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Abstract

Van Boekel, M.A.J.S. (1980) Influence of fat crystals in the o¢il phase on stability of
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(XI1) + 94 p., 36 figs, 16 tables, 125 refs. Eng. and Dutch summaries.

Also: Doctoral thesis Wageningen.

Coalescence at rest and during flow was studied in emulsions of paraffin oil in water
with several surfactants and with crystals of solid paraffin or tristearate in the oil
phase. Solid fat in the oil phase was estimated by pulsed nuclear magnetic resonance.
Without erystals, oil-in-water emulsions were mostly stable and flow hardly influenced
coalescence, even of unstable emulsions. Emulsions with crystals in the dispersed oil
phase were less stable if erystals appeared at the interface. The contact angle indicated
that crystals could be oriented in the interface; if so, instability was promoted by
creaming, Couette flow, turbulence or flow with Taylor vortices. Coalescence in such
systems could be caused by crystals sticking through the interface and piercing the film
between the globule and a second approaching globule., The effect of variables such as
type of surfactant, type of crystal, amount of crystalline fat, globule size, volume
fraction of fat and iomic strenghth fitted this view. Natural cream with part of the

globular fat crystallised behaved to some degree like the model systems but there were
deviations.
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activity
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constant defined in Equation 34 ’
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relative standard deviation of the surface weighed
distribution

function defined in Equation 54
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distance between the surfaces of two equal sized
spheres: h = r - 2b ‘
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static magnetic field

pulse of radio frequency

capture frequency per particle; according to
Smoluchowski

capture frequencies defined in Equations 67 and 68
Boltzmann's constant (1.38 x 10'23)

coalescence rate; estimated by spectroturbidimetry
at one wavelength; by Coulter Counter; by spectro-
turbidimetry

thickness of a layer, Equation 9
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1 Introduc:tion

1.1 GENERAL INTRCDUCTION

An emuision is a dispersion of cne liquid in another, the two being immiscible.
Emulsions are used, for example, in foods, pharmaceutics, cosmetics and insecticides.

In some uses, an emulsion must remain stable (e.g. during processing and storage of
milk), in others instability is required (e.g. when making butter from cream). Research
mainly deals with emulsification and stability (creaming, flocculation, coalescence).

Mostly, stability is studied in a quietly standing emulsion, in which only Brownian
motion of the droplets would occur, but sometimes a flow field is applied {'mechanical
stability'). Most studies are made on model systems and are of a fundamental nature and
the results may then be difficult to apply to practical systems, which are much more
complicated. On the other hand, many studies of practical interest are difficult to
rationalise with a theoretical model. Consequently there is a gap between fundamental
research and its practical application. .

In practice, the oil phase may crystallise at a certain temperature. There is hardly
any literature describing this effect and its consequences on the stability of the emui-
sion. Information as to the effect of crystals on stability of emulsions is effectively
limited to the stabilisation by solid particles (Pickering stabilisation). Lucassen-
~Reynders (1962) studies stabilisation of water-in-oil emilsions by trisearate crystals
as a medel system for margarine. Some of the features she observed may also apply to
oil-in-water emulsions with crystals in the oil phase, but on the whole conditions were
far different. Skoda & Van den Tempel {1963} used oil-in-water emulsions with trigly-
cerides in the oil phase to study crystallisation kinetics of triglycerides. These emul-
sions were cbserved to be rather umstable. Walstra & Van Beresteyn (1975) studied the
crystallisation of milk fat in the emlsified state {oil-in-water emulsions) but again
the interest was in kinetics of crystallisation. El-Difrawi & Ismail (1979) studied the
stability, thermal dilatation and solidification properties of emilsions of partially
hydrogenated cottonseed oil in skim milk. H&wever, they did not properly measure the
stability of the emulsion, nor did they pay-any attention to the possible effect of
crystallisation on stability. '

Sideman et al. (1972) studied coalescence of droplets containing NaZSO4.10H20
crystals in saturated Na,30, mother liquor, dispersed in kerosene or perchloroethylene.
Experiments were made in agitated vessels and it appesred that druplets with crystals
coalesced easier than droplets without crystals. These droplets were, however, several
orders of magnitude larger than those nommally observed in emulsions: droplets with
crystals were 1-3 mm and droplets without crystals 0.1-0.3 mm.

Fulkushima et al. (1976, 1977) observed that emlsions of cetyl alcohol in water



(stabilised by a polyoxyethylene surfactant] were umstable if the alcohol crystallised in
a certain polymorphic form. A similar effect was found by Barry (1968), when adding
cetyl alcohol to paraffin oil-in-water emulsions stabilised by sodium dodecylsulphate.
Slight instability was accompanied by crystallisation of the alcohol.

Churning of cream to produce butter is impossible without crystals in the oil phase
or when the fat is completely solidified (Mulder & Walstra, 1974)}. According to Berger &
White (1971}, fat crystals are necessary for clumping of fat globules {'churned fat') in
ice-cream.

Addition of certain solids could enhance coalescence in emulsions (Mizrahi & Barnea,
1970). For example, Labuschagne (1963) noticed that addition of solid particles to cream
could impair stability when cream was chumed in the absence of air. The latter phenc-
mena, however, are caused by addition of solids to emulsions, whereas this investigation
is concerned with the possible effect of crystals on stability, the solid phase being a
part of the emulsion droplet itself.

It appears from this superficial survey that crystals can influence the stability to
coalescence, but it remains uncertain how and under what circumstances the effect can be
explained. The aim of this study was to investigate the effect of fat crystals in the
0il phase on stability of oil-in-water emulsions. Strictly speaking, these systems are
not true emulsions but three-phase systems. Since, however, the fat crystals appear at a
certain temperature in what originally are real emulsions, it is acceptable to refer to
these systems as oil-in-water emulsions. The use of the terms 'oil' and 'fat' may be
somewhat confusing because in the literature ‘oil! is sometimes used to mean liquid oil
and "fat' a partially crystalline fat. Here the term 'oil' refers to the non-polar
phase, thus liquid as well as sclid fat.

1.2 STABILITY OF EMULSIONS

It is possible to distinguish between several types of stability or instability in
emulsions: creaming, flocculation, coalescence and occasicnally disruption., Stability
may be defined as resistance to physical change by external factors (Mulder & Walstra,
1974}, Thus the term stability refers to a characteristic time (e.g. a half-life) for a
certain change to occur. Emlsions may have half-lives of minutes, days or years and
may kinetically be stable, but in a thermodynamic sense they are always unstable. Free
energy is accumulated in the interface due to the large interfacial area in emulsions.
The system strives for the lowest possible free energy, which eventually means complete
phase separation. Microemulsions, which are thermodynamically stable, are not considered
here.

Instability to gravity creaming (or generally to sedimentation) is due to the density
difference between the two phases. Amongst other factors, size of the emulsion droplets,
density difference and viscosity of the continuous phase govern the extent of creaming
(Wailstra & Oortwijn, 1975). Creaming is not a reversible process, but the effect can
easily be destroyed.

A second type of instability is flocculation which may be defined as the capture of
particles to form aggregates, in which particles remain together for some time whilst the



individual particles still exist. The classical theory of colloid stability for hydro-
phobic sols applies to flocculation of emulsion droplets. This.theory describes the de-
pendence of ‘flocculation on the interaction energy between two particles as a function of
interparticle distance. The total - inteéraction energy is the resultant of attraction and
Tepulsion. Attraction is usually caused by London-Van der Waals forces, whereas in emul-
sions, repulsion is mostly due to the presence of surfactants at the oil-water interface.
In the case of ionic surfactants the interaction can conveniently be described by the
theory of Deryagin-Landau~Verwey-Overbeek (DLVO theory) (Van den Tempel, 1953). For' non-
ionics and macromolecular substances steric repulsion comes into play, and for polyelec-
trolytes a combination of electrostatic and steric repulsion is present (for example
Van Vliet, 1977). Figure 1 gives an example of the interaction energy between two glo-,
bules. In principle, particles can flocculate in the primary minimm (A in Fig. 1) and/
in the secondary minimum {B in Fig. 1). An energy barrier (maximm at point C) can pre{-
vent the particles from flocculation in the primary minimm. But in the primary minimm
emulsion droplets are so close together that coalescence is inevitable. The location as
"well as the depth of the secondary minimm depend on the actual. interaction energy. When
the depth is.less than about 1 kT no flocculation takes place, but y short time en-
counters. When this depth is more than a few times kT flocculation occur. Floccula-
tion may be retarded because of viscous drag when the particles approach each other, the
more s0 when the interparticle distance becomes small.  When flocculated in the secondary
minimm the particles are separated.by a thin film of continuous phase with a thickness
ranging from about 10 to 100 nm. :
Rupture of this thin film results in the flowing together of the droplets. This
process is called coalescence, & third cause of instability in emulsions. If the energy

interaction energy Vy

R -
C _ ,
B; _disfunce of separation h

Fig. 1. Schematic representation of the interaction energy (the energy needed tc bring

particles from % = = to k) as a function of the interparticle distance k., A réfers to
the primary minimum, B to the secondary minimum and C to the maximum energy barrier.
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barrier has been overceme, rupture will take place rapidly, because it will be accelerat-
ed by Van der Waals attraction. Rupture can occur, however, when there is still an ener-
gy barrier to overcome, perhaps when the globules have been flocculated for a longer
time. Besides the repulsive interaction energy, other aspects are also involved. Inter-
facial phenomena like Gibbs-Marangoni effects tend to stabilise the thin film between
droplets when disturbances arise in the film (Van den Tempel, 1960). Viscous resistance,
experienced when liguid has to flow out of the film, can also have a stabilising effect.
Finally rupture or desorption of surfactant must take place, and this requires some ac-
tivation énergy as well. The process of rupture of thin films is not yet fully under-
stood. The theory developed to date (Vrij et al., 1970) attempts to correlate the
probability of rupture with interaction energy and distance of separation. It is studied
by examining whether small waves along the interface (surface ripples as a result of ex-
ternal disturbances) are damped, or grow until rupture occurs. This depends on the in-
teraction energy as a function of interparticle distance and on the possible development
of interfacial tension gradients. For most practical systems, however, theory predicts
no rupture to occur, whereas in practice emulsions may be unstable.

Another phenomenon is Ostwald ripening, which is the growth of larger globules at the
expense of the smaller ones. It depends strongly on the solubility of the disperse phase
in the continuous phase. Its effect on emulsion stability was recently considered by
Buscall et al. (1979). It is of minor importance for emulsions of paraffin oil in water
{except maybe for very small droplets), because the solubility of paraffin oil in water
is very low.

The last type of instability is disruption. This is not a spontaneous process: it
requires input of energy, as for example in homogenisation. Disruption becomes easier
when the glcbule size increases. It also depends strongly on the type of flow. Walstra
(1980) gave a more extensive discussicn of the parameters involved.

The phenomena mentioned above are found with true emulsicns. When crystals are
present in the cil phase the picture may be different in some respects. Coalescence may
then be incomplete in the sense that droplets do not flow together completely, because
crystal structures prevent this. Instead, clumps of irregular size are formed (Mulder &
Walstra, 1974). Flocculation is probably not affected by the presence of crystals. Dis-
ruption on the other hand will be more difficult, the more so when more solid fat is

present.
1.3 EFFECT OF FLOW FIELDS ON STARILITY OF EMULSIONS

As indicated in Section 1.2, droplets must approach each other before coalescence can
occur. Encounters may be realized by Brownian motion (perikinetic aggregation) and the
kinetics of this process were originally described by Smoluchowski (Overbeek, 1952) based
on the assumption that every encounter leads to aggregation. Corrections for hydrodynam-
ic and colloidal interaction have been made by Spielman (1970) and Honig et al. (1871).

Encounters may also occur as a result of a velocity gradient (orthokinetic aggrega-
tion). The rate of aggregation of colloids in simple shear flow was again derived by
Smoluchowski (Cverbeek, 1952). Orthokinetic aggregation becames far more important than



perikinetic aggregation for particles larger than 1 um, because the rate of encounters is
proportional to the cube of the particle radius (and to the shear rate). Reoently,

Van de Ven & Mason (1976a, 1977) applied corrections to the Smoluchowski equation by in-
troducing hydrodynamic and colloidal interaction (see also Zeichner & Schowalter, 1977).
Their analysis revealed that, depending on the interaction energy and shear rate, en-
counters can either lead to separating doublets (short-time encounters) or to.permanent
doublets; in the latter case, flocculation may be in the primary or in the secundafy
miniram. :

Most experimental work on flocculation and/or coalescence pertains to perikinetic
aggregation. Some experiments have been carried out on aggregation of lattices in simple
shear flow (Stamberger, 1962; Swift & Friedlander, 1964; Curtis & Hocking, 1970; Warren,
1975; Utracki, 1973; Ives, 1978; Zeichner, 1978; Zeichner & Schowalter, 1979, and the
work by Mason and coworkers, summarized by Mason, 1977). Flow was found to promote ag-
gregation of particles. Most results were, at least qualitatively, in agreement with the
theory of Van de Ven & Mason (1976a, 1977). _

Studies on the effect of flow on stability of emulsions are scarce. Labuschagne
(1963) studied the behaviour of natural cream in flow with Taylor vortices and cream was
found to be very unstable in this type of flow. Swift & Friedlander (1964} carried out
some experiments with emulsions in Couette flow. They observed that stable emulsions
were also stable in shear flow {(no coalescence). Back (1975) studied the stability of
milk in Couette flow and he found instability only when the flow had changed from laminar
to turbulent. ‘

Besides aggregation of particles in shear flow, disruption of aggregates and even
emulsion droplets may occur. Normal emulsion droplets in the micron size range are not
disrupted in simple shear flow unless the shear rate is very high and the droplet very
large. Moreover, fat crystals in the emilsion droplets make disruption more difficult.
Other types of flow. like turbulence or elongational flow (pure shear) are more sffective
in disruption (Walstra, 1980). Kao & Mason (1975) showed that disruption of aggregates
(flocculated in the secondary minimmmm) was three times faster in elongational flow than
simple shear flow of the same velocity gradient.

In conclusion, the stability of an emulsion to flocculation or disruption may be
affected by flow. The effect must depend on properties of the emulsion (such as droplet
size, interaction forces) and on the flow field applied. Very little is known about the
effect of a flow field on coalescence stability.

t.4 OUILINE OF THIS STUDY

The purpose of this study was to investigate influence of fat crystals in the oil
phase on stability of oil-in-water emilsions. Most attention was directed to model sys-
tems, in which parameters could be varied independently, such as surfactants (anionic
soaps, nonionics, polymers, oil-soluble surfactants), crystals 4(type and content), fat
content and droplet size of the emilsions. The study was restricted to oil-in-water
emulsions, but results may in some respects also apply to water-in-oil emulsions,

Stability against coalescence at rest (perikinetic) and in flow fields was studied



for emulsions with and without crystals. Most experiments were done in simple shear
{Couette flow), since a theoretical analysis is available for this kind of flow.
Furthermore, emulsions were subiected to flow with Taylor vortices and occasionally to
turbulent flow. Finally, the behaviour of cream was compared with that of the model
emulsions. Since air bubbles can destabilise an emulsicn very effectively (Mulder &
Walstra, i974), care was taken to exclude air.

The results obtained show a striking difference in behaviour between true oil-in-
water emiulsions and emulsions with crystals in the oil phase. A mechanism is proposed
by which the specific effects of fat crystals, together with the effects of {low, could
be explained, thereby indicating one possible cause of coalescence in these systems.

Although practical systems are much more complicated than model systems, it is hoped
that this work represents a useful compromise between the practical and fundamental ap-
proach.



2 Characterisation of materials

2.1 PARAFFIN

Paraffin oil was obtained from Lamers & Indemans, 's-Hertcgenbosch, The Netherlands,
Ph. Ned. VI, viscosity 6.8-8.1 x 10°2 Pa s. It had a density of about 860 kg m>. The
0il contained, however, some traces of surface-active material, since the interfacial
tension vy, of paraffin oil against water decreased with time. When an oil layer was
placed upon a water layer and the interfacizl tension measured with a Wilhelmy plate, Yow
decreased in about one day from 50 mN m™! to 20-30 mN m~! (this final value varied for
different paraffin samples}. This very slow {diffusion determined) decrease indicated
that only traces of contaminant were involved. Diffusion in an emulsion droplet will be
very fast (e.g. 1 ms over 1 um); the interfacial tension of emulsion droplets may there-
fore be regarded as constant.

Solid paraffin was obtained from Merck A.G., Darmstadt, W-Germany. It had an
apparent melting point of 52-54 °C and a density of about 880 kg m3.

2.2 TRIOLEIN:

Triolein was supplied by K & K Laboratories Inc. USA. No further specifications were
available.

2.3 TRISTEARATE

Tristearate was obtained from Pfaltz & Bauer Inc., Stanford, USA. It was recrystal-
lised three times in acetone and washed with methanol to remove monoglycerides. Gaschro-
matographic analysis revealed, however, that the tristearate was not pure. The fatty
acid pattern showed 70% (w/w) stearic acid, 25% (w/w) palmitic acid and 5% (w/w) myristic
acid. The distribution of these fatty acids over the triglyceride molecules was not de-
termined.

Some experiments were also performed with very pure tristearate, kindly supplied by
P. de Bruyne, Unilever Research, Vlaardingen, The Netherlands. In this triglyceride was
99.3% of the fatty acids stearic acid and the content of mono- and diglycerides was less
than 0.5%.

2.4 WATER-SOLUBLE SURFACTANTS

Polyvinyl alcohol (PVA) is a nonionic water-soluble polymer, consisting of monomers
of vinyl alcohol and esters of acetate and vinyl alcohol (Fig. 2). The percentage of
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Fig. 2. Structural formula of polyvinyl alcohol. x = fraction hydrelysed, n = degree
of polymerisation.

alcohol groups is indicated by the degree of hydrolysis. Following Lankveld (1970) the
PVAs' were coded by two numbers: the first indicates the viscosity of a 4% (w/v) aqueous
soluticn at 20 °C and the second the degree of hydrolysis. The PVAs used were the same
as those used by Lankveld (1970), Fleer (1971) and Koopal (1978). The molecular weights
(viscosity average) of the polymers were determined by Koopal (1978) and turned out to be
much higher than the values given by Lankveld (1970) (which were in fact the values stat-
ed by the manufacturer). Table 1 summarizes the different values. PVAs with a degree of
hydrolysis of 88% were soluble at room temperature and became insoluble at about 70 °C,
The PVAs with a degree of hydrolysis of 98% were easily soluble at about 80 °C and re-
mained in solution upon cooling. PVA is completely insoluble in paraffin oil (Lankveld,
1970). Fleer (1971} pointed out that PVA can be regarded as a nonionic polymer.

Sodium Laurylsulphate {NaLS), also called sodium dodecylsulphate {SDS) was cbtained
from BDH chemicals, England. Its grade was specially pure. The critical micelle concen-
tratien ((MC) in water is 8 mmol/1 at 20 °C and 1.5 mmol/1 in 0.1 mol/1 NaCl (Cockbain,
1952).

Two types of Tween were used: Tween 60 (polyoxyethylene sorbitan monostearate)} and
Tween 80 (polyoxyethylene sorbitan mono-oleate). They were cbtained from Baker Chemi-
cals, Deventer, The Netherlands.

Manoxol OT is the dicctylester of sodium sulfosuccinic acid (also called Aerosol OT).
It is slightly scluble in cil. The manufacturer was BDH Chemicals, England. The criti-
cal micelle concentration ((MC) in water is about 4 mmol/1 (Cockbain, 1952).

Sodium caseinate was prepared from fresh skim milk by repeated precipitation with
hydrochloric acid and redispersion in water (pH 7.6). Afterwards it was spray-dried.

Table 1. Characterisation of polyvinyl alcohels {(PVAs).

Type Meclecular weight Molecular weight Manufacturer
(Lankveld, 197C) {Koopal, 1978}
4-88 22 000 Konam, The Netherlands
40-88 106 GO0 183 000 Wacker, Germany
8-598 35 ooC Konam, The Netherlands
16-58 55 00O 116 000 Konam, The Netherlands




2.5 OIL-SOLUBLE SURFACTANTS

Glycercolmeono-oleate (@0} was supplied by K & K Laboratories Inc., USA tKEK 11013).
It was not pure, and consisted of about 50% (w/w) monoglycerides, 40% (w/w) diglycerides
and 10% (w/w) triglycerides.

Span 80 is sorbitan mono-oleate and was obtained from Baker Chemicals, Deventer, The
Netherlands. ‘

2.6 NATURAL CREAM

Fresh cow's milk was used. Cream was cbtained by centrifugation at about 35 °C. The
treatment was essentially the same as described by Labuschagne (1963). The cream was
pasteurised at 70 °C during 10 minutes, deaerated after cooling and subsequently kept
overnight at 4 °C. Crystallization in all fat globules has then taken place (Walstra &
Van Ben'esteyn, 1975). When a sample was required, a portion was gradually warmed to room
temperature during a period of about one hour.- If necessary, sodium azide was added to .
prevent bacterial deterioration.



3 Methods

3.1 PREPARATION OF EMULSIONS

Weighed amounts of oil [+ fat crystals and in some cases oil-soluble surfactants) and
water phase with a surfactant were heated to a temperature where the solid fat was melt-
ed. The sample was then premixed with a Vibromixer and finally homogenised at a tem-
perature where the solid fat was still melted. Mostly, a Rannie 1-stage laboratory homo-
geniser with a LW value and a capacity of 100 1/h was used. Sometimes use was made of a
Condi laboratory homogeniser (Foss Electric type 127-05). Occasionally an Ultra-Turrax
was used with a device to exclude air during homogenisation. After homogenisation the
emulsion was cooled to such a temperature that crystallisation in all globules was en-
sured. When it was essential to avoid creaming, the emulsions were stored in 50 or 100
ml jars, which were slowly rotated. These jars were carefuily filled so that air was ex-
cluded.

The concentration of surfactant was such, that, at least in absence of crystals,
stable emulsions were formed. In emulsions with a volume fraction by = 0.2, this amount-
ed mostly to 5 g/l in the agueous phase (exceptions: SDS: 4 g/1; sodium caseinate: 10
g/1; Manoxol QT: 2.5 g/1.

3.2 ESTIMATION OF FAT CONTENT OF EMULSIONS

The fat content of the emulsions was determined by the Gerber method (NEN, 1964).
This method was developed for milk but can also be used for paraffin oil-in-water emul-
sions, when the density difference between paraffin oil and milk fat is taken into ac-
count. The volume fraction fat #,, was cbtained by multiplying the Gerber reading by
0.01125.

3.3 ESTIMATION OF GLOBULE SIZE DISTRIBUTIONS
3.3.1 Chargeterisation of size distributions

A particle size distribution can be characterised adequately by some average
(diameter, volume), the width of the distribution and possibly some other parameter such
as an upper size limit (Walstra, 1968, Walstra et al., 1969).

Consider spherical drops with diameter 4. When the number per unit volume of drops
with a diameter smaller than 4 is given by F{4), then the nurber frequency is f(d) =

3F(d)/3d and the volume frequency {1/6)n & f(d)}. The n-th moment of the distribution is
defined by:
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and an average diameter by

s
- n,n-m
Gon = G @

The relative width is indicated by the variation coefficient of the distribution:

s s
o = (Bl‘-{l‘ﬂ -ni (3)
n+

Now, the total mumber of droplets per unit volume is given by 5,, the mumber-average
diameter by d,,, the volume-average diameter by dy, = (83/5;) 1/3 and the volume-surface
average diameter (the Sauter average) by d32 = .5'3/.5’2. The most suitable parameter is d.,
{(Walstra, 1965; Walstra et al., 1969). It can be considered as the arithmetic mean of
the surface-weighted distribution. Then the width can be best expressed as the relative
standard deviation of the surface-weighted distribution (cs = o, from Egn 3):

S.

cs=(

5 1
L (@)
53

0132 is a useful parameter because it relates the surface area of the fat to its volume:

3
] Eﬂ’i di

d (5)
32 Z
E:Ni di

with A and di the mumber and diameter of perticles in size class i. The specific sur-
face area of the emulsion is:

= Gl | (6)

. with by the volume fraction of the fat phase. The specific surface area of the fat is:

6
Sp = (7)
F o dy

Often, size distributions of emulsions are adequately described by a log normal fumction.
Often some upper size limit is found, therefore, truncated log mormal functions are fre-
quently useful for describing globule size distributions in emulsions.
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3.3.2 Spectroturbidimetry

Spectroturbidimetry was among others developed by Walstra (1965, 1968) as a method
for the determination of globule size distribution in milk. Walstra (1968), Lankveld
(1970), Bshm (1974) and Van Vliet (1977) used the method for paraffin oil-in-water emul-
sions. Since these authors have described the method extensively, only a short descrip-
ticon is given here (for further details see Walstra, 1965).

A dielectric sphere with diameter 4 and refractive index 7, in a medium with
refractive index #,, illuminated by incident light of unit 1nten51ty {with wavelength
* in air), will scatter an amount of light equal to (1/4)x d Q. @ is the light scatter-
ing coefficient and is a function of the parameter p:

o =2nd (n1—n2)/A (8)

Now the optical density £ of a layer 1, containing ¥ monodisperse particles per unit
volume will be (using the law of Beer and Lambert):

=L Pwgt log e &)

o=

2

The attenuation is thus governed by d4° @ and per unit suspended phase:

3a (n1-n2) 1¢loge
Ef4,, =

(10
p A

By rearranging Equation 10 a relation is found between the theoretical quantities @/p and
the reduced turbidity Z, which can be determined experimentally:

0.2443F A

Z=gle =3 nyng) an

@ has to be corrected for forward scattering leading to the corrected scattering coeffi-
cient ¢, For polydlsperse systems @*/p must be replaced by an average reduced turbidity
.(Q /p), where the average Q is given by:

2 %
J— LN, 4@ (p:)
& - i1 - i (12)
z Ni di

The average of p is then £33

Py = 21 (nyny) dy,/A (13)

Now Equation 11 can be transformed for polydisperse systems into:
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When the optical density of a strongly diluted emulsion {to avoid dependent scattering)
is measured as a function of the wavelength A, Z can be calculated using Equation 14.
For {?/;) theoretical curves can be calculated, assuming a size distribution function.
A truncated log normal distribution was found to be the most suited to describe th¢
emulsions used in this study. dso and e can be found by matching the experimental and
theoretical curves. The method can be used for emulsions having dq, between about 0.2
um and 15 um.

Apart from spectroturbidimetry, dz; can be estimated from the turbidity at one wave-
length (Walstra, 1969). ¢* as a function of p is nearly constant for larger p. Walstra
(1969} found that also ? was fairly constant for larger P32 ("32 > 4), considering glo-
bule size distributions that did not differ appreciably in shepe from milk. From Equa-
ticn 9 it can be shown that the turbidity expressed as optical density F is given by:

E = constant I N & a;* , (15)

where Qi’ is the effective light scattering coefficient of a particle in size class i.
The weight fat percentage F is proportiocnal to By dg. By expressing the optical demsi-
ty per weight fat percentage (£/F) and considering that for pg, > 4 ¢* is constant, it is
found that:

E/F =« constant % ¥; df /T H df = constant/ds, (16)

The requirement Pgp > 4 leads to the requirement that for, say, » = 400 mm, dSZ should be
higher than 2 um. If this requirement is fulfilled, a simple relationship is thus ob-
tained between the turbidity at one wavelength (per weight fat percentage) and the aver-
age globule size. The relatiomship no longer applies when the shape of the distribution
is appreciably altered.

The instrument used was a Zeiss spectrophotometer with an attachment for turbidity
measurements and an angle of acceptance of 1.5°. Paraffin oil emulsions were diluted
with a 0.1 g/1 Brij 35 solution (polyoxyethylene laurylether). Milk samples were diluted
with a solution of disodium ethylenediamine tetraacetate (EDTA) and polyoxyethylene sor-
bitan monolaurate in water. The necessary quantities of these components were given by
Walstra (1965). The optical density was measured at the wavelengths 380, 420, 470, 530,
615, 725, 890, 1150 and 1700 nm. The refractive indices of water and paraffin oil were
given by Walstra (1968). From time to time, the refractive indices were checked with an
Abbe refractometer.

Coalescence of emulsion droplets with crystals does not necessarily result in new
spherical particles, but instead clumps may be formed (Fig. 3). Methods for the estima-
tion of globule size distribution are based upon spheres. Therefore, samples were heated
prior to measuring the turbidity to melt fat crystals so that the clumps changed into

13



heating

Fig. 3. Schematic drawing of a clump formed by coalescence c¢f twe globules containing
fat crystals; upon heating the solid fat melts and a globule is formed.

spherical particles. The turbidity was measured at room temperature. It usually
requires some time before the onset of crystallization after cooling but, especially in
large globules, crystallisation may occur. According to Walstra (1965), a little crys-
tallisation in the fat globules will not significantly alter the turbidity. Moreover,
good agreement was found between spectroturbidimetry and Coulter Counter measurements
{see below).

3.3.3 Coulter Counting

The Coulter Counter is a widely used instrument for the determination of size
distributicons, though it has some disadvantages. Walstra & Cortwijn (1969) gave an ex-
tensive discussion of the method. The method is based upon registration of voltage
pulses, arising when particles, suspended in an electrolyte soluticn, pass through a nar-
row opening across which an electric field exists. The height of a pulse is proportional
to the volume of particles passing through. By selecting levels above which pulses of a
certain size are counted a cumulative size distribution can be obtained. From this dis-
tribution other data can be obtained such as d32, Cos volume number frequency, total
number of particles (hence also fat content).

Use was made of a Coulter Counter model ip with an orifice tube of aperture of 50 um.
The lower limit of particle size that can be detected is 1 um and the upper limit about
25 um. The electrolyte used was 9.0 g/1 NaCl, filtered through a 0.2 um Millipore filter
and boiled for a short time to remove air. Calibraticn was carried out with a milk sam-
ﬁie, the size distribution of which was determined by spectroturbidimetry. The coinci-
dence correction was taken as twice the value given in the instruction manual since
Walstra & Oortwijn (1969) found this to be approximately half the real value.

Since the Coulter Counter was mainly used as a check for the turbidity measurements,
no attempts were made to obtain very accurate results since then the method would have
been very time consuming and many precauticns have to be taken. The agreement between
d32, obtained by turbidity measurements and Coulter Counter, was reasonably good, cer-
tainly for emulsions with dSZ > 3 pym. In accordance with Walstra & Cortwijn (1969) and
Lankveld (1970) d, from Coulter Counter measurements was somewhat higher than d32 from
turbidity measurements (Table 2). Especially below a’,_.52 % 3 um the Coulter Counter yield-
ed higher diameters than spectroturbidimetry because of underestimaticn of small parti-
cles.
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Table 2, Comparison of volume-surface average diameter (d3,) obtained by
spectroturbidimetry and Coulter Counter.

dsyy from spectroturbidimetry d3o from Coulter Counter
(um} (um)
1.75 2.4
2.88 3.08
N 3.41
3.89 3.90

5.13 5.24

3.4 ESTIMATION OF COALESCENCE RATE

To estimate the coalescence rate of an emulsion, the change in particle size or
number with time must be followed. When particles coalesce immediately after floccula-
tion, the latter process is rate determining and the decrease in mumber of particles fol-
lows a second order reaction. If the particles stay together for a long time,
coalescence is rate determining and the decrease in number follows a first order reac-
tion. Van den Tempel (1953, 1957) showed that first order kinetics are often encountered
in coalescence studies. Flocculation is rate determining only for dilute and unstable
emilsions. (fast coalescence). In the experiments of this study it is expected that
coalescence will be rate determining, certainly in flow fields where the mmber of en-
counters is very high. As a result of coalescence the number of globules decreases and
their mean size increases. The relative width of the distribution can remain the same
(if all globules coalesce at the same rate), it can increase (if larger globules coalesce
faster), and it can decrease (if smaller globules coalesce faster). The flocculation
rate will increase with polydispersity, as explained by Miller (Overbeek, 1952}. It is
not lknown whether polydispersity has an effect on coalescence. Swift & Friedlander
(1964) claimed that the shape of a particle size distribution remains the same for coagu-
lation in Brownian motion as well as in laminar shear flow. It will be seen later that
this is not so for the systems dealt with in this study. The muber of globules ¥ per
unit volume can be derived from the Coulter Counter method (provided that not too many
small particles under the lower size limit are present). Spectroturbidimetry gives dSZ
and L. while turbidity at one wavelength gives E/F, which is related to dz> via Equation
16. When plotting the logarithm of ¥, E/F or dy, against coagulation time, a straight
line was obtained. This indicated a first order reaction. The slope of the straight
line was taken as the rate constant [k1 = -dIn(&/F)/dt, kz = -dIn¥N/d¢, k3 = dlndszldt).
With very unstable emulsions the linear relationship broke down after a certain time.

The rate constant was then estimated from the first points only, when linearity was: still
observed.

Some typical results for coagulation (of cream in Couette flow) are given in Table 3.
Similar results were obtained with other emilsions. Excellent agreement existed between
all three rate constants, if ey remained relatively constant. According to Equation 16
E/F is proportional to {dsz}"], hence k1 should be equal to _kS‘ When g varied, the re-
lation between E/F and dz, no longer held and Xk, was then no longer equal to k3. In
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Table 3. Comparison of coalescence rates as estimated by three
methods {(see text). Results for various creams in Couette flow.

L 105 k2 x 10° k3 x 10° Change in o
(s™h (s71) (s7hH)

4.0 4.1 4,2 0.45 > 0.52
4.2 4.2 3.8 C.45 - 0.61
7.3 7.1 5.2 0.45 - 0.71
8.3 8.5 4.3 0.45 » 0.83
12.0 13.0 6.3 0.453 > 0.91

fact, §* decreased somewhat with increasing P32 (Walstra, 1969) and this would lead to a
more rapid increase in &, than in %,.

The ratio kzlk3 varied between 1 and Z, depending on the change in the width of the
distribution .- The relation between mean diameter and particle number per unit volume
depends on the kind of average used. For the volume-, surface-, or mmber-average diame-
ter the relation is easy to describe, e.g. for dzo(dso = (83/30)]/3, Eqn 2, 5y remains
constant):

/3 1
dgg)e  (Sp)g (;) 3 (17)

(5070 (50)1;3 )

where the subscripts 0 and t indicate the time zero and ¢, respectively. Equation 17
indicates that the relative increase in volume-average particle diameter would be three
times slower than the relative decrease in particle number. However, the volume-,
surface- or number-average diameters are not very useful because they are very sensitive
to the tetal number of particles S,, which is usually uncertain.

Analogous to Equation 17 it follows that for d32:

i)y _ B2)g (18)
W)y Gyly

The relative change in dzy is thus directly related to the relative change in total

globular surface area but a simple relationship between d32 and ¥ was not found.

Srivastava (1978) found experimentally that the relative change in number of globules

was 1.47 times faster than that in specific surface area. This seems to be in accordance

with the observation reported here that the ratio kz/k3 varied between 1 and 2. Since

the relation between d32 and ¥ is unknown, the reason why the ratio k2/k3 varied, depend-

ing on the change in c_, can neither be explained.

One may wonder wheiher k, is reliable, because the number of small droplets is wnder-
estimated by the Coulter Counter method. However, small globules did not coalesce in
these systems and only the number of particles larger than 1 ym changed (Section
7.2.4.4). Hence, k, may directly be related to the change in number of particles. It

should then also be possible to determine the relative increase in volume-average diame-
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ter dyg. This was done in a few cases using the Coulter Counter method and the relation
indicated by Equation 17 was approximated (the reciprocal of the exponent varied between
2 and 3).

An explanation was not found why k1 and kz matched so cleosely. Since this was always
s0, k; was used throughout this study because of the ease of determining Ry According
to Table 3, ky may be directly related to the relative change in particle muber. Only
for emulsions with small globule size was k3 necessarily used. ;

When coalescence was studied in a flow field, the coalescence rate was reproducible
within 30%. Errors could arise due to the following:

- variation in sampling time

- uncertainty in shear rate

- irreproducible way of filling of the apparatus and drawing of samples (especially with:
rather unstable emulsions)

- errors upon dilution of the samples and estimation of particle size distribution.

3.5 FLOW FIELDS
3.5.1 Couette flow

Simple shear flow is a two-dimensional steady flow with velocity gradient G (see Fig.
4a). The velocity components along the x; axes are u, = o, uy = 0, uz = G xy. There is
also a rotational component about the vorticity axis x with angular velocity iG. Simple
shear flow was approached with a Couette equipment with the outer cylinder rotating (Fig.
4b). The apparatus was built in the workshop at the Laboratory of Food Science and Tech-
nology of the Agricultural University. A schematic representation is shown in Figure 5.
The height of the outer cylinder # = 87 mm, the radius R, = 65 mm, while two inner
cylinders were available of radius R, = 60 and Ry = 63 mm, giving an annular clearance
8a=R -R of 5 and 2 mm, respectively. The inner cylinders were made of polished
stainless steel, and the outer one of transparent Perspex. The cuter cylinder could be

Xz

A

Fig. 4. Simple shear flow {A) and Couette flow (B). The symbols are explained in the
text.
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Fig. 5. Schematic representation of the Couette equipment (not to scale), The symbols
are explained in the text.

1

rotated with an electric motor. The minimum rate of rotation was about 0.5 s~ and maxi-

mum about 7.5 s~'. In every experiment rotation rate was measured using a tachometer.
The temperature of the samles was regulated with a thermostat, which contrciled cooling
of the inside of the inner cylinder. The temperature was measured with a thermccouple,
immersed into the inner cylinder (to avoid disturbances of the flow it did not project
into the gap between the cylinders). In all experiments the temperature was 22 °C. The
equipment was so filled that air was excluded.

When the gap width s is small compared to the outer cylinder radius R, the flow
field established by rotating the outer cylinder and keeping the inner one fixed, is al-
most entirely equal to simple shear flow. The circumferential speed %, of the outer
cylinder is:

Uy = g B (19)

where w, 1s the angular velocity of the outer cylinder. The shear rate ¢ is constant
throughout the gap:

2w R_R.
6= —>"51 (20)
(&% - 85
o] 1

or if ¢ <« Hi
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Flow is, of course, not stable under all circumstances. The stability depends on the
geometry of the equipment, the rate of rotation and the kinematic viscosity of the fluid.
Laminar flow will change to turbulent at a critical Reynolds mumber Re. This is a .
measure of the relative contribution of hydrodynamic to inertial effects:

Re = u 1 fv ' :(22)

u is the velocity of thg flow, ig
cosity of the fluid. The hydraulic diamster should be used for 7., which for concentric
cylinders is Z(RO - Ri). Usually, however, Ro - Ri is chosen for ls (Back, 1975; Taylor,
1935; Labuschagne, 1963). To facilitate comparison with earlier work ?,5 will be chosen
as R, - Ri in this work. Thus for Couette flow with rotating outer cylinder Re may be
defined as:

is a characteristic length and v is the kinematic vis-

Re = uy efv : (23)

Back (1975) reviewed the influence of the ratios of outer and immer cylinder as a
function of Re for the change of laminar to turbulent flow; for the systems studied here
the change from laminar to turbulent flow would take place at Re = 2000 - 3000. End ef-
fects that may disturb the flow, can be neglected if H/s > 40 (Back, 1975). This is true
for the imnmer cylinder with R; = 63 mm but not for R, = 60 mm. The smaller immer cylin-
der was therefore only used for small shear rates or for turbulent flow.

Influence of Couette flow on coalescence of emilsions was studied by drawing small
samples out of the gap at certain points of time with a needle (care was taken to deter-
mine that this operation caused no instability). The first sample was taken immediately
after filling, just before shearing started. The samples were diluted with Brij solu-
tion, and analysed for changes in globule size distribution. \

3.5.2 Taylor vorticee

The equipment for generating Taylor vortices was built in the workshop at the
Laboratory of Food Science and Technology of the Agricultural University. It was
basically the same as the one used by Labuschagne {1963). It‘consisted of two polished
stainless steel coaxial cylinders, the inner one of which could rotate (Fig. 6). The
dimensions of the apparatus were as follows: radius of the (fixed) outer cylinder
R, = 25.5 mm, radii of the inner cylinders R; = 14.0; 18.0; 20.0; 21.5; 23.5 mm, height
of the inner cylinder A = 90 mm. The outer cylinder consisted of a double wall, through
which a cooling medium could be pumped. There were two Perspex cobservation windows in
the outer cylinder. The bottom end of the immer cylinder rested on a steel ball bearing,
whilst its upper end was comnected to an electromotor. The apparatus was covered with a
closure that could be screwed onto the ocuter cylinder. The top and bottom end clearances
were 1-Z mm. The apparatus was filled in such a way as to prevent the ingress of air
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Fig. 6. Schematic representation of the Taylor equipment (A) and of cellular vortices
(B). Drawing is not to scale.

during an experiment. The speed of the inner cylinder could be varied by a transmission
system. The minimm rate of rotation was 8 5-1 and the highest about 50 5-1-

With the imner cylinder rotating a critical Reynolds number exists above which flow
is no longer laminar and a flow field with cellular vortices is developed. These Taylor
vortices are due to centrifugal instability. Taylor (1923) described them very thorough-
iy for viscous fluids, theoretically as well as experimentally. A schematic representa-
tion is given in Figure 6. The critical Reynolds number e for Taylor vortices to appear
is called the critical Taylor number Ta {Schlichting, 1968):

1
ujg [ s z
Ta = T ?* [24)/

When Ta »> 41.3 Taylor vortices appear. 7Tz was always larger than 41.3 for the apparatus
and emulsions used in this study. The shape of the vortices is square at Ta = 41.3. At
higher speeds the number and size of the vortices may change by wavy disturbances (Coles,
1965). Labuschagne (1963) also reported on the presence of these disturbances in his in-
vestigation on stability of cream in Taylor vortices. Since Taylor's work mumerous
authors have published work on the critical Taylor number and the effect of cylinder
height and width of the gap between cylinders (Chandrasekhar, 1961; Cole, 1974}. Other
authors evaluated the behaviour of Taylor vortices beyond the critical Taylor number
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where new kinds of instability occured {Davey, 1962, 1968; Stuart, 1958, 1960; Snyder &
Lambert, 1966; Eagles, 1971). Apparently, the flow field is difficult to characterise
in detail when Re is larger than the critical Taylor mumber. Besides, in the present
work the presence of emulsion droplets may cause some disturbance as well. Flow with
Taylor vortices is thus a complicated three dimensional flow, although the moticn is
still highly ordered compared to turbulent flow. There is an important difference from
Couette flow since elongational flow occurs between the counter-rotating vortices. This
implies a velocity gradient parallel to the flow direction, whereas in simple shear flow
the velocity gradient is perpendicular to the flow direction. Elongational flow is es-
pecially effective in disruption (Walstra, 1980). Pennings et al. {1970) observed that
crystallisation of polymers from solution started in particular at the elongatiocnal flow
fields between counter rotating vortices.

In this study, flow with Taylor vortices was mainly used to compare the effect on
emilsion stability with Couette flow. In view of the difficulty of characterising the
flow field adequately, this was characterised by an apparent shear rate G' calculated
from Equation 21. The stability of emulsions was determined by drawing small samples '
out of the apparatus at regular times. These samples were analysed for changes in size
distribution. All experiments were performed at 22 °C.

3.6 MICROSCOPE

A Zeiss WL polarising microscope was used, usually with a 40 x objective and a
numerical aperture of 0.65. The total magnification was 400 x.

3.7 VISCOSITY

Emulsion viscosities were measured with a Haske Rotovisko at different shear rates
(in the range of 14.% - 114Z.0 s_'). Measurements were made at 22 °C.

3.8 INTERFACIAL TENSION

The interfacial tension was measured by the static Wilhelmy Plate method, using a
Prolabo tensiometer from Dognon Abribat. The length of the platinum plate used was 19.50
mn. The plate was first wetted by the agueous phase and then brought into contact with
the interface. Corrections were made for buoyancy. All measurements were performed at
22 %,

3.9 CONTACT ANGLE

Contact angle measurements were kindly performed by Dr. D, Darling, Unilever
Research, Colworth House, England. The method used has not been reported (Darling,
personal commmication). A short description of the principles is given here. First,
the fat crystals were melted and the ensuing liquid was placed upon an aquecus layer. A
glass rod in a syringe needle was brought into the interface as depicted in Figure 7a.
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Fig. 7. Schematic representation of rhe equipment for measuring the contact angle.

Then the temperature was lowered to induce crystallisation. Afterwards the glass rod was
removed and liquid oil put into the hole with a micrometer. In this way a drop of liquid
0il formed at the interface crystal/water (Fig. 7b). The contact angle of this drop was
measured with a goniocmeter.

The advantage of this method is that crystallisation takes place in the presence of
the water phase (with or without surfactant). In this way the situation in emulsion
droplets is approached, even though a difference in scale remains a problem.
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4 Content of solid fat in emulsions

4,1 INTRODUCTION

Since the influence of fat crystals on the stability of emulsions was the object of
the present study, a method was needed to measure the content of solid fat in emilsions.
Dilatometry could be used, as, for example, applied to emulsions by Skoda &

Van den Tempel (1961) and Walstra & Van Beresteyn (1975). This method is, however,
rather tedious. Recently Van Putte & Van den Enden (1974) developed a pulse NMR

(nuclear magnetic resonance) method, for the determination of the content of solid fat of
fats and oils. Attempts have been made to apply this method to emulsions. Firstly, some
of the general principles of MMR have to be considered. A basic treatment was for in-
stance given by Farrar & Becker (1971).

NMR is a method that makes use of the magnetic properties of some atomic nuclei.
Since the present work is concerned with lipids, the nuclei considered can be restricted
to protons. Hydrogen nuclei have an angular momentum (spin) and are charged. Hence, the
spinning generates a magnetic field along the axis of rotation. The hydrogen nuclei can
therefare be looked upon as small magnets. When a sample containing hydrogen nuclei is
placed between the poles of a strong magnet, the nuclei precess about their axis in the
direction of the magnetic field Hy with the so called Larmor frequency g}

©, =Yg 8y (25)

Here Vg is the gyromagnetic ratic, indicating the relation between the magnetic moment u
and the magnetic quantum mumber. Two energy levels are associated with this alignment
for a hydrogen nucleus. When aligned parallel to &, the lowest energy level is obtained
(E.‘m =-q HO) and when aligned antiparallel to 4, the highest energy level (Em = HOJ.
The energy diffence AE = 2y HO is very small so that because of thermal movement almost
as many hydrogen nuclei are at the higher (less favourable) energy level as at the lower
level. At thermal equilibrium there will be a net alignment in the direction of Hy,
yielding a resultant magnetisation M,. M, is proportional to the total mmber of hydro-
gen nuclei. The proportion of protons in the two energy levels at equilibrium is indi-

cated by Boltzmamn's distribution law:
=2 u HD
N]./Nh = exp (—TT—-] . (26)

Here 5 and n, are the mumber of protons in the lower and higher energy level,
respectlvely, k is Boltzmann's constant and T is absolute temperature. By applying.
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electromagnetic radiation at the resonance frequency w;, nuclei can be switched from the
lower to the higher energy level. This transition (or its consequences) can be measured
using an NMR apparatus.

NMR measurements can be made in two ways. With continucus-wave NMR the frequency of
electromagnetic radiation is slowly varied and at the Larmor frequency resonance occurs,
which can be measured. Continuous-wave NMR can be further distinguished into wide-line
MMR and high resciution NMR, but that is beyond our scope. The other NMR method is pulse
NvR. Then a short.intense pulse of electromagnetic radiation at the resonance frequency
is given and the decay of the signal following the pulse is observed. From this decay,
information can be cbtained (among other things) about the content of solid fat.

Consider a reference frame, rotating at the Larmor frequency about the x, axis, as
depicted in Figure 8a. In the static magnetic field , the net magnetisation ¥, is
directed parallel to y. Since the receiver coil is along the T3 axis a signal will be
detected only when there is some magnetisation in the et plane. In the static state no
signal will be detected, because the effective magnetisation in the TH%s plane is zero.
By applying a pulse of radiofrequency #; along the z, axis the magnetisation M, can be
shifted away from the ¥, axis. When My is shifted 90° from the z, axis s0 that a compo-
nent can be detected along the x4 axis, this is called a 90° pulse (Fig. 8b). Immediate-
1y after a 90 pulse the signal induced in the receiver coil is proportional to Mb and Mo
is proportional to the number of hydrogen nuclei. After the pulse the system relaxes
back to the equilibrium state and consequently the signal decays.

There are two processes causing the signal to decay. The first process is the so
called lengitudinal or spin-lattice relaxation, characterised by the relaxation time T1.
The energy taken up 15 given back to the 'lattice' (other molecules, HO}. 7 indicates
the time it takes before the equilibrium state, described by Boltzmann's law (Eqn 26),
is obtained. The second process is caused by loss of phase coherence of spins. Imme-
diately after the pulse the nuclei rotate at the same frequency about Hy: they rotate in
phase. However, the nuclei may begin to rotate at a slightly different frequency due to
the small magnetic fields exerted by neighbouring molecules. This reduces the net mag-

Xq X4
UJL mL
Ho
Mo
receiver coil
X3 xa
Xy x?
A C.

Fig. 8. Net magnetisation My of nuclei in a static magnetic field Hy (A). Net
magnetisation My directly after a 90° pulse H; (B). Dephasing of nuclei in the xy-xj
plane directly after a 90° pulse (C). The reference frame rotates at the Larmor
frequency wi,.
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netisation along the xz; axis (Fig. 8¢), though M, is still in the z,z; plane. This
process is called transverse or spin-spin relaxation, characterised by the relaxation
time T,. Since T, ¢ T; the loss of signal after a 50° pulse is always governed by T,.
However, T, has also an influence since the system has to return back to its equilibrium
value before a new pulse can be given. If this is not so, there will be loss ‘of signal
and hence an underestimation of the mumber of hydrogen nuclei. This proceés is called
saturation. To avoid saturation, the time between pulses should be about five times
longer than 7;. The relaxation times T; and T, are strongly related to the mobility of
nuclei and hence the physical state of the nuclei. T, increases with mobility. In
solids the mobility is small so that neighbouring nuclei exert a small magnetic field
that does not change so fast as in liquids. T, of solids is about 10 us and T, of
liquids about 100 ~ 1000 ms. This very large difference offers the possibility of
measuring separately the contribution of the protons in the solid and liquid state and
hence the solid-liquid ratio. '

4.2 EQUIPMENT FOR PULSED NUCLEAR MAGNETIC RESONANCE

The pulse NMR apparatus used was a Bruker Minispec p20, with an operating frequency
of 20 MHz and several methods for determination of the relaxation times Tyand T,. In
this study only the 90° pulse method was used. The instrument was equiped with an oscil-
loscope and the sample holder could be thermostatted if required. The magnet temperature
was constant at 33 °C. If a measurement is carried out within, say, 15 seconds, thermo-
statting is not necessary. Phase sensitive detection was used throughout.

The sample holder was placed in such a way that the bottom of the sample tubes was
inside the receiver coil. Sample tubes had a diameter of 10 mm and were + 10 cm iong.
They were filled for about 1 - 1.5 cm, so that the samples were within the receiver coil.

4.3 EVALUATION OF METHODS WITH PULSED NUCLEAR MAGNETIC RESONARCE FOR ESTIMATION OF
CONTENT OF SOLID FAT IN FATS AND OILS

The signal decay after a 90° pulse contains information about the proportion of
liquid and solid protons (Van Putte & Van den Enden, 1974). Consider the signal decay of
a partially crystalline fat as depicted in Figure 9. Immediately after the pulse the de-
cay begins, but the signal cannot be measured then due to electronic problems (the so
called dead time of the receiver). At about 10 ps after the pulse (s' in Fig. 9) the
signal can be measured. At that point the signal of 'sclid protons' has already decayed
somewhat because of the very small T,. To obtain ) the signal immediately after the
pulse (s in Fig. 9) is calculated by multiplying s by a factor f. The signal of 'solid'
hydrogen meclei has disappeared after 30 - 40 us after the pulse. The signal of hydrogen
nuclei in the liquid state on the other hand does not decay significantly within a period
of some 100 ps. When measuring 90 us after the pulse (1 in Fig. 9) only the signal of
'liquid' hydrogen nuclei is measured, which is virtually the same as immediately after.
the 90° pulse. The fraction of solid fat S¢ can thus be calculated as:
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Fig. 9. Schematic representation of signal decay after a 909 pulse for a partially
crystalline fat, s is the signal directly after the plane, s' 10 us after the pulse and
1 90 ps after the pulse.

sp =~ — (27)
fs +1

It must be assumed thdt the actual value of the f-factor depends on the mobility of the
hydrogen nuclei and hence on temperature, composition of the solid, polymorphic forms,
mixed crystals, imperfection of crystals etc. The f-factor depends, of course, also on
adjustment of the equipment. There are some ways to determine the f-factor. One way is
to take into account the liquid signal only (1 in Fig. 9) and measure also at a tempera-
ture at which all the fat is liquid. The increase in signal at the higher temperature is
due to solids. This method is called the indirect method (Van Putte & Van den Enden,
1974) and cén be used to determine the actual F-factor. A correction has to be made for
influence of temperature upon magnetisation and detection. This is done with a reference
~0i1, which is liquid at both temperatures. With the following formula the proportion of
solid fat can be calculated:

Sp(7} 8(7)
STy - S

8 = (28)
Sp(T) ST /sp(ny

SR(T) and SR(Ihﬂ is the 'liquid signal’ of the reference oil at temperature T and IN
(where all the fat is liquid), respectively. S5(7) and S(TM) are the 'liquid signals' of
the fat at temperature T and TM. Olive 0il is frequently used as the reference oil. For
the samples of this study paraffin oil and triolein can be used. The indirect method
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