sometimes remainad the same.

Emulsions were considered stable if the droplet size and the fat content remained unaltered.

It can be seen fram table 2-2 that emulsions remain stable if the globules have no crystals
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{by using the liquid fraction of the particular blend). [t seems that the presence of fat
crystals is essential in the aggregation process. On the other hand phospholipids do not
seem to be essential although the results with recombined cream make clear that addition
of lecithin can enhance the rebodying effect.

The behaviour of the emulsions after a temperature cycle is in accordance with the
behaviour of the O/W emulsions in Couette flow, paraffin excepted. Paraffin is the only ail
with a deviating crystallization behaviour. In emulsion globules only one or two big crystals
(N2-1ype} are detected micrascopically, whereas normally many small crystals {N1-type) are
observed. Since crystals are essential in the rebodying process and the number of crystals
in paraffin oil globules is very small this may be the reason that paraffin is an exception. The
instability in Couette flow, too is lass than in all other emulsions containing crystals.

The stability of the emulsions in which caseinate or skimmilk is the only surface active
material may be due to the film between approaching globules remaining thicker than the
length over which crystals protrude into the aqueous phase, implying that the crystals
cannot reach an approaching droplet. In the flow field the distance between globules may
become slightly less [1], but the film presumably remains toe thick for partial coalescence

1o peeur,

3.3 Characterization of the type of aggregation as a result of tempering.

Hening & Dahiberg [7] only noticed a tempering effect if the emulsion contained about 25%
dispersed phase or more and this was confirmed in our experiments (see Sec. 3.1). The
average free distance betwesn fat globules, assuming no colloidal interactions and purely
spherical globules, is very small at these high cancentrations [20]. Van Boekel [1] also found
that above about 25% dispersed fat the aggregation rate (due to partial coalescence} of O/W
emulsions in Couette flow steaply increased, presumably due to the close packing of the
globules.

It remains to be answered whether the aggregation caused by tempering is due to

flocculation or to partial coalescence. The latter seems more realistic. After all, globules
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Table 2-3, Stability of temperature-treated emulsions and untreated ones before and after application of Coustte

flow {30 min, 100 &'}, as derived from d,, and fat content.

before Coustte flow after Couette flow
Temperature treatment SDS-blend A Natural cream SDS-blend A Natural
cream
5-_2_(;55(: d, 2.07 3.39 2.31 4,22
' 9% fat 20.0 19.0 19.4 18.4
5-35-5-20°C . 4, 2.10 3.42 4.05 6.23
% fat 20.0 19.0 15.2 10.2

without z_:.'rys't;m& rpmam stable even in emulsions with over 30% dispersed phase.
Furthermore, most emulsions that partially coalesce in Couette flow are also unstable after
tempering; and emulsions that are stable in the applied flow field, remain stable after the
temperature cycle as well. If partial coalescence is the aggregation type, emulsions with
20% dispersed phase or less should become more unstable in a flow field if a temperature
cycle is applied to them beforehand. In the experimant reported in table 2-3, an SDS-blend
A emulsion and unhomogenized natural cream were stored for one night at 5°C and then
split into equal parts, one part being tempaered while the other was kept at 5°C. After that,
bath parts wers warmed to 20°C and Couette flow was applied. After each treatment the
emulsion was characterized as described in section 2.4. The change in d,, and fat content
are measures for the proceeding of the aggregation {see e.g. Melsen [11]}. Table 2-3 shows

that both 20% emulsions remain largely unaltered after tempering. If, after that, a flow field
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was applied, both emulsions became unstable, but the tempered emulsions were markedly
less stable. Similar results were obtained with 10% emulsions (results not shown), It may
thus be concluded that the temperature cycle has a detrimental effect on the stability of the
il globules in dilute emulsions.

As shown in table 2-4, dilution of the aggregated emuisions with deflocculating agents like
0.4% SDS or solution A did not cause any disaggragation. Dilution with high concentrations
of SDS (over 1%) resulted in disaggregation, but this is known to change the watting

properties {we intend to report on this subject in more detail in a subsequent paper ). The

Table 2-4. Influence of diffarent diluents on the charactaristics of natural cream and 0.4% SDS-blend A emulsion,

diluting agent natural cream SDS - blend A

d, [pm]  fat [%] d,, pum] fat [%]

before ternpering

salution A" 3.49 30.0 K-S 28.0

after tempering

H,0 5.88 12.1 2.82 8.7
salution A" 6.02 1.5 2.80 8.5
0.4% SDS 6.04 11.9 2,83 8.7
1.0% SDS 3.61 29.7 3.79 26.9

1) 0.375% disodium sthylenediamine tetraacetate and 0.125% polyoxyethylene sorbitan monolaurate in water,

pH 10)
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crystals then are better wetted by the aqueous phase than by the cil phase and they can
migrate to the continuous phase; this is sometimes called the Lanza process {9].
Disaggregation was only observed if the dilution occurred immediately after collection of the
sample from the Couette apparatus. The cause presumably is that the crystal that pierced
the film between twa aggregated globules, is removed from the aggregate. As a
consequence, the bridge that kept the globules together has disappearad and the globules

separate; these aspects is dealt with in chapter 3.

3.4 Effect of tempering on the fat crystals in the oil glabules of O/W emulsions.

The 'rebodying’ effact thus implies that emulsions can partially coalesce in the absence of
a velocity gradient. in the temperature treatment causing this, three stages can be
distinguished:

- Cooling of the (freshly made) emulsion to 5°C

- Tempering, i.e. warming, keeping, cooling

- Aging at 5°C

These three stages will be discussed below.

3.4.1 Cooling of the emulsion (stage 1).

Above 40°C, ail globules are fully liquid. Figure 2-4 schematically illustrates crystallization
curves of fat blend A and O/W emulsions of different average droplet sizes after cooling and
keeping them at various temperatures for 24 hours. Fram this figure it can be seen that an
emulsion needs supercoaling for crystallization to occur, the more so for smaller globules
[14]. If the globules are not too small, crystallization in all globules will have occurred at
5°C, Furthermore it was observed that the crystallization rate is high in all cases {at least
80% of the solid fat that is present after 24 h had crystallized within 1 h). After reaching
sufficient supercooling many nuclei are formed, independent of the cooling rate. The

resulting many small crystals soon flocculate to form a fat crystal network (14, 21].
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N
W 3 N
R

T[°Cl
Figure 2-4, Solid fat content as & function of temparature for 0.4% SDS-blend A smulsions of different d__ {0, a)
and for blend A in butk 12},

o) d,, = 2.36 ym Al d, = 0.81m

3.4.2 Temperature cycle [stage 2).

3.4.2.1 Effect of the cooling and warming rate and of the time interval at T,

So far the cooling and warming rate were 1 K min”, as Sommer {15] applied to cream, To
find out whether this is also a good choice for other emulsions, several cooling and warming
rates and interval times at 7, were tried for SDS - bfend A and recombined cream with
lecithin. The resuits are represented in table 2-5. Each time only ane of the three stages was
changed. The last column in table 2-5 gives the results for both emulsions, since no
differences in change in consistency were observed. It appears that the rate at which the
emulsion is heated to T, is irrelevant.

The values taken so far for the other variables seem to give about optimum results. If the
time interval at 7, was shorter or the cooling rate faster, the resulting thickening was less.
Consequently, all further experiments were carried out in the same way: warming - and

cooling rates of 1 K min™ and a 30 min time interval at T,
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Tabla 2-5. Influence of the warming/cooling rate and the interval time at 35°C on thickening of recombined cream

with lecithin and of 0.4% SDS-blend A. d,, = 2 ym

Heating time Holding time Cooling rate
5 -» 35°C at 36°C 35-> b°C thickening
0.5 K min™ 30 1 K min"! strong
1.5 K min” 30 1 K min™ strong
3 K min? 30 1 K min” strong
1 K min™ o 1 K min™! little
1 K min’! 15° 1 K min™' moderate
1 K min™ 30 t K min strong
1 K min™ 60’ 1 K min™ strong
1 K min? 30" 0.5 K min”’ strong
1 K min™ o 1 K min”’ strong
1 K min™ iy 1.8 K min™ strong
1 K min™ 30 6 K min™ no

3.4.2.2 Solid fat content of the emulsions during tempering

Several temperature cycles,

in which T,

max

was varied, were applied to recombined cream

and emulsions with SDS and blend A. The solid fat content during these cycles was

followed using the pulsed-NMR method. In figure 2-5 the relationship between 7, and the

solid fat content is represented. If, at 7., only a little solid fat was left thickening of the
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Figure 2-5. Relationship between T,,,, and the solid fat content (% of total far). Between about 1.5 and 8% sold

fat st T,,,, the emulsion showed increased thickening efter temgering.

emulsion accurred upon cooling.

Since it is now clear that only littie solid fat {between 1.5 and 8%) should remain at 7, for
destabilization to oceur, the effect of adding a little of a non-melting fat was studied.
Therefore emulsions were made with 0.4% SDS as the water phase and paraffin, blend A
or blend B as the oil phase, with or without 2% tristearin (S5%), added to the oil phasa,
before emulsification. Microscopically it was observed that in the case of blend A or paraffin
in combination with SSS, the emulsion globules were of the L or M-type, whereas in the
presence of blend B with SSS globules remained N2-type. Without SSS5 the emuision
globules were of the N-type, without any exception and irrespective of the cooling rate
used. Only if the emulsion was poured out in ice water immediately after emulsification, the
crystallization habit of the giobules did not depend on the presence of SSS. Presumably, the
crystallization of the other fat was not influenced by the presence of tristearin in this case.
Another effect from the addition of minor amounts of tristearin was that the emulsions
became much more stable against partial coalescence: see table 2-6. It seems as if the
coverage of the interface of the droplet by $SS makes the droplet behave as if it is
complately solidified, a rigid sphare; this is in agreement with earlier findings of Van Boakel

[11, who observed that if the major part of the oil had crystallized, the emulsion became
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Table 2-6. The influence 2% SSS on the stability of several 35% Q/W emulsions. The

aqueous phase was 0.4% SDS in ali cases. The paraffin solid to liquid ratio was 20/80.

Dispersed phase 5eC 5-35-5°C Couette flow; 30 min.
100 s; 20°C

Paraffin stable stable unstable

Paraffin + 29% $SS stable stahle stable

Blend A stable unstable very unstable

Blend A + 2% SSS stable stable stable

Bland B unstable unstable no experiment possible

Bland B + 2% 585 stable unstable unstable

more stable against partial coalescence {in Couette flow)} again.

3.4.3 Aging {stage 3}

During aging at 5°C {after tempering} the emulsions become thicker. Under the microscope
{using polarized light microscopy) aggregates of N-type globules were noticed. Only in the
case of blend A as the oil phase, some bright layers were observed, It is remarkable that in
spite of the aggregation hardly any changes were observed in the crystallization habit of the
emulsion globules. On the other hand, the crystals are very small so that small changes may
be hard to detact. Therefore it was tried to accentuate the effact by tempering the
emulsions as described before, followed by saveral cycles with a maximum temperature that
was 10 K beflow the original 7,,,. In this way many crystals are presumably remeltied, so

that reorientation of the crystals may be enhanced. The results are represented in table 2-7.
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Table 2-7, The influence of repeated tempering (5-35-5-[25-6]) on the stability of several 35% O/W emulsions.

During the first temperature eycle in=M 7_, was 35°C; during all other cycles (n2 1} 7, was 25°C,

Recombined cream 0.4% SDS-blend A 0.4% SDS-blend B

with lacithin with 2% S§S
Before 1% cycle no L/M-type some L/M-type no L/M-type
n=0 no L/M-type some L/M-type no L/M-type
n=1 some L/IM-type many L/M-type noL/M-type
n=2 many L/M-type very many L/M-type noL/M-type
n=3 very many L/M-type very many L/M-type no L/M-type
n=4 very many L/M-type very many L/M-type no L/M-type
Aemarks: Crystai size No change in Crystal size in-
increases with n crystal size ? creases withn

Microscopically it was ohserved that emulsions, made with milk fat or blend A developed

more L/M type crystallized globules, whereas the crystals obviously bacame bigger as well

in recombined cream and SDS-blend B emulsions. In SDS-blend A emulsions enlargement

of the crystal size was not observed.

4 DISCUSSION

4.1 Aggregation type as a result of tempering

Fram the experiments with concentrated {(d>0.25) O/W emulsions, made of triglycerida

biends or paraffin as the dispersed phase and SDS or caseinate solutions as the aqueous

phase [see Sec. 3.1}, it has become clear that it is possibie to destabilize emulsions by
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tempering, also in the absence of phospholipids. Thase results make clear that, in general,
the stability of emulsions can markedly be affected by a temperature cycle provided that the
temperature cycle is such that at 7, only little solid fat {between 1.5 and 8%] is left; this
applies to emulsions that exhibit partial coalescence in a velocity gradient.

In dilute amulsions a temperature cycle does not rasult in spontaneous aggregation of the
globules, although they do become more sensitive to aggregation: tempered emulsions show
faster partial coalescence in Couette flow than do untempered emulsions. The aggregates
that have formed can not be separated again with the use of deflocculating agents. After
addition of a sufficiently concentrated SDS-solution{see Sec. 3.3}, on the other hand, the
crystals migrate to the water phase and this may result in the globules separating again.
Furthermore, in the absence of fat crystals no thickening occurs whatever the concentration
of dispersed phase. This makes clear that the globules are not floccuiated but clumped, i.e.
that the aggregates have at least one fat crystal linking two globules.

All experiments discussed above, are consistent with the pastulate that the aggregation
process is caused by partial coalescence. The destabilizing rofle of the phospholipids in the
dairy emulsions fits this idea. Melsen and Walstra [12] reasoned that the phospholipids will,
at least partly, displace the proteins from the interface of the fat globule. As a rasuit the
globules can now come closer an encountering each other, and protruding crystals will be
able to bridge the thinner film more easily, so that partial coalescence is enhanced. So,
contrary to the ideas af Sommer [15], the contribution of the phosphoiipids is in the
reduction of the interparticie forces between approaching globules rather than in changing
the fat distribution inside the globule.

The term rebodying is, strictly speaking, somewhat misleading at least in the case of
systems with less than 25% fat. In this case, the globules do become mare sensitive to
partial coalescence, but because of the appreciable average distance betwean glabules, no
"body" formation will occur at rest. A better designation of the process is "temgpering”,
which term accentuates that the temperature fluctuation is the driving force of the emulsion

destabilization, although the role of the crystals is not representad in this way either. The
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effact of tempering, being the altered crystallization habit of the globules {sometimes
rasulting in the body formation as a consequence of aggregation and sometimes only
resulting in an increased reactivity to partial coalescence if a flow field would be applied) ¢can
bettef be described by the "sensitivity” of the globule to aggregation.

So far, the parameter to describe the effect of tempering, has always been some kind of
consistency of the sample, because thickening of the cream was primarily considered. Now
that it is known that the cause is partial coalescence, it is clear that apparent viscosity is
not a good measure. Partial coalescence is greatly influenced by a flow field and viscosities
can not be estimated without application of a velocity gradient. Instead of apparent viscosity
it is more suitable to use changes in particle size and the fat content of the creamed

emulsion to describe the proceeding of the aggregation process {see Sec 3.1).

4.2 Influence of tempering on the crystallization habit of the globules.

During the first stage of the tempering process the emulsion is cocled ta 5°C in order to
ansure {initial) crystallization in all globules. This is an essential step in the cycle since an
emulsion that remains at temperatures above the temperature needed for crystal nucleation
is not affected by a temperature cycle.

The initial crystallization in emulsion globules depends on the size and compasition of the
fat globules but always requires pronounced supercooling . Above 5°C, nucleation is
predominantly heterogeneous, i.e. catalysed. From earlier calculations [23] it has become
clear that in many situations only one or a few catalytic impurities can have been present
in each droplet, while in fact there often are numerous crystals observed. As soon as a
crystal has been formed, other crystals presumably will form in its vicinity. This so called
secondary nucleation can occur i there is considerable supersaturation. From the emulsions
examined {see Sec. 3.2), only those with paraffin were found to have only one or two (big)
crystals inside each droplet. Apparently, appreciable secondary nucleation does nat occur
in the paraffin.

Although nucleation mainly occurs throughout the liguid {i.e. not at the droplet boundary)
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for the emulsifiers applied (14, 21], the fat crystals may want to go to the boundary, since
this may lead to the lowest thermal interfacial free energy. The energy state, in turn,
depends on the wetting properties of the three phase system crystal-oil-water, as expressed

by Young's equation:

0,-0,, = 0,,c0s8 (

o denotes the interfacial tensions between the crystal {c}, the oil{o) and the water{w) phase,
whereas 0 represents the angle that the surface of the ¢rystal makes with the OW-interface,
as measured in the water phase. From eguation {1} it follows that in practical systems,
where the condition 90 < @ < 180° is fulfilled the interfacial free energy of the system is
lowest when the crystals are situated in the OW-interface, preferantially wetted by the liquid
fat. The energy gain, as compared with the state of camplete wetting of the crystals by the
oil, is larger for smaller 8. On the other hand crystals in oil globules, if large enough, are
considered to be flocculated in a kind of network [16, 21], because of van der Waals
attraction. The crystal network is embedded in the liquid fat; only crystals that become

detached from this network have the opportunity to reach the OW-interface [10]. This is

el

Tmax

time [h]

Figure 2-6. The influence of tempering of an O/W emulsion on number, size and orientation of ¢rystals ingide an

oil droplet.
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confirmed, microscopically, since most emulsions have N-type crystallized globules upon
initial crystallization (figure 2-6,1). Upon warming to 7, solid fat will melt. As a result
crystals can totally disappear or they can become smaller, because only part of the fat
crystals melt. There may be a relation between thase two ways of melting and the crystal
modification. In addition, polymorphic transition from a to B’ or from B’ 1o & may take place
with increasing temperature. Anyway, far fewer crystals will be left.

From the NMR measurements (sea Sec. 3.4.2.2) it has become clear that marked thickening
of the samples only occurs if at 7,,, only little solid fat has remained (figure 2-6,11). This
situation is achieved almost immediately after 7, is reached in the case the warming rate
was 1 K/min. Somg further melting of crystals may occur during the period that the
emulsion is kept at 7,,,,, if the warming rate of the emulsion was faster than the melting rate
of the fat crystals.

The crystals that are left are no longer kept in a cantinuous natwork so that they can move
around freely. If we consider the crystals to be spherical {with radius r.), than the average
time t that a crystal needs to diffuse from the centre of an oil droplet {with radius r,} to the
OW-interface, can be deduced according to Einstein [6]:

¢ = Bragrrd 2
kT

in which 5, is the viscosity of tha liquid oil. From this expression, it appears that a spherical
fat crystal (r, = 0.1 gm) in an emulsion droplet {r, = 1 pm, 7, = 0.04 Pa.s} at 35 °C can
reach the OW-intarface within 20 seconds. Most crystals will deviate from spherical and are
smaller than 0.1 ugm, but it seems reasonable to assume that the crystals will meet the
interfacial region at least a few times per minute.

Nevertheless, it becomes clear from variations in the time emulsions were kept at 7, (see
Sec. 3.4.2.1.) that it takes some 15 minutes before crystals have had the chance to settle
at the QW boundary (figure 2-6,lll}. We may conceive of some kind of energy barrier near
the OW-boundary which hinders the crystals fram reaching the interface. The differences

in occupation of surfactant at the OW- and OC- interfaces will lead to interactive forces,
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such as steric hindrance and electrostatic effects. From the above it can be deduced that
approximately in one of 10° meetings of tha crystal with the interfacial region the crystal
has enough energy to overcome the boundary activation energy. The Gibbs activation
energy G, of those crystals that settle in the OW-interface can be estimated with the

Boltzmann equation:

{3)

-z—: expi_TC;-;-‘)
where N, /N, represents the ratio between the number of times a crystal permanently settles
at the interface after meeting the interfacial region and the number of times the crystal goes
back to the bulk oil inside the droplet. With a ratio of A/, of 1/10° G, would be about 7
kT. In other words the thermal energy of a crystal must be 7 times its average to be abla
to reach the interface.

Cooling of the emulsion results again in crystallization. Since there are crystals in all globules
no appreciable supercooling occurs, unless the cooling is very fast. As a result the
supersaturation of the oil is less, hence secondary nucleation is less. As a consequence the
number of crystals does not [greatly) increase, but the crystal size increases. The crystal
shape may be influenced as well. As described above, pelymorphic transitions may have
accurred and it is not unlikely that this results in changes of the crystal shape. Wheather such
changes in crystai shape occur and whether they would favour partial coalescence or not,
we could not find out.

Apart from the change in crystal size and possibly shape, the orientation of the crystals is
altered. The remaining crystals serve as nuclei and as some of them are situated at the
interface, the amount of crystals at the boundary layer increases. Consequently, more
crystals may protrude from the interface and, in addition, may protrude further because they
are bigger {figure 2-6,IV). Both phenomena must enhance partial coalescence. These
observations are confirmed by microscopic studies of creams undergoing repeated cycling
{see Sec. 3.4.3) which made clear that crystals become bigger and more situated at the

interface.
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5 CONCLUSIONS

Tempering of o/w emuisions, in the dairy literature described as the rebodying process, may
induce partial coalescence in emuisions at rest. Essential is that the temperature treatment
causes significant changes in the state of crystallization of the fat, without fully melting it.
The reputsion between globules remains critical as well: if the distance between approaching
globules remains larger than the reach of the protruding crystal, fat crystals cannot bridge
the gap between globules. Thickening of an emulsion after tempering is not limited to dairy
cream but can occur in other emulsions too, if the emulsion is sensitive to partial
coalescence and if at 7, only little solid fat is left in the emulsion.

After tempering the crystals have become bigger and more of them are present at the o/w
boundary. This way of tempering is the only temperature treatment known so far that
changes tha crystal size and position without changing any further system proparties. From
the results described in this paper, it appears that bigger crystals make emulsion globules
more sensitive to partial coalescence and that orientation of the fat crystals at the o/w
boundary enhances partial coalescence too.

The term rebodving has intentionally been changed into tempering effect because of the
influence the temperature history has an emuisions, even in cases where no body is formed.
It was further concluded that the extent of the process cannot meaningfully be characterized
by apparent viscosity, since tempering causes the emulsion to become very sensitive to a

velacity gradient. Instead, the changes in particie size can be used as a characteristic.
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PARTIAL COALESCENCE IN O/W EMULSIONS :

. NATURE OF THE AGGREGATION.

ABSTRACT

The mechanism causing aggregation in triglyceride oil in water emulsions in which the
droplets contain fat crystals is investigated. As a surfactant either SDS or a protein was
used. The crystals must be situated at the O/W interface to cause partial coalescence; if the
fat crystals are totally wetted by the cil phase or the agueous phase they do not affect
emulsion stability. Although a suitable contact angle {crystal, cil, aqueous phase} appears
necessary for emulsion instability, it is obviously not sufficient. Additional conditions are a
close enough approach of the globules, so that the protruding crystals can bridge the
aqueous film between them, and the presence of sufficient solid fat. Crystals may have an
approximately radial orientation at the O/W interface if they are kept in a continuous fat
network. If, furthermore, the contact angie (as measured in the aqueous phase) is below
90° then the coalescence efficiency (a) is high [mostly ¢ > > 10} If crystals can move
around freely they can obtain a tangential arientation at the interface irrespective of the
contact angle. Globules then are not very sensitive to partial coalescence {o < 10%). Even
if partial coalescence has already occurred, it can in some cases be nullified by changing the
wetting properties so that the fat crystals become separated from the interfacial region. This
reversibility anly holds if carried out within a few hours after aggregation. After that the

partially coalesced emulsion droplets are irreversibly merged into ane bigger clump.

Boode K. and Walstra P.; to be published in Colloids and Surfaces.
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PARTIAL COALESCENCE IN G/W EMULSIONS :

I. NATURE OF THE AGGREGATION.

1 INTRODUCTION

In the absence of fat crystals most oil-in-water emulsions are fairly stable to coalescence
at rest and in a flow field, if the oil droplets are not more than a few microns in diameter [4].
In many emulsions of practical interest part of the oil may crystallize at a certain
temperature. Strictly speaking, these emulsions have changed into three-phase systems,
but as they originate from true emulsions in which crystals arise we still call them emulsions.
The presence of crystals in the fat globules of an O/W emulsion can tremendously enhance
the instability of the emulsion [2,8,13,17,19,24]. This destabilizing effect is similar to that
of hydrophobic material in aqueous foams [10]. The presence of a crystal structure can
prevent compiete coalescence of il globules, if the solid network is strong enough to resist
the capillary forces involved. Instead of the energetically favoured spherical shape, clumps
are farmed of irregular size and shape [19]. Therefore, the process is called partial
coalescence.

At rest, partial coalescence could anly be observed so far if fat content was extremely high,
like in a cream layer, or if a specific temperature treatment was applied, like in the rebodying
process {see also chapter 1}). The presence of velocity gradients in the emulsion greatly
enhances partial coalescence. In general, turbulence is more effective than flow with Taylor
vortices and that, in turn, is more effective than laminar flow to cause partial coalescence.

Van Boekel & Walstra [4] hypothesised that coalescence may be caused by fat crystals at
the surface of the oil globule {figure 3-1). When two globules approach each other, a thin
aqueous film usually remains between them due to repulsion forces. The stronger the
repulsion, the thicker the aqueous film. Crystals in the interface stick somewhat out of the

globule, the distance depending on crystal size and shape and on the wetting properties {i.e.
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Figure 3-1. Schematic drawing of the hypathetical coalescence mechanism caused by a crystal.

the contact angle). On approach of a second globule, such a crystal may pierce the thin film
between globules, if protruding far enough. If the globules orbit around each other, as
frequently occurs in a shearing flow, the probability that a protruding crystal breaches the
film between two globules is greatly enhanced. As soon as the crystal touches the oil phase
of the other globule, coalescence is inevitable because the crystal is better wetted by oil
than by water.

Van Boekel & Walstra {4] and Darling [8] tried to correlate contact angles and emulsion
stability by examining systems with different surfactants. These variations in composition
may, however, also influence the sensitivity to partial coalescance in other ways than by
affecting the contact angle. Several authors have reported the {partial} displacement of one
surfactant by another. Glycerol mono-oleate, e.g., displaces PVA 16-88 to some extent [20]
and proteins can be removed by SDS [9,21]. Water soluble surfactants can thus influence
colloidal interaction forces and theraby the distance over which the globules can approach
each other. Oil soluble surfactants can, moreover, affect the fat crystallization and possibly
decrease the tendency of crystals to flocculate {16]. In the present work it was tried to

circumvent such complications.
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Figure 3-2. Habit of emulsian glabules, containing fat crystals, as observed by polarized light microscopy. Mainly

after Walstra [26].

Another factor that may influence partial coalescence is the orientation of crystals in the fat
globules. Walstra [26) already reported the existence of four different types of crystallization
in droplets (figure 3-2}. Van Boekel & Walstra (4} suggested that partial coalescence only
occurred if L/M-type globules were present. They observed microscopically that emulsions
that were sensitive to partial coalescence nearly always had crystals tangentially oriented
at the interface. Although the contact angle was always in favour of this, they observed
that in a few emuisions the crystals did, nevertheless, not reach the interface, and these
emuisions were stable. Following Lucassen-Reynders [16], they suggested that flocculation
of the crystals into a network may have prevented their adsorption onto the interface. Only
emulsions stabilized with caseinate showed no tangentially oriented crystals and yet partial
coalescence occurred. Melsen [17] showed later that whey protein-milk fat emulsions also
exhibited such behaviour. Consequently, the mechanism of partial coalescence may also be
{partly} different from that proposed by van Boeket & Walstra [4]. To this we may add that

some of our emulsions were much more sensitive to partial coalescence then those of van
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Boekel and Walstra.

The aim of this work was to establish in more detail the factors governing partial
coalescence. The invoivernent of the fat crystals and the role of the contact angle in partial
coalescence are accentuated. The formation of a fat crystai netwark in emulsion glabules
was examined by microscopical observation of the behaviour of emulsion globules that are
sucked onto the tip of a glass capillary. Special use is made of migration of fat crystals from
the ail to the water phase due to changed wetting properties. Factors affecting the film
thickness, i.e. the distance between approaching globules, are also considered, since

substances that changa the wetting properties may also affect film thickness.

2 MATERIALS AND METHODS

2.1 Materials

Triglyceride blends were stored at 4°C in tins. The fat was fully melted before opening the
tin for use. Blend A{96.9% tri-, 3.0% di-, 0.1% monogiycerides) had solid fat fractions of
0.45 and 0.20 at 5 and 20°C, respectively. The final melting point was 38°C.

Blend B{96.7% tri-, 3.2% di-, 0.1% monoglyceridas) had solid fat fractions of 0.95 and
0.84 at 5 and 20°C, respectively. The final melting point was 38°C.

Sodium dodecylsulphate {SES) {also called sodium laurylsulphate} was obtained from BDH,
England. Its grade was specially pure. The critical micelie concentration {CMC) in water is
8 mmol/l at 20°C and 1.5 mmolA in 0.1 mol/l NaCl [8].

Cream was obtained by centrifuging fresh cows’ milk at 40°C to the desired fat content.
To inactivate lipase it was heated for 15 min at 70°C.

Anhydrous milk fat (> 99.8% pure fat, < 0.1% water) was stored at 7°C in sealed tins.
The fat was fully meited before usage.

Skim milk was obtained by centrifuging fresh cows’ milk at 40°C to a fat content of 0.07%.
To inactivate lipase it was heated at least for 10 min at 64°C.

Sodium caseinate {1%) was prepared from fresh skim milk by repeated precipitation with

hydrochloric acid and redispersion in water {pH7.6}. Afterwards it was spray-dried.
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R-lactogiobulin {1%) M.W. 18,300, Serva Feinbiochimica, Heidelberg, F.R.G.

2.2 Wetting propertias

Contact angles were determined by the method described by Campbell [5l. AN
measurements were made with fat solidified against air. The liquid oil phase always was a
liquid fraction separated from the fat blend at 5°C. Contact angles were estimated of oil
droplets formed at the fat surface-water interface {8,) and of water draplets formed at the
fat surface-ail interface (8,). Since results appeared identical we have chosen to use the
contact angles as measured in the agueous phase {6,} only.

interfacial tensians were measured by means of the Wilhelmy plate method.

2.3 Penetration of aqueous phase into fat blends

This method is an adaptation of the methad as develaped by Arcuri et al. {1]. Small amounts
{30 mg} of a partially crystalline fat were deposited on a glass plate. A second glass plate
was placad an tha first one, and clamped on it at a distance of about 0.1 mm. With this
procedure the crystal dispersion takes the form of a circular spot. Then the glass plates were
immersed into the aqueous phase and the gap between the plates was instantaneously filled
up with water. The region in which the aqueous phase has enterad the crystal dispersion
appears white, because of the large difference between the refractive index of fat crystals
and water. On the other hand, the difference of refractive index between crystals and oil is

so small that the regions where the oil is still present, appears transparent.

2.4 Emulsification

The emulsions were made by mixing the fat blend (varying from 5 to 30%) and agueous
solution at 60°C in the inlet vessel of a Rannie laboratory homogenizer {capacity 100 I/h),
while stirring. The mixture was then homogenized at 4 bar by allowing it to recirculate
through the homogenizer for 20 minutes, cautiously avoiding any uptake of air, In this way,

fairly narrow globule size distributions were obtained, the surface-weighted relative standard



44 NATURE OF THE AGGREGATION
deviation ¢, being between 0.2 and 0.6, and the shape of the surface-weighted distribution
being near symmetrical; the volume-surface average droplet diameter, d,,, was about 2 ym.

The emulsions were free of aggregated globules, as was checked by microscopy.

2.5 Pretreatment ot the emulsions

To ensure fat crystallization in all globules, emulsions, except those used for stability
experiments at rest, were stored at least overnight at 4°C. To avoid creaming and thus
partial coalescence, the emulsions were stored in 200 ml cylinders that were slowly rotated,
end over end. The cylinders were carefully filled to exclude air. The globule size distribution
was regularly examined before and after storage, and was not found to change. Stability

experiments at rest were carried out with freshly made emulsions.

2.6 Characterization of the emulsions

Total fat content was determined by a pulse NMR method as reported by van Boekel [3].
Only the repistration of the signal was sfightly improved, Instead of measuring the signal
only at two distinct times after the 909 pulse, the signal decay over an interval of 100 ysec
was collected. The best horizontal straight line was fitted through the signal pattern from
30 to 100 psec after the pulse and this line was taken as representative for the signal of the
'liquid” hydrogen nuclei at the measuring temperature. In this way the accuracy was
increased (scattering of the signals measured were about 0.1%). These signals were
compared to calibration curves made of the NMR signals of mixtures of SDS solution and
fat blend as a function of the fat content.

The solid fat content of the bulk fat and the emulsions was also estimated by pulse NMR.
Far this purpase the indirect method, as described by van Boekel, was used, with the same
modifications as described above for the determination of the total fat content, resulting
again in scattering of the measured signals of about 0.1%.

Triolein (Fluka AG) was used in all cases as a reference oil.

Thae globule size distribution was determined by spectroturbidimetry [27] after heating the
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samples for 30 minutes at 45°C to change possible aggregates into spherical globuies.

2.7 Couette flow

O/W emulsions were subjected to Couette flow, i.e. flow between two concentric cylinders
of which the outer one ratated and the inner one {diameter 60 mm) was fixed (gap width
= B mm). The rate of rotation was about 100 s, 50 that laminar flow developed [4]. After
30 minutes the apparatus was emptied and the emulsions were diluted with a solution of
disodium ethylene diaminc tetraacetate (EDTA) and polyoxyethylene sorbitan monolaurate
in water, and heated to turn any clumps into globules. Any big aggregates (diameter > 10
H#mi caused the separation of an oil layer on top of the emuision. After ramoval of the oil

layer the remaining emulsion was characterized as described in Sec. 2.6.

2.8 Microscopy

Polarized light microscopy was used to observe the appearance of fat crystals in the oil
globules. In analogy to milk fat globules [26] several crystaliization habits were distinguishad
{figure 3-2). Two main types were observed. In the N type "needlas”™ are seen, although in
fact, most crystals are elongated platelets. In the M-type a combinatian of tangentially

oriented crystals near the droplet boundary and randomly distributed "needles” are observed.

2.9 Capillary method

This method has its origins in studies of the surface properties of biological cells [18]; since
then it has been devetoped and used on several systems. It was used by Horwitz et al. [12]
and Phipps & Temple [22] to study milk fat globules. The technique is based on
microscopical observation of the behaviour of globules if sucked onto the tip of a glass
micropipette {a schematic representation of the apparatus is given in figure 3-3). Glass
capillaries {Clark Electromedical Instruments, type GC 1B0-15) were cleaned and pulled
(Narashige Scientific Instrument. Lab., Tokyo, Japan; type PN-3), routinely vielding tip

diameters of 0.4 - 1.0 um. The capillary was held in a micromanipulator, its tip being
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Figura 3-3. General overviaw of the equipment for the capillary method; ses text.

immersed in the diluted emulsion on a microscope slide which was viewed under a light
microscope with magnifications of x1000 to x1200. The other end of the pipette was
connected to a bottle of compressed air. A mercury drop was brought into the capillary and
by raising the pressure it was brought to the tip. Depending on the tip diameter an
overprassure of 1 to 6 bar was needed. The tip was then placed in the vicinity of a globule
and by reducing the overpressure the globule was sucked anto it. The deformation and

further behaviour of the globules was cbserved.

3 RESULTS

3.1 Wetting properties

When a dispersion of fat crystals in oil is brought into contact with an aqueaus solution ot
a surfactant, one can observe that, in soma cases, the crystals separate from the oil. The
industrial application of this technique of separation is known under the name of "Lanza
process” after a patent by Lanza {14], who first reported the use of surfactant aqueous
solutions to separate solid stearic acid from liquid oleic acid. From contact angle
measurements on SDS - triglyceride blend A it appeared that SDS can induce this Lanza

behaviour, if present in sufficiently high concentrations (figure 3-41. The following
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Figure 3-4. Adhesion tension o, c0s8) versus intetrfacial tension (a,,) for solid triglycetride bland A at SDS - liquid

triglyceride blend A interface. The SDS concentrations {mM) ere indicated near the corresponding measurad points.

relationship between o, and 8, was found ( for 0.05 mM < [SDS] < 28 mM ) :

0,058, = -1.26 + o,, + 4.22 {r2 = 0.989} (1

The slope of —1.26 is somewhat unusual. Nobody has ever reported a sfope below —1
sofar [15]. We, however, did find it, although it must be atmitted that the slope may in
reality be claser to — 1, because of the limited accuracy of the measurements.

Wetting reversal, defined as taking place when the contact angle reaches the value of 90°,
occurs at ¢ = 3.4 mNm’, i.e. at ¢ = 8 mM (=c.m.c.}, according to these results. Up to
SDS concentrations of about 28 mM fat crystals will be in the oil-water interface, whereas
above this ¢concentration they will be in the aguecus phase. This wetting behaviour of SDS -
triglycerides was confirmed for bulk systems by the use of the penetration method as
dascribed in section 2.3. Figure 3-5 (e.g.} shows that about half an hour after addition of
a "Lanza inducing” SDS solution many small ¢il droplets wers ejected from the bulk and fat
crystals became wetted by water. One day later the liquid oil phase had totally been
dispersed into small droplets with the fat crystals dispersed in the aqueous phase, Crystal

migration in SDS - blend A emulsion was followed microscopically. At SDS concentrations






