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Preface

In a sense, this book is a revision of 'Zuivelonderzoek : Problemen en Resultaten
bij Wetenschappelijk Zuivelonderzoek' (Problems and Results in Dairy
Research), Volumes I (The fat in milk) and II (Butter), by H. Mulder, published
by Koninklijke Nederlandse Zuivelbond FNZ in 1947. After 'Zuivelonderzoek'
went out of print, a revised edition was considered for some time but proved
impractical. The book was written at a time that scientific methods were gaining
impetus in dairy problems. In this book, Mulder comprehensively reviewed
progress in research on certain problems, and discussed implications for the
dairy industry of results then available. But since the development of funda
mental sciences has so profoundly influenced dairy science, and the scope of our
knowledge has so much widened and deepened, such a plan could not now be
carried through.
Hence we came to write a completely new book. Accumulation of systematic
knowledge and changes in the dairy and food industries diverted us from making
the classical milk products the central themes, around which the material could
be grouped. The basis is rather the raw material, milk, and its properties and the
processes involved in manufacture into products, either traditional or recombined dairy products or other foods. The key to the book is the milk fat
globule. By suitable presentation we hope we have made the book useful to
workers with other products too.
We have tried to proceed as much as possible from theory, particularly
physical chemistry and colloid science, and we have considered understanding of
processes more important than practical details. Crucial then is how to apply
these fundamentals in food processing. Hence we have refrained from long
theoretical arguments, or complicated mathematical treatment.
Naturally, we have laid some stress on our own preferences and on our own
work. Several internal reports, mostly by students, have been used. We have not
tried to list all the literature in the references: there is too much. Literature
appearing after 1972 has not been digested.
A book like this cannot be produced without the help of many, and we
gratefully acknowledge their assistance. The staff of the Dairying Laboratory
helped in many ways: with criticism, in experimental work to fill gaps and to
remove doubts, in making figures and plates, and in typewriting and correcting
the manuscript. Several colleagues, from the Netherlands Institute for Dairy
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Research among others, helped with critical discussions or let us use unpublished
results. We want to mention Dr M. van den Tempel (Unilever Research,
Vlaardingen) and Dr J. Lyklema (Department of Physical and Colloid Chemistry
of the University, Wageningen), who scrutinized drafts of Chapters 3 and 6,
respectively.
In congenial cooperation, Mr J. C. Rigg (Pudoc) not only made English out of
our attempts, but improved the text in other ways too. Mr J. M. Davies
(CBDST) made the last careful checks in text and references. Finally we are
indebted to the publishers, if only for their patience.
H. Mulder
Wageningen, April 1973

P. Walstra

Writing a book like this one is almost too arduous a task for one author. When a
mere revision of 'Zuivelonderzoek' proved impractical, I was therefore very
fortunate in having a co-author who did the majority of the work. Mainly
through his drive and initiative, the book has been knocked into its final shape.
H. Mulder
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Terms, symbols and units

The following terms are ambiguous; we have used them in the sense indicated:
casein:
clump:
cluster:
floccule :
plasma :
serum :
skim-milk :
separated milk :

(usually) calcium caseinate/calcium phosphate complex as
present in casein micelles
aggregate of fat globules with fat touching fat (Fig. 6.3)
aggregate of fat globules partly sharing their surface layers
(Fig. 6.3)
aggregate of fat globules in which each globule has kept its
identity (Fig. 6.3)
milk or milk product minus fat globules
plasma minus casein micelles
product obtained by gravity creaming
product obtained by centrifugal separation

Some frequently used symbols are :
A
cg
d
dvB
g
G
H
k
P
R
S
T
v
Y
V
V'
p
<p

surface area (e.g. Eqn 4.4)
relative width of size distribution (Section 9.2)
globule diameter (mostly in (xm)
volume surface average diameter (Eqn 4.3)
standard acceleration due to gravity (9.8 m s-2)
gravimetric fat percentage
creaming parameter of size distribution (Eqn 8.2)
Boltzmann constant (1.38 x 10~23 J K_1)
pressure
radius
shear rate (velocity gradient, s-1)
temperature (K, unless otherwise stated)
velocity
surface or interfacial tension
viscosity
apparent viscosity
mass density (g/ml)
volume fraction
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Units are mostly cm-g-s units. Conversions to SI units are given for some units
often used :
1 atm
= (1.03 kgf/cm2 = 14.7 p.s.i. = 106 dyne/cm2 =) 0.1 MPa
1 cal
= 4.18 J
1 cP
=1 mN s m~2
1 dyne/cm = 1 mN m_1
1 dyne/cm2 = 0.1 Pa
1 erg
= 10~7 J
2
1 erg/cm = 1 mJ m~2
%
= per cent by weight, unless otherwise stated
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1 Structure of milk

1.1 Composition of cows' milk
The composition of milk is itself not within the scope of this book, but since
structure depends on composition, we include here some general remarks.
In most texts on dairy chemistry, milk composition finds ample treatment
(8,11,24). But, though literally thousands of investigations have been published,
our knowledge of the composition of cows' milk is incomplete, partly through
gaps in knowledge, partly through imperfections in methods, but largely to
inherent variability. Although normal milk, produced by healthy cows, is
remarkably constant in qualitative composition, amounts of constituents,
structure and most physical properties are highly variable. Inevitably, published
results pertain to different conditions, such as breed of cow, climate, season,
lactation stage, feeding regime, all of which influence composition and structure.
Moreover, sometimes a published value is one estimate for an undefined milk
sample, others are averages of a few samples from individual cows at a particular
moment, and still other studies may be on lierd milk over a full year. Often, the
kind of average is not explicit : whether it is by weight or number may markedly
influence the result.
Often we know only the magnitude, not even a good average. We know even
less about variation. Information on the concentration of several components,
determined on separate milkings of a number of individual cows for a full year
would be invaluable. From such data (14), the average and range of composition
and the correlation between separate components can be calculated for different
conditions.
There are still other causes of uncertainty. For example, not all analytical
methods are equally reliable, and only a few have been studied in detail, by in
vestigating what exactly is determined and how. Milk may furthermore contain
contaminants, normally present only in traces, if at all. The amount of such
compounds depends on a variety of haphazard factors. Particularly, the amount
of trace components, such as copper, may show extreme variation: results for Cu
in the literature vary between 8 and 5000 (xg/kg milk (15).
The variation or uncertainty in milk composition raises many problems for
researchers, and also for the dairy manufacturer during processing and handüng.
Seasonal and other fluctuations influence output and composition of the pro
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ducts made. Small variations may have a considerable effect on quality. For
example, the heat stability of a milk product is strongly dependent upon the
composition of its protein and mineral components in a subtle way. The adverse
effects of some extraneous substances on quality are well known : e.g. off-flavours ;
copper and fat oxidation; antibiotics and fermentation.
A final uncertainty is nomenclature. It is common to refer to the lysine con
tent or the NaCl content of milk. But although a little free lysine may occur in
milk, the bulk of this amino acid is built into protein molecules, and can only be
liberated and collected by complicated chemical treatment. Neither does milk
contain NaCl; it contains Na+ and Cl~ either free or bound to other substances.
Many other examples of ambiguous terminology, that often lead to confusion,
could be cited.
A summary of milk composition is given in Table 1.2. Not all known com
ponents are shown, as the survey is meant to give an insight into milk structure.
1.2 Synthesis of milk
The metabolic pathways for synthesis of milk constituents may yield evidence
about composition; a vast amount of data is already available (3, 9, 11, 17). The
cytology of how milk is formed is particularly interesting, as it may help us in
understanding milk structure.
Milk is chiefly formed in the glandular epithelium of the mammary gland. The
arrangement of the glandular elements is shown in Figure 1.1. We will consider
alveolus

lumen .contains
freshly secreted milk

to
milk ^
duct

glandular epithelium

apical, pan
Figure 1.1. Diagram of an alveolus in the mammary gland.
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here only milk formation, not removal from the udder. Blood carries the basic
substances from which the epithelial cells produce the milk that is eventually
excreted into the lumen. Only a few of the milk components are directly derived
from the blood, whereas the major substances, such as fat, protein and lactose
are synthesized in the lactating cell. Possibly certain secretory cells are special
ized, some for instance, producing more fat, others more lactose.
In recent years, the cytology of milk synthesis has been studied extensively.
Figure 1.2 summarizes the classical studies of Bargmann and coworkers (2)
and studies by several others (5, 7,10,12,16, 17,25). For the fat globules, studies
by Patton and coworkers (7,16,17) have been particularly enlightening. Kinsella
& McCarthy (10) made interesting investigations on lactating cells in vitro,
that permitted some quantitative evaluation of the process of fat secretion.
Wooding (26) has published a slightly different opinion on the process of fat
globule discharge.
Fat globules are initially formed throughout the cell, but particularly in the
basal part; the globule seems to be surrounded by a thin membrane as it grows
and moves towards the apical part of the cell. The globule is extruded into the
lumen, taking with it an envelope of cell membrane.
The Golgi apparatus, that is generally considered to be active in protein
synthesis, forms numerous small vacuoles in the epithelial cells of the udder.
The Golgi vacuoles probably make most of the milk plasma; they contain
numerous protein particles, most probably casein micelles. When such a vacuole
lumen
microvilli
vacuoles with
protein particles
fat globules

—iWlr—

basal membrane

Figure 1.2. Diagram of lactating epithelial cells. The cytoplasma has a highly organized
structure, and contains many organelles that are not shown, such as ergastoplasmic
reticulum, Golgi apparatus and mitochondria.
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reaches the apical cell-boundary, it discharges its contents into the lumen and
its membrane becomes continuous with the apical cell membrane. This process
may play a part in the discharge of fat globules from the cell (26).
The apical cell membrane is lined with several fine protrusions into the lumen.
These microvilli are thought to resorb part of the material of the milk from the
lumen back into the cell.
Bargmann (2) and others (16) assumed that little or no cytoplasm goes into
the milk. Others, though confirming the general picture of Figure 1.2, assumed
that part of the cytoplasm, with all its enzymes and metabolic intermediates, is
discharged into the lumen, either by liquefaction of parts of some epithelial
cells (5), or as small fragments adhering to some fat globules (12, 26, 27). It is
however, improbable that more than a few hundredths of a per cent of milk is
constituted in this way. It has also been suggested that fat globules can be syn
thesized outside the cell, i.e. in the lumen while attached to 'connective cells'
(23).
'Wandering cells' have also been observed. These are apparently leucocytes
that cross the epithelium, and reach the lumen so that they become part of the
milk.
The 'microsomes' that have been found in milk may also be cytoplasmic
elements. These particles are associated with fat globules (13), but have also been
found in the milk plasma (6) (Section 5.5).
Also worthy of consideration is that blood constituents 'leak' into the milk.
Indeed, most of the substances of low molecular weight in blood, and also some
proteins are found in milk. How these substances reach the lumen is still un
certain.
Clearly, different milk constituents are formed in different places in the cell,
and they may well not be in equilibrium when they come together to form milk.
There is evidence that the fat globule membrane alters in structure after the
globule has left the cell (7). It has also been shown (1) that lipoprotein particles
directly isolated from mammalian cells are different in enzyme composition from
those in milk but that they become similar after being incubated in milk for some
time.
In conclusion, the cytology of milk formation is not yet clear, nor completely
known. Above all, quantitative studies are scarce. The only milk components
that have been identified in the lactating cell are the fat globules and the casein
micelles. Even there, there are open questions, such as that on the very high
number of very small fat globules in the milk, which until now have not been
identified in the glandular epithelium.
1.3 Strnctural elements
The greater part of milk, about seven eighths, is water, and on this depend many
of its properties. Detailed composition dictates more of its properties. For a fuller
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milk
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Uniform liquid. However, the liquid is
turbid and thus cannot be homogeneous.

o.°
• • •
, -o..." "* o
'?

o. 0 - : o •

plasma

0 •• .
o • o ^^fat
• o o - * \ y . .çf] globules

O"
* .o . . • o
o ' . • * * O *.
membrane

serum

D °C~^)^7CS c e l l e s
.
p ^o
o O
°o
o > °r^\°0°
0 / „ ° U o l
°° o °° o • "o
O* ô 0 - ° o ° °

x 500
Spherical droplets, consisting of fat;
these globules float in a liquid: plasma,
that is still turbid.

x 50000
The plasma contains proteinaceous
particles :casein micelles. The remaining
serum is still opalescent (so it must
contain otherparticles). The fatglobules
have a thin outer layer of different
constitution: membrane.

Figure 1.3. Milk viewed at different magnifications. The picture indicates the relative
size of structural elements.
picture, information about the complicated structure of milk is needed.
Figure 1.3 gives a schematic picture of the main structural elements to be
discerned in milk at successive magnifications. Naturally, the picture is stylized.
At even higher magnification (e.g. x 500 000), the serum proteins and lipo
protein particles would become visible. A magnification of x 10 million would
be needed to show all dissolved molecules and ions. This is all hypothetical,
since such experiments are impossible. Actual micrographs are shown in Plates
1 and 3A (fat globules) and in Plates 5 and 6 (casein micelles).
The main kinds of particles and their properties are surveyed in Table 1.1.
There again the data are highly schematic, and give orders of magnitude only.
Particularly the figures for lipoprotein particles are uncertain.
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Table 1.1 shows that principles from colloid science must be important in the
study of milk. All particles show Brownian movement, all have an electrostatic
charge (negative at pH 7), and consequently an ionic double layer. They are
spherical or almost so, and have a considerable surface area.
fat globules. Milk is not a simple oil-in-water emulsion, though many prop
erties approximate to this simple model. The fat globules have a complicated
membrane, certainly not to be considered as a monomolecular film of some sur
face-active material, taken up from the milk plasma. The membrane consists of
many compounds (Section 1.4; Chap. 5), and its intricate structure is still
uncertain. The membranes comprise about 2 % of the total weight of milk fat.
The inside of fat globules is not always liquid, and at room temperature part
crystallizes. The fat consists of numerous components and the composition differs
between fat globules, even in one milking of a cow.
Casein micelles. These are composed of proteins, minerals and water. The
protein, casein, is a complex of several different types of molecule, with different
properties; their proportions are not constant. The principal casein fractions are
a„-, K- and ^-caseins, but there are others; in addition, there are genetically
determined variants with slightly different composition and properties.
The casein itself is not a true protein. Besides amino acids, it contains residues
of phosphate and glucides like hexoses and sialic acid.
Casein occurs in milk as a caseinate, mainly of calcium, that is combined with
a calcium phosphate of varying composition, and which has ion-exchange prop
erties. The whole is known as the calcium caseinate calcium phosphate com
plex; it also contains Na+, K+, Mg2+ and citrate (19). The particles of this
complex in milk are referred to as casein micelles. A small part of the casein,
notably /3-casein, is not in the micelles but in the serum, particularly at low tem
perature (18).
The micelles consist of almost spherical subunits, about 10-12 nm diam.
(20, 21). These probably each contain about 12 protein molecules, and thus the
larger micelles contain some 10® or more casein molecules.
The micelles contain much water (4, 21). Besides roughly 0.25 g bound water/g
dry casein, they contain imbibed water, perhaps as much as 2 g/g casein. But
it should be stressed that the latter is not present as pure water but is more like
'imbibed serum'. The micelles probably comprise a large proportion of the
volume of milk, but they have an open structure; the surface area given in Table
1.1 refers to their envelopes, and the area of contact between caseinate and serum
may be 10 times as much. Not much is known yet about the internal structure.
The micelles also contain lipase, and possibly protease as well.
Serum proteins. These are true globular proteins. The protein particles may
therefore be considered as macromolecules, but we do not know how far they are
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associated into larger units in milk. Because of their negative charge (like the
casein micelles), they are certainly associated with positive counter-ions (Ca2+,
Na+, K+) and bound water. Above 65 °C the serum proteins start to denature
and become insoluble; this implies that much of them becomes associated with
the casein micelles.
Besides the classic serum proteins (/S-lactoglobulin, /9-lactalbumin, blood
serum albumin and immunoglobulins), the serum contains proteose-peptone,
i.e. proteinaceous substances of lower molecular weight. Also there are poly-,
tri- and di-peptides, and finally amino acids. This implies a continuous range
from colloidal particles to true solution.
Lipoprotein particles (see also Sections 1.2, 2.2 and 5.5). The study of lipopro
tein particles in milk is embryonic: quantitative results are scarce and uncertain.
They contain phospholipids and other glycerides, cholesterol, protein and
nucleic acids, and several enzymes, such as alkaline phosphatase and xanthine
oxidase. When skim-milk is ultracentrifuged lipoproteins sediment in a layer
just above the casein micelles. Electron microscopy of these lipoproteins shows
particles of diverse shape, and it is believed that they mainly consist of detached
microvilli and remnants of Golgi vacuoles (22).
Mineral constituents. Part of these are bound to the proteins. Often the term
colloidal phosphate is used, but this should be taken as complex phosphate in
the casein micelles; colloidal salts have not been detected outside the micelles.
Also some of the heavier elements, notably copper, are bound in some form to the
protein or the fat globule membrane.
Other mineral substances are mainly present as ions, but part, particularly of
the calcium citrate, is not dissociated (though in solution). Consequently, the
concentration of Ca2+, so important in protein stability, is much lower than of
total calcium in the serum. The ionic strength of milk is about 0.07.
Somatic cells. Though these may be considered extraneous particles, they are
certainly not to be ignored as structural elements. In 1 ml milk of healthy cows,
there are usually 104 to 5 X 10® cells, mainly leucocytes; their diameter is of the
order of 10 [xm, so that their content in milk is usually less than 0.05 %. If the
cell count is excessive, several profound changes in milk properties have been
shown, and problems may arise in the manufacture of milk products.
Their composition and properties in relation to milk have hardly been studied.
The cells contain all the usual cytoplasmic materials; enzymes and possibly
bacteriostatic agents may be of particular importance. Catalase in milk is mainly
present in somatic cells.
A survey of structure and composition is given in Table 1.2. The structural ele
ments considered are the fat globule with its membrane, and the casein micelle,
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Table 1.2. Milk structure and composition. The amounts refer to 1 kg milk.
I AT GLOBULE

CASEIN MICELLE

100-10 000 nni

MEMBRANE

Water
Carbohydrates
lactose
glucose
oligosaccharides
others
Mineral substances
Ca, bound
Ca, ionic
Mg
K
Na
phosphate
chloride
sulphate
bicarbonate
Organic acids
citrate
formate

J0-100 nm

Lipids
glycerides
fatty acids

phospholipids

450 mg
80 mg
90 mg
1500 mg
400 mg
1000 mg
3100 mg
100 mg
150 mg
1500 mg
20 mg
10 mg
20 mg
20 mg
10 mg

acetate

lactate
oxalate
others
Trace elements
Za
Fe
Cu
Si, B, I, Pb, Co, Mn
Sr, Cs, F etc.
Cases

3 mg

120 [Xg

20 ng

O,

16 mg
6mg

N,

cerebrosides
cholesterol
others
Proteins
casein
/Mactoglobulin
a-lactalbumin
blood serum albumin
immunoglobulins
proteose-peptone
others
Nitrogenous compounds
peptides
amino acids
urea
ammonia
others
Enzymes
acid phosphatase
peroxidase
some others
Vitamins
all vitamins of the B group
ascorbic acid
Miscellaneous
organic phosphates
carbonyi compounds
many others

100
10
20

3.0

g

0.3
0.7
0.7

g
g
g

1.2 g

+

50
250
10
300

mg
mg
mg
mg

200
20

mg
mg

200
2

mg
mg

EXTRANEOUS SUBSTANCES
Somatic celts
leucocytes
Pesticides (in the fat)
DDT
others
Antibiotics (in the serum)
penicillin
others

mg
mg
mg

Radionuclides
•0Sr and "Sr: distributed as Ca
mI: in serum
WTCs: in
serum
Many others
e.g. Cu
flavour substances

and the rest of the milk is taken as a continuous serum. Too little is known about
lipoprotein particles to warrant any quantitative statement. Constituents of the
lipids are given in Chapter 2.
Only some of the numerous constituents of milk have been covered. Many
not mentioned may play a significant part in flavour or in various chemical re
actions, but the table serves to give an insight into structure. Several hundred
components have been identified in milk, and a list of extraneous substances
would be endless.
The amounts mentioned in Table 1.2 can be taken only as examples, we have
tried to give averages for normal cows' milk. It will be clear from Section 1.1 that
exact data can rarely be given. Neither do they make much sense, bearing in
mind the considerable variation.
1.4 Changes
Freshly drawn milk is not in equilibrium, but is subject to many changes, which
begin in the udder. Different milk constituents are formed at different sites in the
cell, and meet in the alveolar lumen. There, changes may take place, for instance
in concentration of some components by resorption. Morever, milk secreted at
different times may differ in composition. When these portions mix, further
changes may occur, and still more changes take place when milk from different
cows is mixed.
Physical conditions may also vary in the udder: the milk is subject to varying
pressures and it streams through narrow capillaries, so that fat globule size could
change. The existence of 'churned fat' sometimes in freshly drawn milk, and the
rapid emulsification of oil introduced into the udder are indications.
During milking and processing, air is incorporated into the milk. This alters
the composition, and may start chemical reactions such as oxidation. But,
equally important, it adds a structural element to the milk : the air bubble. As the
air-water interface shows great affinity to all surface-active substances, e.g.
proteins and lipids, the incorporation of air induces many changes, such as
surface denaturation of proteins and damage to fat globules.
When milk is kept at room temperature, physical changes are the most con
spicuous, e.g. creaming and flocculation of fat globules, crystallization of fat.
Changes in viscosity and in renneting properties indicate other events. Chemical
changes include various oxidations, and subtle changes in the salt equilibrium.
Enzyme action is manifold. Some changes are well known, others much less so.
Temperature has a great influence, of course. Several changes have been re
corded in the behaviour of milk during processing, after it had been deepcooled. The underlying physical and chemical reactions are virtually unknown.
The micro-organisms, entering milk by contamination, are responsible for
the most dramatic changes, which are outside the scope of this book. Also other
contaminants, especially copper, may alter milk drastically.
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The different processes in the dairy of course alter milk : they are meant to do
so. But often several unintended reactions take place. The best known example
is the heating of milk to protect it against microbial and chemical deterioration ;
it causes a multitude of detrimental or beneficial changes. Here again, many of
the effects observed are poorly understood.
1.5 Conclusions
Knowledge of chemical composition cannot fully explain the properties and the
behaviour of milk; a thorough knowledge of the physical and chemical structure
is needed. The study of technological processes of dairy manufacture, in partic
ular, requires knowledge of milk structure.
Unfortunately, knowledge is incomplete. One cause is that many techniques
for study of structure cause change in structure: for instance, one cannot isolate
the casein micelles from milk without altering both the micelles and the remain
ing serum. Further, the dynamic state of milk brings problems.
Structure has often been studied on a mixed milk sample taken at random
without reference to history and origin. It would be better to start with indi
vidual cows, and to study single milkings that have been drawn and kept under
controlled conditions. The discovery of genetic variants of milk proteins, and
of their possible role in milk stability, well illustrates the necessity for using
separate milks.
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2 The fat in milk

Fats or lipids are esters of fatty acids and similar or derived compounds, that are
soluble in non-polar organic solvents, and insoluble or almost so in aqueous
liquids. Fats have a high interfacial tension with water, and mostly occur in the
form of small droplets. In aqueous media, lipids may also be present in a very
finely divided state, associated with other organic materials, particularly pro
teins. It is, however, difficult to make a sharp distinction between these 'lipo
proteins' and very small fat globules.
The many lipids of milk, together forming the 'milk fat', have a very compli
cated composition and structure, even more complicated than most other natural
fats. A treatise of the chemistry of milk fat is outside the scope of this book, and
is to be found in several textbooks; e.g. Kurtz (15) or Jenness & Patton (10).
We will concentrate on some properties that are important for the other sub
jects of this book.
The fat content of milk is usually defined as the amount found by the standard
Röse-Gottlieb method (9). This is an arbitrary definition, as a small part of the
phospholipids and most of thefreefatty acidsare not recovered by thismethod (35).
The chemical and physical properties of a lipid depend primarily on chemical
class: triglycerides are different from lecithins or cholesterol. But each lipid
class, again, consists of many different kinds of molecules, as the component
fatty acid residues are different. This fatty acid pattern is a second important
factor determining the lipid properties.
2.1 Component fatty acids
The physical properties of a fat, its chemical reactivity and its food value are
dependent on fatty acid pattern. The main variables are chain length, number
and position of the double bonds and their configuration : cis or trans isomers.
Physically similar fatty acids may differ considerably in chemical reactivity
(particularly in autoxidation) and in nutritional properties. Physical properties
are primarily a function of chain length and unsaturation of the acid residues.
A. close relationship exists, for instance, between melting range of a fat and that
°f its component fatty acids. Branching, incorporation of other groups
(—OH, =0) and cis-trans isomerism also influence crystallization behaviour.
Table 2.1 gives a survey of the common fatty acid residues in milk lipids. The
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Table 2.1. Some properties of common fatty acids of milk fat, and approximate fatty
acid composition of the lipid classes of milk. In parentheses is the range found in the
literature. The data on free fatty acids are very tentative, and refer to acids liberated by
the action of milk lipase only. Data from Refs 1, 10, 11, 12, 16.
Acid

Nota
tion

Saturated
butyric
4:0
caproic
6:0
8:0
caprylic
capric
10:0
lauric
12:0
myristic
14:0
palmitic
16:0
stearic
18:0
odd-numbered
branched
other
Monoene
18:1
oleic
other
Diene
linoleic
18:2
other
Polyene
linolenic
18:3
other
Keto and hydroxy
Unclassified

Melting Solubility
point
(at 25 °C
(°C)
mg/100 ml
water)
-8
-4
16
31
44
54
63
70

oo

970
73
6.0
0.55
0.18
0.08
0.04

16

?

-5

21

-14

?

Composition (in mol %) of
glycerides

phospho- free fatty
lipids
acids

69 (57-80)
8.5 (7-11)
4.0 (2-5)
1.8 (1-3)
3.0 (1.5-5)
3.6 (2.5-7)
10.5 (8-15)
23.5 (21-28)
10.0 (7-13)
2.5 (1.5-3.5)
1.1 (0.7-1.8)
0.7 (0.3-2)
27.0 (18-36)
21.0
6.0
2.5 (1-4.3)
1.8
0.7
0.8 (0.4-2)
0.4
0.4
0.5

45
—

+
+

0.5
3
19
12
4.5
0.7
5
41
38
3
8
8
0.2
4
2
2
?

2

72
14.5
4.5
2
2
2
9
21
13
2.5
1
?

23
19.8
3.5
2.3
?
?
?
?

1

difference between lipid classes is evident. Many other fatty acids have been
reported: excluding keto acids about 100 have been found. Besides fatty acids,
other fatty components serve as building blocks, e.g. aldehydes, alcohols (giving
glyceryl ethers), lactones, and particularly keto and hydroxy acids.
Many factors determine the proportion of fatty acids in milk fat, especially
feeding Some indication is therefore given of variability, though this may some
times be based on few observations. Hence, Table 2.1 is meant to give an im
pression of fatty acid pattern, not of exact composition of the fat.
2.2 The different lipids
Table 2.2 gives a survey of the lipid classes in milk, some of their properties and
their site.
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Triglycerides form the bulk of the fat and mainly determine its physical properties,
such as melting and solidification behaviour. They also act as a solvent for many
other lipids. Chemically the triglycerides are the most inactive and apolar
lipids.
Fatty acid composition is not the only factor determining the properties of the
fat, as the acids can show different mode of combination in the molecules. It is
the composition of the individual triglycerides, not the general fatty acid
pattern, that is the ultimate determinant. There is a tendency for fatty acids to
be randomly placed, but this is not strictly true. Interesterification, which lead to
complete randomness, indeed alters the properties of the fat. The abundance of
short chain acids (particularly butyric acid) in the a position which is easiest
attacked by lipolytic enzymes, influences the composition of di- and monoglycerides and of fatty acids after lipolysis.
Diglycerides do not differ much from the triglycerides in properties. They are
somewhat more polar, and are more easily attacked by some chemical agents.
Some are bitter, like some monoglycerides. The amounts in Table 2.2 refer to
fresh milk. According to some authors (3, 8, 17), the amount of diglyceride is
much higher, e.g. 3-10 % by weight of total fat. Other studies, and particularly
a recent report by Timmen et al. (31), indicate that fresh milk fat contains only
0.25-0.3 %.
Monoglycerides form a minute fraction in fresh milk, but considerably increase
in concentration on lipolysis, as do diglycerides and free fatty acids. These
substances are found directly after milk is drawn, but it is not certain whether
they are present in freshly formed milk, as lipolysis may begin in the udder. In
milk as handled at the dairy, mono- and di-glycerides and free fatty acids are
always present.
Monoglycerides are rather different from triglycerides in properties. They
exhibit strong surface activity. The smaller molecules are slightly soluble in
water.
Free fatty acids are even more soluble in water (particularly short-chain acids)
and more surface-active (particularly long-chain acids). At neutrality most of the
acids is dissociated in water. The dissociation constant varies from 1.2 x 10~B
to 1.5 X 10~5, so 50 % dissociation occurs at a pH of about 4.9. Total solu
bility therefore depends strongly on acidity, increasing with pH, and in alkaline
conditions the acids may be called soaps. With heavy metals insoluble soaps
are formed.
Besides the long-chain fatty acids occurring in fats, formic, acetic and pro
pionic acids are present in milk plasma. These acids, and also butyric acid, may
also be formed by bacterial action from non fat-materials. So part of the free
short-chain acids are natural trace components of the milk, part may originate
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from hydrolysis of the fat (acetic, butyric), part may be formed from other
bacterial (acetic, propionic) or chemical action (formic).
Phospholipids are the most surface-active class, as they are amphipolar. As they
have rather large molecules, they are hardly soluble in either water or fat,
though they are easily dispersed. In both liquids, they tend to form micelles with
the polar or the non-polar ends at the outside, respectively. They are difficult to
transform from the hydrated into the other form and vice versa. Phospholipids
are generally present in close connection with protein and often with other sub
stances, such as lipids and glucides, in 'lipoproteins'. The nature of the bonds
between components of such complexes are, however, little known.
The groups of phospholipids show different properties, and have not the same
fatty acid pattern (Table 2.2). The differences are considerable, and particularly
the cephalin fractions contain a relatively high proportion of polyene (3 to 5
double bonds) fatty acid residues (15). The groups are about evenly distributed
among the different fractions of milk (5, 28).
Cerebrosides are glycolipids, as they contain a hexose residue. They are usually
taken together with the phospholipids, because of their similar behaviour, though
they do not contain phosphorus. Sphingomyelin + cerebrosides are also called
sphingolipids ; their fatty acid pattern shows a high proportion of long-chain
(>C18) acids.
Sterols are highly insoluble in water, and show some, but not very much surface
activity. They easily associate with phospholipids. The cholesterol is partly esterified, but there is some uncertainty as to the distribution of the esterified cho
lesterol in the different milk fractions (Section 5.4).
Other lipids, such as carotenoids, tocopherols, xanthophyll, squalene, and
waxes are present in only very small quantities, but may play a significant part
as vitamins (mainly A, D and E), antioxidants (tocopherols) or pigments
(mainly carotene).
Flavour components. Milk fat contains several more trace constituents (parts
per million or even less), some of which are volatile. Among them are com
pounds responsible for the typical flavour of milk fat. They are partly natural
components, partly formed as. a result of slight autoxidation. They include
several kinds of lactones, and unsaturated aldehydes and ketones. Some fatty
acids also contribute to flavour.
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Table 2.3. Approximate content of lipids in different milk products. After Refs 4, 22,
23, 34, 37.
Product

Composition (% w/w)
total fat

Milk
Separated milk
Cream
Cream
Cream
Buttermilk from 20 % cream
Buttermilk from 40 % cream

4
0.06
10
20
40
0.4
0.6

phospho
lipids
0.035
0.015
0.065
0.12
0.21
0.07
0.13

cholesterol
0.014
0.002
0.032
0.06
0.12
0.007
0.012

free fatty
acids
0.008
0.002
0.017
0.032
0.06
0.002
0.002

2.3 The fat in milk products
Owing to the differences in fat composition between different milk fractions, the
fat in milk products, for instance derived by separation or churning, may vary in
properties. This is illustrated by the representative values in Table 2.3.
As is to be expected, the triglycerides in buttermilk differ in fatty acid pattern,
as they are mainly derived from the liquid portion of partly solid milk fat
(Section 12.2). They are therefore much less saturated than the original milk
fat (21).
The way in which the lipids in milk plasma (about 0.02-0.03 % or 0.5-1 %
of the fat) are present, is still uncertain. The presence of extremely small fat
globules (Section 4.1) obscures the distinction between globular and plasma fat.
Part of the short-chain free fatty acids are dissolved in the plasma, but the other
lipids are virtually insoluble in water, and should be present in bound form or
even in some kind of micelles. In a milk ultrafiltrate, about 0.003 % fat is found
by the Röse-Gottlieb method (33), in which method little free fatty acid is re
covered. The 'lipoprotein particles' or 'milk microsomes' of the fat globule
membrane have also been identified in milk plasma (6, 25). It is therefore
attractive to suppose that the bulk of the plasma fat is present in these particles,
but this would need further confirmation; see also Section 5.5.
The composition of the lipids in the membrane is discussed in Section 5.4.
2.4 Physical properties of milk fat
In this section milk fat is taken in the narrow sense of the fat inside fat globules
(the core fat of Table 2.2), which is almost identical with the fat isolated in the
usual way from butter, if there has been no chemical or enzymic change. It
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contains over 99 % (w/w) of triglycerides, when fresh.
Table 2.4 gives approximate data for liquid fat; there is some natural varia
tion. Refractive index (n) at 589 nm is rarely outside the range 1.452-1.457
(32); n varies considerably with wavelength (Ref. 32, Table 2). Density (/>)
varies with fat composition, but to what degree is unknown; but probably
(»- 1) p is constant, so variation in p will be smaller than 1 %. Variation in
viscosity (rj) is also unknown; when milk fat was fractionated into portions solid
and liquid at 20 °C, viscosity was found to differ by some 7 % for them where
they were both liquid (33). Solubility of water in oils is constant at each tem
perature if expressed as molar fraction (7), so mass solubility depends on average
molecular weight; the solubility in solid fat is unknown. Refractive index and
density vary almost linearly with temperature; log rj and logarithm of water
solubility vary linearly with the reciprocal of absolute temperature.
Thermal conductivity is about 4 x 10-4 cal cm-1 s-1 (0.17 J m_1 s_l K-1) °C-1
at room temperature (30). Specific heat of liquid fat is around 0.5 cal g-1
°C-1 (2100 J kg-1 K-1), but is dependent on temperature (30).
Electrical conductivity is less than 10~12 S/cm (mho/cm) (27). Dielectric
constant is about 3.1 (18) but depends on frequency; dielectric loss factor
depends very much on frequency.
Solubility of air is 8.7 ml/100 g fat, that of 02 is 2.8 ml/100 g fat, and that of
N2 5.9 ml/100 g fat at room temperature and atmospheric pressure (19, 30).
Hence liquid milk fat in contact with air under atmospheric pressure will
contain 0.004 % (w/w) of oxygen. Solubility in solid fat is unknown, but is
probably negligible (19).
Table 2.4. Physical properties of milk fat at various temperatures. The data are for
liquid milk fat of average composition. Figures in brackets are extrapolated.
Temperature
(°C)

Density
(g/ml)

Refractive index
(A = 589 nm)

Viscosity
(CP)

10
20
30
40
50
60
70
80
90
100

(0.922)
(0.915)
0.909
0.902
0.895
0.889
0.882
0.876
(0.869)
(0.863)

(1.465)
1.462
1.458
1.454
1.451
(1.447)
(1.444)
(1.440)
(1.436)
(1.433)

70.8
45.7
30.9
22.1
16.6
12.5
9.8
7.6
6.2

(0.11)
(0.14)
0.17
0.20
0.24
0.27
0.32
0.36
0.41
0.46

Reference
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33

7

32

Solubility of water
(%w/w)
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3

Crystallization behaviour of milk fat

Milk fat is liquid above 40 °C and usually completely solidified below —40 °C.
At intermediate temperatures (e.g. room temperature) it is a mixture of crystals
and oil, the oil usually being continuous. Solidification and melting of compound
fats is complicated, being influenced by many factors. Crystallization of milk fat
is even more intricate than of most other fats because of its intricate composition
(Section 2.1). Moreover, its natural state is as dispersed globules and dispersion
of a fat has a profound effect.
The state of crystallization affects many properties, particularly rheological
properties of the fat globules. It affects, for instance:
- the susceptibility of globules to churning or clumping (Chap. 6, 7, 10, 11
and 12)
- the resistance of the globules to disruption (Chap. 6, 7 and 9)
- consistency and mouthfeel of high-fat products (Chap. 10 and 13)
- in some conditions creaming rate (Chap. 8).
3.1 Melting range
Pure compounds have a sharp and constant melting point, but mixtures of many
components like milk fat have a long and variable melting range, because of the
large differences in melting point of the many component triglycerides; some
examples are given in Table 3.1. Even in a simple mixture like tristearin and tri
olein, the tristearin melts over a considerable range, because solid tristearin
(or any other solid triglyceride) is soluble in triolein (or any other oil); at 72 °C
(the melting point) the solubility is 100 % (100 g/100 g mixture), at 65 °C it is
20 % and at 50 °C it is 1 % (15). Similar effects occur for most components.
Hence, the melting range of a compound fat shifts to lower temperatures than
the range of melting points of its constituent triglycerides. Moreover, the forma
tion of mixed crystals considerably influences melting and solidification (Section
3.4).
An example of the melting range of milk fat is given in Figure 3.1. Though
melting continues over the whole range, 3 or 4 temperature regions of more
pronounced melting can be distinguished. Many factors affect the melting curve,
but most milk fats give the same type of picture. A satisfactory explanation,
based on milk fat composition, has not been given.
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Table 3.1. Melting properties of some pure triglycerides, in their most stable modi
fication. Mainly from Ref. 1.
Triglyceride1
sss
ppp

LLL
BBB
OOO
SOS
POP
PPO
1 S:

Melting point
(°C) -

Heat of fusion
(cal/g)

Melting dilatation
(ml/g)

72
65
46
-75
5
44
36

55
53
46

0.167
0.162
0.143

29
47
43
33

0.083
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residue of stearic acid, P: palmitic, L: lauric, B: butyric, O: oleic.

Figure 3.1. Melting curve of fat in cream, estimated by dilatometry. The cream was
rapidly cooled to —50 °C, then slowly warmed during the experiment. 1: the proportion
of solid fat, 2: the melting rate in % of the fat per °C. After Ref. 19.
As shown in Table 2.1, fat varies considerably in composition, and so may
vary in melting curve (Fig. 3.2). At a first approximation, the melting range
parallels that of the constituent fatty acids (Table 3.1). Hence, it shifts to lower
temperatures with decreasing average chain length and increasing degree of unsaturation. But also the combination in triglycerides, and even the arrangement
of the fatty acid residues in the triglycerides, are important.
If milk fat is separated into solid and liquid fractions at a certain temperature
(say 25 °C) the fractions differ little in fatty acid composition; the average melt-
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Figure 3.2. Melting curves of milk fat, determined by dilatometry. 1 : summer fat,
slowly cooled before the experiment; 2: the same fat, rapidly cooled; 3: winter fat,
rapidly cooled. After Hannewijk & Haighton (14).
ing points of such fatty acid mixtures are calculated to differ only by 4 or 5 °C.
But the actual differences found between melting curves of the fat fractions are
more like 15 °C (24). Similar conclusions can be drawn with milk fat fractionated
into fairly narrow melting portions by crystallization in acetone (36).
If milk fat has been treated in a way that allows interesterification, so that the
position of the fatty acid residues in the triglyceride molecules is random, its
melting behaviour changes profoundly; it contains more high-melting glycerides
(8). These observations indicate the intricate relation between melting curve and
composition.
The melting curve is also closely dependent on temperature treatment of the
fat (e.g. Fig. 3.2). This will be discussed in Sections 3.2 to 3.5.
3.2 Nucleation and growth of crystals
Crystallization can be considered as having two phases: nucleation and growth.
Crystallization is initiated by the presence of suitable nuclei. Truly homogeneous
nucleation can occur in a small quantity of a pure substance (completely
devoid of other materials) at considerable supercooling. In triglycerides, crystal
nuclei form spontaneously at a measurable rate at temperatures 20-30 °C below
the final melting point of the a modification of the crystals (28, 33). This is a
relatively small supercooling as compared with that of many substances. If
homogeneous nucleation occurs, the nucleation rate (i.e. the number of nuclei
formed per unit volume and unit time) is usually very high.
In milk fat globules, considerable supercooling is certainly needed to initiate
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crystallization. But this does not necessarily imply that homogeneous nucleation
occurs. As is discussed in Section 3.6, nucleation may well be heterogeneous in
most of the globules.
In a fat in bulk, nucleation is always heterogeneous, i.e. crystallization starts
at the surface of extraneous particles, called therefore catalytic impurities.
The nearer to the temperature of homogeneous nucleation (i.e. the deeper the
supercooling), the greater the probability that any impurity present can indeed
catalyse nucleation. So the concentration of catalytic impurities effectively in
creases with decreasing temperature. Consequently, at lower temperature,
nucleation rate is higher. It has been suggested that monoglycerides in the fat
form micelles that can act as catalytic impurities (33).
How ever nucleation occurs, supercooling is always needed to start crystalliza
tion. Hence, for the higher temperature part of the melting range, the amount of
solid fat at any temperature during melting (warming) is always more than
during solidification (cooling) (e.g. Fig. 3.11).
Once fat crystals have formed during cooling, they serve as catalytic impurities
for the nucleation of other crystals of slightly different composition. Because the
different crystals are so similar, this kind of nucleation probably needs little
supercooling. Hence, once crystallization has started in a certain mass of fat,
it can proceed with little hindrance. Yet, the supercooling needed for the lowermelting glycerides to crystallize may not be negligible. If milk fat is cooled to,
for instance, 12 °C for a few hours, it always contains crystalline fat; but precooling at a lower temperature leads to more solid fat at 12 °C (e.g. Fig. 3.8a).
Such a difference may perhaps be caused by increased nucleation at lower tem
perature, but this need not be true: the formation of mixed crystals leads to
similar effects, and this will most probably take place (Section 3.4).
After nuclei have formed, crystal growth is relatively slow in natural fats, much
slower than in pure triglycerides. Generally, the growth rate of crystals depends
on the degree of supersaturation, on the rate of diffusion of molecules to the
crystal surface, and on the time needed for a molecule to attain a perfect fit
into a vacant site on the crystal lattice. In the case of milk fat, diffusion is un
important as there are many triglyceride molecules available that are quite
similar to those in the growing crystals. Hence, such a molecule will almost fit
the crystal lattice, and many indeed occupy a vacant site on the crystal for a
time, before diffusing away again to make way for another molecule, until at
last one fitting exactly fills the vacant site (35). Growth is much retarded by this
competition phenomenon. Other substances present in small quantities, such as
some surfactants, may retard crystal growth in a similar way (35).
Crystallization rate is the resultant of nucleation rate and crystal growth. But
there may be complicating factors.
1. Crystallization is exothermic and temperature may rise locally, hence
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Figure 3.3. Rate of crystalliza
tion : mass of solid fat present as a
percentage of that present after
24 h, when rapidly cooled to a
certain temperature. 1: milk fat in
bulk at 25 °C, 2: the same at
5 °C, 3: the same fat in recombined cream at 5°C, 4: the
same at 25 °C but no solid fat
after 24 hours. After Walstra &
van Beresteyn (38).

crystallization rate decreases, particularly in bulk fat not stirred during cooling,
where temperature may increase as much as 5 °C.
2. Because different molecules of fat are much alike, the crystals are rather im
pure, i.e. they contain foreign triglyceride molecules, particularly after rapid
and deep cooling. Because of the imperfect crystallization, solid fat may slowly
reconform (recrystallize), and the amount of crystalline fat increases if tempera
ture is kept constant.
3. An extreme form of impure crystals ate mixed crystals, these are usually
present and their presence can cause similar slow alteration (separation into
unmixed crystals) over a period of days or even longer (Section 3.4).
4. Polymorphic transitions (Section 3.3) may also take place, perhaps in the
course of reconformation of mixed crystals.
The slowness in reaching maximum crystallization has been observed by
many authors (16, 21, 27), (see Fig. 3.3). When a small quantity of milk fat is
quickly cooled to 25 °C, it takes about 1-2 h to complete 50 % of the eventual
crystallization; for every 5 °C lower temperature, crystallization rate is roughly
doubled (38). When the fat is in globules, crystallization is even slower.
3.3 Polymorphism
Many substances crystallize in different polymorphic forms, of which only one
is completely stable in given conditions. The others are metastable, i.e. they may
be transformed into the stable form, but not vice versa. Often, metastable forms
may persist a long period. The different polymorphic forms have different crystal
lattices, and different melting points, which increase with increasing stability.
Most fats exist in three polymorphic modifications, called a, ß' and ß. Some
properties are given in Table 3.2, for some pure triglycerides. The « crystals have
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Table 3.2. Properties of some triglycerides in the various polymorphic modifications
(as defined by Lutton). Mainly from Ref. 1 and 6.
Polymorphic modification
(liquid)
Possible transitions: (common case)
endothermic

(

{

*

<

exothermic

Crystalline form
Main short spacings (Â)

hexagonal
4.15

orthorhombic
3.8 and 4.2

triclinic
4.6

Melting points (°C) of
ooo1

LLL
SSS
POP
PSP

Transitions of SSS
melting dilatation (ml/g)
heat of fusion (cal/g)
ratio (cal/ml)

-32
15
55
21

47
0.119
39
330

-12

35
64
30
69

43

5
46
72
36

0.167
55
330

1 Codes
2 The

for fats as in Table 3.1.
ß form of PSP apparently does not exist.

the simplest lattice structure; the molecules are not very closely packed. The
ß' and ß crystals have a more intricate and compact structure. Usually, the
a form is least stable and ß most stable, but in some triglycerides the ß' form has
the highest melting point. Not all triglycerides are known in all three forms.
Within the ß' and ß forms, there can be various submodifications, with slightly
different properties (17). Some authors have described a fourth, vitreous, modifi
cation, called y, that has an even lower melting point than the a form. But it is
now usually taken to be a subform of a; if a crystals are rapidly cooled, they
change into the y modification, this transition being reversible, unlike the others
(6).

Only a, ß' and ß are of practical significance. On rapid cooling of fats, «
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crystals usually form first (33), because of their relatively simple structure. They
are usually minute, but only because of the rapid nucleation and not through any
characteristic of the crystal lattice structure. Usually the others form during
further crystallization, or directly when cooling is slower. After most of the fat
has crystallized at a certain temperature, it may transform into more stable
states, even at constant temperature. But such transitions are, in compound
fats at least, slow or even absent, because transitions in the solid state are
sterically impossible; the liquid form is an essential intermediary, so the fat
must melt, at least locally. Naturally, transitions occur easily when the fat is
heated slowly to temperatures above the melting point of the metastable form
(a or ß'), certainly when crystals in the more stable form (ß' or ß) are already
present to act as crystallization centres.
Polymorphism has also been found in milk fat. Mulder (21) reported a double
'melting point' in rapidly cooled milk fat, the classical proof of a polymorphic
transition: after rapid cooling to about 0 °C, milk fat melted at 19 °C, solidified
again, and melted again at 30 °C. DeMan (9) and others used X-ray diffraction
and infrared spectroscopy, and identified a, ß' and ß forms; this does not prove
polymorphism, since different glycerides may occur in different modifications.
But during melting, polymorphic transitions can easily be demonstrated, for
instance by differential thermal analysis (Fig. 3.4). The fat kept 5 min at 11 °C
shows a clear double melting point on heating; after keeping longer at 11°C,
the exothermic effect has disappeared, but it may have been masked by larger
endothermic effects, now that much more fat was crystallized. Van Beresteyn

heat

heat

of fusion

of

crystallization

Figure 3.4. Polymorphic transition: melting curves of milk fat (heat effects per °C)
determined by differential thermal analysis. 1 : fat rapidly cooled to 11 °C and kept
there for 5 minutes prior to the experiment, 2: the same fat kept 90 min at 11 °C. After
van Beresteyn (3).
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(3) has clearly shown that after long storage a and ß' crystals still remain, but
it is difficult to ascertain whether their total mass remains constant. The final
melting point of a for milk fat is about 22 °C, ß' about 30 and ß about 36 °C
(3). Isothermal transitions have never been proved in milk fat, though they have
been shown in milk fat fractions (2). Still, Figure 3.4 and similar curves (3)
suggest that there is some polymorphic transition during the first half hour or so
after cooling; the disappearance of the peak near 13 °C could be so explained,
though rearrangement of mixed crystals may cause similar effects.
Generally, isothermal polymorphic transitions are pronounced only for fats
in which almost all constituent fatty acids have the same chain length, unlike
milk fat. But changes in polymorphic form may well occur if the temperature
fluctuates. The speed of cooling may also influence the proportion of the different
forms, rapid cooling leading to proportionally more of the lower-melting forms.
The state of dispersion of the fat may play a part too (Section 3.6). Hence, the
proportions of the different forms vary, but as yet quantitative data are not
available.
3.4 Mixed crystals
Mixed crystals form when different kinds of molecules are incorporated into the
lattice of one crystal. Naturally, this occurs within a particular polymorphic
form. There are different types of mixed crystals: in solid solutions, the different
molecules are apparently interchangeable in the crystal lattice in any proportion ;
in layer crystals, which can probably exist in fats (1), the molecules within each
layer are identical, but adjacent layers may contain other molecules. Impure
crystals, which contain some 'extraneous' molecules, maybe considered as mixed
crystals with one predominant substance. Probably, intermediates occur.

Figure 3.5. Hypothetical phase diagrams of binary mixtures of triglycerides. Com
ponent B always has the highest melting point. The hatched area indicates the con
ditions under which solid and liquid fat are both present, above it is only liquid, below
it only solid fat.
a. Eutectic system without mixed crystals.
b. A continuous series of solid solutions.
c. d and e. More complicated systems with mixed crystals under some conditions.
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Not surprisingly, mixed crystals are common in fats (15), since the different
glycerides are much alike. Mixed crystals usually form more easily in the metastable form (a, ß') than in the ß modification (13, 29). Figure 3.5 gives some
examples of phase diagrams of binary mixtures of triglycerides. Such mixtures
commonly show one melting range, not two melting points. Generally, pairs of
similar glycerides show a continuous (Fig. 3.5b) or a partial (c, d, e) range of
mixed crystals, though not always (a); type b is common for the a and ß' forms
(29). If the glycerides are far apart in melting point (and hence in composition),
they may not form mixed crystals, i.e. the lower and the higher melting com
ponent crystallize independently.
Natural fats contain not two, but many glycerides, and mixed crystals with
more than two components might well occur. Often two groups of glycerides
give mixed crystals, behaving as if they were two pure components (15).
Milk fat. Mulder (20, 21, 22) sought to explain the complex crystallization
behaviour of milk fat by assuming that it forms a series of mixed crystals. Their
formation does not mean that all molecules need fit the same crystals. Similar
interactions would occur if the fat (or a considerable part of it) crystallizes in a
series of different mixed crystals with overlapping melting ranges, as will be
clear from the results discussed below.
That mixed crystals do indeed occur is clearly shown by Figure 3.6. The
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Figure 3.6. Effect of mixed crystal formation on melting properties. Melting curve
(-—.) as apparent specific heat capacity ( = specific heat + heat of fusion) of a mixture
of equal parts of a high and a low melting fraction of milk fat. The broken line (
) is
calculated from the melting curves of each fraction, assuming no interaction. After
Sherbon & Coulter (31).
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lowering of the final melting point in the mixture can possibly be explained by
eutectic effects, as in Figure 3.5a. But the considerable changes over the whole
melting range can be due only to formation of mixed crystals. Samhammer
(30) showed the existence of intermediate lattice spacings from X-ray diffraction
patterns, as further evidence for the presence of mixed crystals in milk fat.
Mixed crystals formed at a certain temperature, may not be in equilibrium,
particularly when they are not true solid solutions. But true equilibrium may
never be reached, since molecules in a solid phase interchange slowly, especially
at low temperatures. And moreover, after cooling, the fat solidified last will be
on the outside of the (layer) crystals; this part is in equilibrium with the liquid
fat, even though the solid fat as a whole is not. Consequently, a non-equilibrium
situation may easily be 'frozen', particularly after rapid cooling to a low tem
perature (21).
Mixed crystallization can qualitatively explain many aspects of the solidifica
tion of milk fat. Quantitative explanation would require the actual (multi
dimensional) phase diagram. But Figure 3.7 may serve as a partial 'section' of
the true situation. (Comparison with Figure 3.5 shows that it is not unreason
able.) If a mixture of composition x3 starting at T1 were slowly cooled, it would
start to crystallize at Tz (assuming immediate nucleation). If further cooled
slowly, solid and liquid fat would continuously interchange, the composition of
the liquid fat following the liquidus line, that of the crystalline fat the solidus
line at the same temperature. On subsequent slow heating, the same changes
would be reversed, and at T2 the last solid would melt.
But in practice, there is no time for these interchanges, unless temperature
changes infinitesimally slowly. Rapid cooling of a mixture of composition x3

Figure 3.7. Hypothetical partial phase
diagram of milk fat. L: Liquidus line,
giving the composition of the liquid
phase; S: solidus line, that of the solid
phase, if both phases are present. The
regions of the diagram are as explained
in Figure 3.5.
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from Tt to T3 causes it to separate at T3 into liquid fat of composition x2 and
solid fat of composition x5. The proportion of solid fat is given by the interval
*2 — x3 divided by x2 — x6, i.e. 0.47 or 47 %. The 'melting point' of the solid,
if rapidly heated, is not near T2, but melting starts just above T3 and ends at a
temperature above T2. Similarly, cooling from Tx to
gives a different com
position, proportion of solid fat and melting range. But when the same fat
(x3) is first cooled to and kept for some time at Ta, and then cooled to Tit the
solid fat (xB) probably remains as it is, and the liquid fat (x2) may separate into a
liquid xx and solid x4. Hence, the crystals are not all the same in composition,
but are of two kinds. While kept at Tt, a slow rearrangement may take place
towards the equilibrium situation (as would occur after direct cooling to Tt).
Similar reasoning can show the behaviour for other temperature treatments.
Consequences. The formation of mixed crystals causes several typical effects.
1. The melting range is narrower than it would otherwise be, as discussed with
reference to Figure 3.6.
2. There is a region of considerable melting, whose position depends on the
temperature at which the fat was left to crystallize; according to Figure 3.7 it will
be somewhat above this crystallization temperature. Keeping the fat at two tem
peratures successively may lead to a double maximum in the melting curve.
These aspects are illustrated by Figure 3.8. Often too, the final melting point is
lower when the fat was solidified at a lower temperature; Mulder (22) found
extremes of 37 °C and 44 °C in the 'clear point' of one sample of milk fat. If
fat is cooled rapidly to below the solidus line (e.g. Ts in Figure 3.7), temperature
has no further effect. Theory predicts that with extremely slow cooling or warm
ing differences would be slight because equilibrium would almost be reached.

Figure 3.8. Effect of solidification temperature on melting range.
a. Heat of fusion of milk fat rapidly cooled and kept for 3 h at 0, 5 and 10 °C. (After
Ref. 38.)
b-o Dilatation of cream (in 10~~4/°C). 1: cream rapidly cooled and kept for 24 h at
y Ç;2: cream rapidly cooled to 0 °C, immediately warmed and kept for some hours at
19 C, then cooled and kept overnight at 0 °C. See also Figure 3.9. (After Ref. 22.)
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3. The amount of solid fat is not only influenced by temperature, but also by
'temperature history'. Figure 3.7 shows that direct cooling to 1\ leads to 81 %
solid fat, but holding at Ta (47 % solid) before cooling to r4, gives only 47 +
(39 % of 53), i.e. 68 % solid fat. Such differences can indeed be found by experi
ment (10, 20, 22, 27). The effect of slow cooling is comparable to that of
cooling in steps (27).
Holding at a low temperature increases solid fat: cooling to T3 gives 47 %
solid fat, tempering at
and then bringing to T3 gives 56 %. Such effects are
illustrated by Figure 3.8a. The differences may be as much as 25 % of the solid
fat, and are pronounced at temperatures below 20 °C (38); this may indicate
that less of the fat crystallizes in mixed crystals at higher temperatures, where the
more stable modifications form. Similar effects could be caused by differences in
nucleation (Section 3.2), but other data suggest that the mixed crystal effect is at
least partly responsible (22, 38).
4. Slow recrystallization towards equilibrium may occur at moderate tempera
ture (e.g. above 5 °C) (20, 21). Figure 3.9 shows this clearly. After long standing,
the situation approaches that of fat directly cooled to the final temperature.
Because of recrystallization, it may take a long time after cooling before solidi
fication is complete (Fig. 3.3); even after a temperature increase within the
melting range, it may take a long time before melting is complete. Often, periods
of half an hour were found (16,27), in extreme cases days (22). Even if the fat is
heated to above its final melting point, complete melting may take several
minutes.

a

b

Figure 3.9. Recrystallization shown by dilatation of cream; the differences are caused
by differences in the expansion of the fat on melting. The cream was pretreated.
a. kept 24 h at 0 °C or
b. rapidly cooled to 8 °C, then kept 24 h at 19 °C, before being held (1) a few minutes
(2) 5 h or (3) 8 days at 10 °C just before the experiment. After Mulder (20).
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The mixed-crystal theory can account for severaUnom^es m the
tion behaviour of milk fat. The results of Phipps (27), DeMan 10) and Sherbo
& Coulter (31) have extended and confirmed findings of Mulde•
J ' ^
Hence, the theory has become an important tool or pre î
g
behaviour under practical conditions.
3.5 Proportion of solid fat
The amount or proportion of solid fat (i.e. crystallized fat)
much practical
importance. It is usually estimated from dilatational ort erma
,t ß t
during phase changes. Theoretically, these methods give l e l
thatesti
as well as imperfections of technique, there are other factors that mean thatesti
mates are not absolute.

,

_

... „ „„„ „„„„.»„i

1. It is often assumed that melting dilatation and heat of siting are constant
throughout the melting range, but Table 3.1 shows tha 1SIS ... f
t- -n
& Coulter (31) found for a low and a high melting fraction in mil f
melting heat of 1:2. Over the whole melting range, the ratio may well be ...
The result is that the proportion of solid fat is overestima e ,
g
is not large: for most of the range, the melting curve (as in ig. •
,
to values about 3 °C lower. Still, for the highest temperature, this may «4
the estimate of solid fat is too high by a factor of 1.3 or . . 1
hardly influences differences found at a particular tempera ure.
jJla<.ntJrm
2. The different polymorphic forms differ widely in melting ea a°
(Table 3.2). Hence, differences in the proportions of a , ß and ß ^ the esti
mate of solid fat; so transitions to a stabler polymorp are recor e
.
creased solidification. (Separation of mixed crystals may a so give ri
error, but there are no quantitative data.) Fortunately, there is no e
the proportions of «, ß' and ß vary much in milk fat, though differences may
certainly occur with rate of cooling (Section 3.3) and state o ispersi n (
3. The total melting dilatation or total melting heat that are taken as a basis for
the calculation of the proportion of solid fat are dependent on con i ions,
tions of 25 % for heat of melting (39) and of 20 % for melting dotation ( 4)
have been recorded for milk fat. The total melting effect is always greater when
the fat is cooled more slowly or held at some intermediate temperature before
melting. Probable causes are: a stabler polymorph and a smaller proportion of
mixed crystals. (Mixed crystals are to some degree imperfect and hence must
show reduced melting effects.) The smaller proportion of mixed crystals may be
caused partly by polymorphic transition: in a stabler form mixed crystals are
less probable.
4. Because of the large influence of subtle temperature differences, practical
conditions are hard to reproduce in a laboratory test. In particular, cooling
rate and heat dissipation can be entirely different.
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Consequently, no absolute value may be assigned to data on how much fat is
solid; some differences may be at least partly due to other factors. However, the
deviations are not often large. In particular, the slow increase in solid fat with
time (e.g. Fig. 3.3) is largely or entirely real, as shown by Van Beresteyn (3) with
wide-line nuclear magnetic resonance, which under some conditions measures
the absolute amount of liquid fat. She found a good correlation between these
data and results from dilatometry during crystallization of milk fat at 11 °C,
though dilatometry gave values a factor of about 1.2 higher for solid fat.
3.6 State of dispersion of the fat
Usually when milk fat crystallizes, it is present in globules, whose crystallization
behaviour differs profoundly from that of fat in bulk. Van Dam (7) and Mulder
(22, 23) had shown this and Walstra & Van Beresteyn (4, 38) recently studied
it in some detail. This is illustrated by Figures 3.3, 3.10 and 3.11. Milk fat can
occur in natural fat globules, as anhydrous butterfat, and in several other states
of dispersion. Butter will somewhow be intermediate in properties between
globular and continuous fat. Homogenized milk has still smaller globules.
Factors that may differ from those of bulk fat are as follows.
1. Heat dissipation may be very different. In milk or cream, heat can be effectively
removed, but in a bulk fat this process is much slower, partly because of the lower
thermal conductivity (Section 2.4) and especially because fat in bulk cannot be
effectively agitated, certainly not when it is partly solid.
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Figure 3.10. Effect of state of
dispersion on crystallization.
Proportion of solid fat (cal
culated from dilatometry) after
cooling and keeping for 24 h at
various temperatures. 1: milk
fat as such, 2: natural cream,
3: homogenized cream (100
atm), 4: recombined homog
enized cream (100 atm). From
van Beresteyn & Walstra (4).

2. Homogeneous nucleation"! Bulk fat contains sufficient catalytic impurities
to start heterogeneous nucleation with little supercooling (Section 3.2). But in
milk or cream each gram of fat is dispersed into some 1011 globules, and not all
globules may contain such particles, so that nuclei would have to be formed
spontaneously in those globules. In simple systems, Phipps (28) and Skoda &
van den Tempel (33) found fairly rapid homogeneous nucleation in a bulk fat
at, say, 24 °C below the final melting point of the a modification. From their
data (33) we can roughly predict nucleation rate in globules. The supercooling
that would be needed to produce one crystal nucleus per hour per globule of
10, 1 and 0.1 fzm diameter, is then 28, 32 and 36 °C, respectively, i.e. milk or
cream would require much deeper supercooling than bulk fat to initiate crystal
lization, and homogenized milk still deeper. Figure 3.10 shows that differences do
indeed exist. But the absolute values of the supercooling are far smaller than pre
dicted, since the final melting point in the a form is about 22 °C.Hence, hetero
geneous nucleation seems also to predominate. Still, the probability that an
active catalytic impurity is present, is at any temperature smaller for a smaller
globule. This means, again, deeper supercooling is needed when the fat is more
finely dispersed.
Once milk or cream has been cooled sufficiently to start crystallization in all
globules (at least 1 h at 5 °C), the melting curve differs little from that of bulk
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Figure 3.11. Proportion of solid fat during cooling and heating of cream (calculated
from differential thermal analysis). 1: reeombined cream cooled to and kept for 3 h at
various temperatures, 2: heating the same cream after being kept at 0°C, 3: heating
natural cream after being kept at 0 °C. From van Beresteyn & Walstra (4).
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fat (38). Hence, cooling and heating curves show a considerable hysteresis (Fig.
3.11).
Not only may a smaller proportion of the fat solidify if it is present in smaller
globules, but also it takes longer to reach equilibrium (16, 28, 38): Figure. 3.3.
This can also be explained by nucleation theory (38).
It is not easy to discover whether the nucleation needed to initiate further
crystallization (after the highest-melting glycerides have already crystallized)
is dependent on globule size, but the effect is probably small (38).
3. Nucleation at the globule surface. The surface layer of a fat globule may well
act as a catalytic impurity, when it contains, for instance, monoglycerides or
diglycerides with long fatty acid residues. This was demonstrated in a study with
fat globules containing pure triglycerides, where the supercooling needed was
less than in true homogeneous nucleation; also sodium caseinate as a surface
layer somewhat decreased the necessary supercooling (33). For milk fat globules,
this aspect has not been systematically studied. Buchheim showed that crystal
lization could well start in some conditions at the globule boundary (5). Walstra
(37) usually found no nucleation at the globule boundary in microscopic studies.
Part of the difference in Figure 3.10 (e.g. Curves 3 and 4) could be due to differ
ences in nucleation properties of the globule surface, though an analysis of
nucleation rate in globules of different size suggested that this rate was propor
tional to globule volume, rather than globule surface at or above 5 °C (38).
4. Composition of fat in bulk is uniform, but it may differ considerably from
globule to globule in milk (Section 4.4) ; homogenized milk is similar. In a recombined milk, however, all globules are uniform in composition. Consequently,
in natural milk, globules differ in final melting point (contrast Curves 2 and 3
in Fig. 3.11), usually by 3 to 4 °C. There is a similar difference in the initial
crystallization rate (Fig. 3.10, Curves 3 and 4, which refer to the same globule
size). If final melting point is the same in globules of equal composition, it thus
varies by some 6 or 8 °C between natural fat globules. The variation may be much
wider for only a few globules, and a final melting point as high as 55 °C has been
observed microscopically in individual globules (37).
5. Polymorphism. Because globule size affects nucleation, and nucleation
affects polymorphic transitions, the dispersed state my well influence the ratio
a.:ß':ß. Figure 3.4 showed a change in the polymorphic transition pattern with
time for bulk fat. But in the fat of cream such a change does not take place;
exothermic effects are not found in the melting thermograms of natural, homog
enized or recombined creams (38). This may imply that more of the stabler
modification is directly formed during crystallization. X-ray diffraction has
revealed less of the a crystals in globular fat. These data accord with the observa
tion that, at low temperatures, more apparent solid fat is usually observed in
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globular fat than in the same fat in bulk (4,22,38), perhaps at least partly because
of a higher proportion of the more stable modifications.
6. Mixed crystals. The apparently higher proportion of solid fat in globules at
low temperature may also be associated with differences in the degree to which
mixed crystals form. In most globules, crystallization is virtually isothermal,
and this is analogous with bulk fat under extremely rapid cooling; under such
conditions, fewer mixed crystals form.
Crystallization behaviour of milk fat in one product may not be taken as char
acteristic for the same fat in another product. The differences in onset of crystal
lization can be interpreted in terms of nucleation, but other effects are not yet
explained.
3.7 Crystal habit and consistency
Besides the amount of solid fat, crystal habit (shape and size) and interactions
between crystals are important, particularly for rheological properties.
Factors in crystal habit. On cooling, a liquid fat usually forms small crystals at
first (in rapid cooling, often in the a modification) of needle to platelet shape,
0-1-3 [xm long, with a ratio length: width:thickness for example of 4:2:1 (11).
Milk fat probably behaves similarly (26, 37 ; Plate 7B). As crystals grow, similar
shaped but larger crystals may be seen, often in aggregates. But often large
crystals in milk fat are spherulites, consisting of radial needles (21). The larger
crystals or aggregates may be as much as 50 (im across.
In all fat crystals, in all modifications, the molecules are oriented with their
longitudinal axis perpendicular to the longitudinal axis of the crystal (1). Many
substances, particularly surfactants, dissolved in small quantities in the fat may
affect rate of crystallization and crystal habit (35), but there are no systematic
data for milk fat. Further knowledge would enlighten such topics as the texture
°f ghee, and the fractioning of milk fat by crystallization.
Fat crystals suspended in liquid oil tend to flocculate into a network, held
together by van der Waals attraction forces (34). Hence, as crystallization pro
ceeds, the crystals grow together into aggregates, eventually forming a solid
network or structure of considerable mechanical strength. The fat then has liquid
and solid phases both in continuity. When most fat, e.g. 80 %, is solid the mass
already looks completely solid; the liquid phase still present can hardly be exPressed, nor will it spread at an air-water interface.
If crystallization is very slow, large crystals form, particularly if few crystal
nuclei are forming, as is the case with mild supercooling. Rapid cooling to a low
temperature leads to numerous small crystals, e.g. 1012/tnl. But any slow crystal
lization afterwards tends to increase crystal size. Small crystals are slightly more
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soluble than large ones, which tend to grow at the expense of small ones
('Ostwald ripening'). This process is enhanced by temperature fluctuations. Any
slow recrystallization, whether by polymorphic transition or by separation of
mixed crystals, increases crystal size. It may also lead to more or stronger solid
networks.

Relation of crystal habit to consistency. Assessment and understanding of
rheological properties of partly solid fat is far from easy, and clearly outside the
scope of this book. It is dealt with by Sherman (32) and Haighton (12). A few
remarks on firmness will suffice. Note that firmness is an ill-defined term for a
property related to viscosity and to elastic modulus of fats.
Firmness of a partly solid fat depends on several factors.
1. As the proportion of solid fat increases, firmness increases steeply: sometimes
10 % crystalline material may be sufficient to make a fat look solid. The effect
of proportion of solid fat is partly indirect through Factors 2 and 4.
2. Flocculation of crystals into a network considerably increases firmness. The
degree to which it affects firmness depends on the number and the strength of the
bonds in the network. Deformation is needed to break the bonds (hence firm
ness) but once bonds are broken (strong deformation), firmness is decreased
(work-softening). On subsequent standing, the crystals slowly flocculate again
and the fat becomes firmer (25). This thixotropy of a plastic fat is well known.
'Setting', i.e. increase in firmness on standing, is partly due to this phenomenon,
but can also be due to Factors 1 or 4.
3. Size and shape of crystals. Larger crystals give a far softer fat, probably
because the network has a larger mesh, so that the liquid oil can move with less
resistance between crystals. Shape is also of influence, true spheres giving the
least resistance. A slowly cooled milk fat with large spherulites may contain over
20 % solid fat, and still be pourable (21). Irregularly shaped crystals give a firmer
fat.
4. Solid networks. When crystals grow together, they often form highly irregu
lar aggregates, and eventually a solid network. Then the fat is very firm. Worksoftening, as caused by vigorous working of the fat at constant temperature,
may now be as much as 80 % (proportional decrease in firmness). Note that the
degree to which networks can form increases steeply with content of solid fat.
It may also depend on crystal shape, networks being more easily produced from
needles than from spherulites. Crystallization must continue or recrystalliza
tion must occur before solid networks can form; hence 'setting' will be extensive
when fat is not yet in equilibrium or when temperature fluctuates.
5. Rheological properties of the components, i.e. hardness of the crystals and
viscosity of the liquid fat, increase with decreasing temperature, but the effect
on firmness is probably small.
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Table 3.3. Factors influencing crystallization of milk fat.
Factors

Fat composition
Lower temp, of
crystallization
Rapid cooling
Cooling in steps
Preliminary cooling
to low temp.
Prolonged standing at
a not too low temp.
Fat in natural globules
as compared to bulk
fat
Smaller globules

Effect on
melting range

amount of solid fat

crystal habit

yes
main melting
at lower temp.
main melting
at higher temp.
more than one
melting max.
main melting
at lower temp.
more even

yes
more

smaller

usually more

smaller

usually less

often larger ;
spherulites
smaller

somewhat higher
final melting
point

less at high temp.
more at low
temp.
still less at
high temp.

more
usually more

?

larger;
solid networks
smaller;
no networks
smaller
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4 The fat dispersion

Nearly all the fat in milk is in separate small globules. This has several con
sequences for the properties of milk and its products. It implies that milk is not
homogeneous; the fat emulsion is not entirely stable; any physical or chemical
reactions in the fat must start separately in each globule; all interactions be
tween fat and plasma occur across the interface between the phases.
Some physical properties, for instance optical and rheological, of milk and
its products are particularly influenced by the dispersed state of the fat. Other
properties such as osmotic pressure and freezing point are hardly affected by the
fat because it is not dissolved. Surface tension of milk is not influenced by the fat,
so long as it is present as globules. Electric properties, such as conductance and
dielectric constant are influenced by the fat globules (9,19), but the predominant
variable is usually the aqueous phase.
Most effects are closely dependent on the size distribution of the fat globules,
and so on the concentration of globules of different size. In many problems, one
or two parameters are sufficient to describe the effects, but different problems may
require different parameters. So full knowledge of the size distribution is desir
able.
4.1 Globule size distribution
Size distribution can be presented graphically in several"ways, that may all be
useful for particular purposes. General information is best provided by a fre
quency distribution. In Figure 4.1, the number of globules N is plotted against
globule diameter d. N is a differential quantity, the number of globules with
sizes between d and d + dd, and has therefore to be expressed per unit globule
size, here jzm. In practice, this means that numbers counted in a certain size class
must be reduced to equal class width Ad.
Another presentation is as the volume frequency distribution : d3N against d.
From this follows (by a simple adjustment of the ordinate scale) directly the
percentage of the fat present per size interval.
Whole milk. Figure 4.1 pertains to an average result for whole milk; striking
features are the extremely large number of very small globules, that nevertheless
hardly contribute to the total amount of fat, and the presence of a lot of fat in
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, N in 10"9 ml

Figure 4.1. Number frequency N
and percentage of fat present in
fat globules with diameter d (per
[iin class width). Average result
for milk of a Friesian cow, with
3.9 % fat and dYB = 3.4 f*m. After
Walstra (26).
size classes that seem negligible in number frequency. Clearly, globule numbe
span a very wide range, and to obtain a fuller picture, examp es are g
N against d in Figure 4.2. It also shows that this size distribution can be consid
ered as a compound of three sub-distributions:
1. 'small globule', comprising about 80 % of the number of globules, b
y
a few per cent of the fat;
2. 'main', comprising about 94 % of the fat;
0-% °/
3. 'large-globule', a small tail, comprising only a few globules, an
of the fat.
The size of the smallest fat globules is not exactly known 1jut itis <^rtrnnly
below 0.1 (Am. The largest globule size cannot be establishe , ®
of findon the volume of milk; the larger the volume, the higher t e pr
ing extremely large globules. An indication is given m a e . .
.
Determination of the size distribution seems very difficu ,
k f
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Important parameters. The most characteristic parameter of any ^distribu
tion is average size. Often the number average diameter d or volume t, is used,
these are arithmetic means. When there are Nt globules in size class d„ these
parameters are given by
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Figure 4.2. Logarithmic presentation of number frequency N (in 1 ml milk per fxm
class width) against globule diameter d for one milk with small, and one with large fat
globules. The dotted lines indicate the division into sub-distributions. After Walstra
(25).
d=2Nidil2Ni

[4.1]

v = l^ZNid*lZNi.

[4.2]

But these averages have little significance. The enormous preponderance of small
globules, that nevertheless contribute only slightly to the amount of fat, lead
to very low values of d and v. Moreover, the same fact makes it difficult to esti
mate the total number 2
uncertainties of 50 %, and often more, may occur.
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A more useful average is given by the volume/surface average diameter
d,a = lNidi^llNidi^

[4.3]

It may be considered the arithmetic mean of the surface-weighted distribution.
It gives a better representation of the total distribution, and it is not so dependent
on uncertainties in the small-globule end of the distribution. One may even calcu
late reasonably accurate dYa values from many size distributions quoted in the
literature, though the same data may yield d values 2-3 times too high because
of the underestimation of £ Nt.
Moreover, dvg has a more direct physical meaning. It relates the surface area
of the fat to its volume, and hence total fat surface A = 6<pldvs, where <p is the
volume fraction of the fat (27). In practical units, this becomes
A = 670 G/dTS cm2/ml

[4.4]

where G = gravimetric fat percentage and dva is measured in jj.m.
When half of the fat is present in globules smaller than dm, dm is called the
weight median diameter, and
dm3 the weight median volume. These param
eters give also a good representation of the size distribution, but have not
much physical significance and give rise to complicated mathematical formulae
when other parameters have to be calculated.
A second parameter to characterize the size distribution is its relative width.
It is particularly important in homogenization and will be treated later (Sec
tion 9.2). Here it is sufficient to state that expressed in a certain way (as the rela
tive standard deviation of the surface-weighted distribution) a width of 44 %
is found for milk of individual cows, and in mixed milks somewhat higher
values, e.g. 50 % (25). In mechanically treated milk, very much larger widths
may occur.
In Section 8.1 a specific parameter will be introduced to describe creaming
rate.
The 'mean free distance'' x is an estimate of the distance a fat globule can move on
average, before it touches a second globule. It is dependent on dva and concentra
tion; when (p = 0.74, all globules touch, so x = 0. It has been derived (28) that
* w 0.225 dva (0.74/ç? - 1) = 0.225 dYa (68.5jpG - 1)

[4.5]

where p is the product density. This relation is shown in Figure 4.3. The param
eter x is important in the stability of the fat emulsion (Chapter 6; see also
Section 10.1)
factors influencing globule size. Globule size shows considerable variation.
Table 4.1 gives some important results found for milks of Friesian cows in
various stages of lactation. Figure 4.4 shows complete volume distributions.
The main factors influencing globule size are breed, individual cow and stage
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of lactation. Particularly Jerseys and Guenseys give milk with larger fat globules
than cows of Friesian type. Averages of several cows throughout a lactation are
shown in Figure 4.5.
It has been shown (25) that the various curves of volume distribution are
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Figure 4.3. Mean free distance (x) divided by average globule size (dVB) for milk and
cream as a function of fat volume fraction (<p; left hand curve and ordinate) and of the
gravimetric fat percentage (G; right hand curve and ordinate). After Walstra (28).
Table 4.1. Some parameters of globule-size distribution in milk from Friesian cows.
After Walstra (25).
Parameter

Average

Number of globules in milk
Number of globules > 1 um
Number-average diameter d
Weight-median diameter dm
Weight-median volume
Volume/surface diameter dVB
Surface area of the fat
Largest globule found in 10~4 ml

~15
3.6
0.81
3.9
31
3.34
2.0
17
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Range

Unit

1.5-9
0.67-1.0
2.9-5.5
13-85
2.5-4.6
1.4-2.6
13-20

109/ml
10°/ml
urn
jxm
[xm3
(j.m
m2/g fat
(xm diam.

constant in shape, so that they can be transformed into each other by varying
the scales of abscissa and ordinate. Figure 4.1 gives the result when dVB = 3.4
[j.m and G = 3.9 %, the average for Friesian cows; but the curve also applies to
Jerseys (25). Data for other milks can be obtained by multiplying the diameter

Figure 4.4. Volume frequency ( % fat per pm class width) against globule size (d) for
milk of six cows at different stages of lactation. After Walstra (25).

weeks in lactation
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50

Figure 4.5. Average globule size
(average dYB values from several
cows) against stage of lactation for
Guernsey and Holstein-Friesian
cows. After Campbell (4).
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scale by dyJ3.4 and the volume percentage by 3A/dva. For mixed milks, however,
the volume frequency curve is slightly broader.
Most of the differences in globule size between cows are hereditary (4, 10).
The spread in average globule size between cows of one breed, free from lacta
tion stage, is about 12 % coefficient of variation when diameter is considered
(10, 25); the spread in globule volume is of course much broader, being about
36 %. Campbell (4) found somewhat narrower spreads.
In the number frequency curve, an additional variation becomes evident. For
a cow with large fat globules a shallow maximum may occur in the frequency
near 4 (xm, as is shown in Figure 4.2. This is due to the constancy of the 'smallglobule' sub-distribution, whilst the 'main' sub-distribution varies (25). This maxi
mum was also found by van Dam & Sirks in milk of cows early in lactation (6).
Allowing for these aspects of size distribution, Walstra (26) has derived an
equation that adequately describes the distribution curve, and the only variables
are fat content (G) and average globule size (*/vs).
Other factors that could influence globule size, such as feeding regime and
climate probably have little effect, though results in the literature are conflicting.
Reliable comparisons of breeds are also lacking. Diseased cows may show very
different fat-globule sizes (12).
Some authors have reported an increase in fat globule size when drawing
consecutive portions of milk from the udder; but others could not find differ
ences (2). Any effect is certainly small. The number of globules per ml may in
crease during milking, as fat content increases. Considerable differences, how
ever, occur in these respects between different cows. It is usually assumed that
a filtering of globules takes place in the udder during the milking process.
Milk products. The globule size distribution may be altered considerably by
treating the milk in various machines (Chapter 7), homogenizers being most
specific in this respect (Section 9.2). Hence, fat dispersion in milk products is
often very different from that of fresh milk. Values of the most important param
eters are given in Table 4.2 for some milk products. These are-only representa
tive results, as considerable variation will occur in practice. Section 8.5 gives data
on globule size in skim-milk and cream.
The fat in buttermilk obtained by churning with air has a specific dispersion
because of the interactions between fat globules and air bubbles (Section 6.6).
Fat content is mostly a few tenths of a per cent. Sirks (21) counted particles
under the microscope, and found a wide range in globule size with a dv8 of
roughly 3 jxm. Fat visible under the microscope accounted for only 60 % of
the fat determined by the Gerber method. Mulder (17) showed that the 'invisible'
fat consists partly of phospholipids, but roughly a third of the fat in buttermilk
was present as triglycerides in a very finely dispersed state (<0.3 fxm). Hence,
the fat content of buttermilk cannot usually be reduced to less than 0.2 % or
0.3 % fat with milk separators.
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4.2 Optical properties
Globular fat does not contribute to the refractive index of milk (8).
Light scattering by fat globules has been extensively studied (7, 24) but in
very diluted milk from which all other scattering particles have been eliminated.
In these circumstances total scattering is not very dependent on globule size
or wavelength; vigorous homogenization, to produce very small globules,
diminishes scattering considerably. But in milk products as such, conditions are
quite different, and very complicated multiple and dependent scattering takes
place. Moreover, several other scattering particles are present.
An important scattering parameter is the diffuse reflexion of light from the
product. Here it turns out that mainly the casein micelles are responsible,
because whole milk gives nearly the same reflectance spectrum as skim-milk;
nor does homogenization evoke much difference (3). A difference is that skimmilk reflects red light slightly less effectively, hence its bluish colour. This is due
to the smallness of the casein micelles, which makes them scatter light of short
wavelength much more than that of long wavelength. The much bigger fat
globules do not show this dependence, and make the milk look more creamy.
However, some colour of the fat globules themselves, as well as several other
factors, will play a part. Little of this has been studied satisfactorily.
The penetration of light into milk also depends on scattering. Part of the light
is directly reflected. The rest, so far as it is not absorbed, eventually leaves the
milk elsewhere. It is, however, virtually impossible to set up unequivocal ex
periments. Theoretically, the penetration depth is a function of reflectance, over
all scattering efficiency, and absorbtion of light by the product. Probably, the
latter factor (absorbtion by the plasma phase) is the most important variable in
milk products.
If the size distribution of the fat globules is sufficiently constant and if scatter
ing by casein micelles is eliminated, the turbidity of diluted milk is almost pro
portional to its fat content. Using homogenization of the sample under stand
ard conditions and using suitable optical conditions, practical methods for fat
determination can be devised, as in the Milko-Tester.
When particle size decreases and wavelength increases, scattering eventually
becomes negligible. Hence, vigorously homogenized milk is almost transparent
to infrared light. This principle finds application in the Infrared Milk Analyser,
as it permits determination of fat, protein and lactose by absorption spectro
photometry in the infrared.
4.3 Viscosity
The viscosity of a milk product is affected by the fat it contains, the more so as
fat content rises. Small molecules dissolved in a liquid usually increase viscosity
almost in proportion to concentration. Polymer molecules, such as proteins,
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tend to produce a much steeper increase in viscosity with concentration; varia
tions in configuration, solvation and mutual interaction of the molecules give
rise to complicated viscosity relations (e.g. age-thickening of evaporated milk).
For emulsion globules the situation is intermediate, though rheological behav
iour of emulsions is often far from simple. A general treatment is given by Sher
man (20).
For very dilute suspensions of rigid spherical particles, Einstein's equation
states that viscosity
n = %(1 + 2.5(f)

[4.6]

where rj0 is the viscosity of the continuous phase. For liquid globules a smaller
effect is predicted because the liquid inside of the globules may stream too, but
in practice small globules with some kind of surface layer usually behave like
rigid particles. Consequently the state of crystallization of the fat hardly influences
viscosity; however, this may be quite different at high fat contents.
For not very dilute emulsions (e.g. tp > 0.01) viscosity is higher than predicted
by Eqn 4.6 because there is interference between the flow disturbance caused by
different globules. When other complicating factors are negligible (i.e. flow is
laminar, <p is not too high, e.g. below 0.4, and shear rate is not too low) the emul
sion still shows Newtonian behaviour: that means it has a true viscosity inde
pendent of shear rate.
Consistent results are found for t)lrj0 in milk and cream, but only when ex
amined under certain conditions: fresh products, temperature above 40 °C
(liquid fat, no agglutination), fat content below 40 %, not too low a shear rate.
Phipps (18) did find Newtonian flow under these conditions, and some of his
results are summarized in Figure 4.6. The relationship between rj and fat con
tent was not very simple and for 40 °C he found
r\ — fj0 exp 3.07(y + y5/3),

y> < 0.4

[4.7]

where y is the weight fat fraction (lOOy = G). At higher temperatures, the
factor 3.07 increased slightly. These data almost agree with those of others
(14,15) but there is quite a variation in the intrinsic viscosity (intercept of the
left hand curve in Figure 4.6; here 2.76): from 2.2 to 3.2, where Einstein's
equation predicts 2.5. The dependence on concentration is also variable, as is
VoGlobule size may influence viscosity as it affects the mean free distance
between globules (Eqn 4.5) and viscosity sharply increases when its distance
falls below 0.5 |im (20). For milk fat globules, this point is only reached above
40 % fat. It is much lower for homogenized globules, but here viscosity is more
dependent on other factors (Section 10.2). If a considerable amount of material
(e.g. protein) is adsorbed on the fat globules, this effectively increases the volume
fraction q> and hence rj. This adsorption may explain the slight increase in vis
cosity of milk after homogenization (Section 9.6).
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Figure 4.6. Viscosity (rf) of milk or cream as influenced by fat content. Intrinsic
viscosity [»?] against <p\relative viscosity j?/»70 (t]0 is viscosity of milk plasma) against G;
shear rate was 7-100
temperature 40 °C. The results apply only when the fat
globules are completely deflocculated. After Phipps (38).

Emulsion globules always show mutual attraction or repulsion at short dis
tances, but for milk fat globules the forces involved are usually weak (Section
6.3). Only for low shear rates (e.g. <10 s_1) do these phenomena affect viscosity.
Under certain conditions the effective forces may be far higher; hence rheological
behaviour of cream may become more complicated (Section 10.2).
4.4 Composition of individual globules
The natural fat globules differ in composition as well as in size, between cows
and even between globules in one milking of one cow. This was first established
in fat from successive portions of milk obtained during milking. Mulder (16)
has reviewed older work and performed new experiments. The fat in the last
drawn milk generally has a lower refractive index (up to 0.001 difference),
hence probably a higher melting range (firmer fat). Aristova (1) obtained resid
ual milk after milking by giving cows intravenous pituitrin. The 'residual' fat
was more saturated and its fatty acid residues were shorter chained. Data on the
melting range of the fat in milk as compared to the same fat in bulk also indicate
differences between fat globules (Section 3.6).
Walstra & Borggreve (29) measured the refractive index of separate milk fat
globules, and found between globules of equal size in one milking of one cow,
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Plate 1. Fat globules in milk (fluorescence micrograph).

Plate 2. Surface of a fat globule of (human) milk. Electron micrograph of freeze-fractured
specimen. By courtesy of W. Buchheim, Kiel.

a standard deviation of 0.0007. This was of the same magnitude as the spread
between cows (23); it is also instructive to compare it with the difference in
refractive index between Dutch butterfats in February and October: 0.0015.
It is clear that considerable differences occur, and it may be stated that at least a
quarter of the globules in a mixed milk with fat of average composition contain
an extremely 'firm' fat and a quarter extremely 'soft' fat.
It has been argued that small globules differ in average composition from large
ones. This would be interesting in view of the apparent existence of a subdistri
bution of very small globules (Section 4.1), that are possibly formed in a differ
ent way. Published results are conflicting. In experiments with differential centrifugation, Tverdokhleb (22) found that the fat of small globules contained less
oleic acid. However Brunner (2) found more C18 unsaturated fatty acids in very
small globules. Kernohan et al. (11) considered that differences in fat composi
tion between portions during milking may be ascribed to differences in globule
size, and hence to the difference in ratio of membrane phospholipids to total
fat; the evidence is, however, rather meagre.
Probably, systematic differences in composition with globule size are small,
and the experimental results should be carefully interpreted. Experiments with
natural creaming may not be considered, as other factors than globule size, such
as agglutination efficiency, may play a part (16). In mixed milk, cow-to-cow
differences in fat composition may by chance be correlated with globule size,
so that globule size is correlated with fat composition. This would explain the
conflicting evidence.
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5 The fat-globule membrane

The fat globules of milk are each surrounded by a thin protective layer, usually
called a membrane. The very existence of the fat globules depends on their
membranes, as they would coalesce into a continuous fat layer without them
(Chap. 6). Composition and properties of the membrane are quite different
from either milk fat or plasma.
Study of the membrane is very important for many practical problems, as is
illustrated by many topics in this book. All interactions between fat and plasma
must take place through the membrane. The total area is considerable (Section
4.1), and the membrane contains many highly reactive materials and enzymes;
hence it can react in many ways. The physical stability of the fat globules de
pends largely on properties of the membrane.
5.1 Defining the membrane
The fat-globule membrane is the complete layer that covers each fat globule in
milk. This definition is, of course, vague. The mere use of the word membrane
suggests that it is a biological entity, a 'skin' that forms an inherent part of the
fat globule, and not an adsorbed layer acquired after formation of the globule
(Section 5.2).
To define the membrane, its boundaries must be defined precisely. The outer
boundary apparently does not cause great difficulties, by assuming that every
thing travelling with the fat globule when it slowly moves through the milk
belongs to the membrane. The speed of movement, however, may have some
influence. Moreover, counter-ions and some water molecules may be associated
with the negatively charged surface. Even so, the outside boundary is almost
unambiguous.
The inner boundary is more difficult to define, even when the fat is liquid.
Some triglyceride molecules near the boundary perhaps orient themselves in
some way, because of the presence on the interface. Do these molecules belong
to the membrane ? Does the membrane exclude the part of the fat core that shows
no anisotropy, or that shows no compositional inhomogeneity (all at >40 °C),
or the part of the fat that can freely move when the globule is deformed ? But
none of these definitions can be put into operation. As, moreover, membrane
and fatco re have some substances incommon.theycannotbeclearlydistinguished.
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Composition and structure of the membrane can easily be changed. Mulder
(69) pointed out that fat globules and milk plasma are formed at different sites
in the lactating cell (Section 5.2), and that this may cause changes after the two
come into contact. Crystallization of the fat induces profound changes. More
over, the membranes are easily damaged during agitation or foaming. As milk
plasma is rich in surface-active substances, any denuded or damaged spots
on the globules are immediately covered by these materials ; this leads to changes
in composition.
Such changes can also take place during studies on the membrane (Section
5.3), particularly during isolation of membrane material. Therefore one has to
be very careful in distinguishing between the membrane itself and the membrane
preparations obtained by a complicated procedure.
5.2 Origin of the membrane
An understanding of the genesis of the fat-globule membrane may considerably
help in understanding its structure and properties.
An adsorbed layer ? The substance first identified at the surface of the fat glob
ules was protein, hence the assumption that proteins of the milk plasma are
adsorbed on the fat-water interface, according to Gibbs' law. The subsequent
identification of phospholipids in the membrane, made this assumption less
tenable, as these substances are scarce in milk plasma. Attempts were made to
imitate the natural membrane by emulsifying milk fat into skim-milk, but the
resulting fat globules carried only protein on their surface.
The latter experiment may well not have been a good imitation of what could
happen originally in milk, as skim-milk is devoid of the substances that sup
posedly formed the original membrane. Palmer and coworkers (98, 122) and
Mulder (69 , 70) therefore emulsified milk fat into sweet-cream buttermilk;
mixtures with exactly the composition of whole milk were also used (69). But
there was always very little phospholipid in the newly formed adsorption
layers. Although phospholipids can be incorporated in the absorbed membranes
by first emulsifying fat into a phospholipid suspension and then adding skimmilk (70), or by dissolving phospholipids in the fat and emulsifying this fat into
skim-milk (103), the membranes so formed still differ in many ways from natural
ones. Later findings that part of the membrane protein is specific, also exclude
the possibility that the membrane is adsorbed from the milk plasma.
Since the fat globules are synthesized in lactating cells, it would be logical to
presume that there is a layer of cytoplasmic material on the fat globules inside
the cell. Mulder pointed out the general similarity between the composition of the
membrane (proteins, various lipids, enzymes) and cell material, but added that
this would not necessarily imply random adsorption (69). Since then, a great
many cytological and other studies have enlarged our insight.
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Synthesis of fat globules. A short discussion is given in Section 1.2; see espe
cially Figure 1.2. Summarizing the electron-microscopic studies, minute fat
globules are somehow formed inside the cytoplasm, and while growing, they
move to the apical region of the cell. Fat molecules or their precursors must
diffuse in some way towards the nascent globule.
During this process the nascent globules are surrounded by a thin film of
different material. This does not imply that the nascent globule has a membrane;
but since the cytoplasm contains many surface-active substances, the globule
must acquire an adsorption layer. Also, it seems that the nascent fat globules
are rather easily deformable inside the cell, and therefore have a low interfacial
tension, and hence have adsorbed surface-active substances. Patton and co
workers (39, 89, 92) have isolated nascent fat globules from lactating cells and
studied the 'cell cream'. Two washings sufficed to remove the protein, and the
polar lipids remaining were cholesterol and phospholipids, particularly
lecithin; cephalin was lacking. This indicates a composition and structure very
different from that of the membranes of milk fat globules, even allowing that
the washings may well remove part of the adsorbed substances.
Microsomal particles are often observed near the nascent fat globules, and
there are several observations that point to 'microsomes' as being incorporated
in the fat-globule membrane ; this is discussed in Section 5.5. Generally, the grow
ing and moving globules must push aside the cell material, and they inevitably
come into contact with several organelles of the cell, often internal mem
branes. Hence, the globule may well acquire some of these materials at its
surface. The nascent globule is probably not free to move to any place inside the
cell.
Figure 1.2 illustrates discharge of the fat globules from the cell into the
lumen. Electron-microscopic evidence shows that the apical cell-membrane
enrobes the globule during this process, so that this membrane would con
stitute most of the fat-globule membrane. This may seem surprising, as a cell
membrane is not generally taken to be an elastic sheet that can stretch to twice
its original area or more. Patton and coworkers (89, 90) assumed that the 'def
icit' in cell membrane surface is replenished by the Golgi vacuoles that dis
charge their content into the lumen. In this process, the membrane of the Golgi
vacuole apparently becomes contiguous with the apical cell-membrane (11, 31).
Wooding (123) maintains that numerous Golgi vacuoles in the apical region
come into close contact with fat globules ; the vacuoles open when touching the
lumen and part of their membranes become cell membrane, part enrobing the fat
globule. These theories are in fact similar with regard to properties of the fatglobule membrane.
Keenan etal. (50, 51) and Kinsella (53) compared the composition of prep
arations of the fat-globule membrane, cell membranes, and other fractions of
the lactating cell. Composition of phospholipids, their fatty acid pattern, and the
fatty acid pattern of cholesteryl esters were quite similar in fat-globule mem
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branes and in the cell-membrane preparations, but mostly markedly different in
membrane materials derived from other organelles of the cell. A similar con
clusion can be drawn for the enzymes of the membranes (Table 5.3). Nascent
fat globules are almost devoid of carotenoids, but milk-fat globules are rich in
them; the cell membrane even more so (51).
It is reasonably certain that most of the fat-globule membrane is derived from
the cell membrane and Golgi-vacuole membranes. It goes too far to conclude
that the unaltered cell membrane envelops and completely covers the fat globule.
Besides membrane material, other cellular substances are incorporated in the
membrane. A few fat globules even carry a little lump of cytoplasm with them
(Section 1.2).
Changes. After the fat globule has been discharged, changes can easily take
place in the membrane. Electron micrographs of lactating cells indicate that
structural changes start during (31, 61) or directly after (17, 124) discharge of
the globule from the cell.
The cell membrane and the Golgi-vacuole membrane are typical bi-layer unit
membranes that contain many apolar lipids. In the cell, they are in contact with
aqueous phases only. As soon as such a membrane starts to envelop the apolar
fat globule, structure may easily change, as some of the membrane lipids tend
to dissolve into the fat. Such a phenomenon has been clearly demonstrated in the
analogous chylomicrons, in extensive investigations by Zilversmit (125). He
found that substances like cholesteryl esters, originally present in the surface
layer, rather rapidly dissolve into the fat. Most of the carotene and vitamin A
in milk fat must originate from the cell membrane (51, 89), and a similar solu
tion of membrane material cannot be ruled out for cholesterol and trigly
cerides.
As the cell membrane is already in contact with nascent milk plasma, inter
changes between fat-globule membrane and plasma are not so self-evident,
but they cannot be ruled out. Section 5.6 describes compositional changes
but it is doubtful whether these would also occur during undisturbed standing
of the milk at body temperature. Electron-microscopic evidence points to dis
persion of at least part of the membrane material into milk pTäsma (10, 17, 124).
Milk plasma contains many surface-active substances, but it is unlikely that
these could penetrate the membrane, or even replace part of it. The natural fat
globule has a low interfacial tension with milk plasma, and the tension is only
increased when the original membrane is (partly) replaced by plasma materials,
(40), which, therefore, can only be adsorbed onto the fat after the natural
membrane is somehow removed, e.g. by mechanical damage.
Wooding (124) and Bauer (10) maintain that membranes of fat globules lose
much of their original material shortly after being released from the cell, par
ticularly during passage of the milk through the ducts of the udder, but these
conclusions are based on electron-microscopic evidence only and seem to conflict
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with chemical evidence on the amount of phospolipid in milk plasma. Wooding
also suggests that the enzymes of the original membrane cause changes in the
lipids directly underneath the membrane. Further study would be useful.
The additional adsorption of plasma substances on the outside of the fatglobule membrane cannot be excluded. Proteins would then be the most prob
able, and in Section 5.4 evidence for the presence of a little plasma protein in
the membrane is given. But it is almost impossible to distinguish between pro
teins adsorbed on the outside of the membrane and those adsorbed on denuded
fat in places where the membrane has somehow been damaged.
Moyer (67) studied the electrokinetic properties of milk-fat globules as a func
tion ofp\{ ; some of his results are shown in Figure 5.1. Electrophoretic mobility
is a function of zeta potential of the globule surface, which in turn depends on the
surface material. Unwashed globules show the same mobility as casein-coated
particles near their isoelectric point, but not at higher pH. Washed globules
show a quite different relation, but it approaches that of unwashed globules near
milk pW.
Mulder & Ernsting (74) did similar experiments with similar results. They
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also studied recombined fat globules (milk fat emulsified into skim-milk),
which gave, near pH 4, a mobility similar to unwashed fat globules, but near
pH 6 the mobility curves diverged. It may be concluded from these studies that
near the isoelectric pH of casein this protein is in some form adsorbed onto the
fat globules, as is to be expected. Near the />H of milk, adsorption of plasma
proteins is probably much less, if any.
5.3 Methods of analysis
Analytical methods are not given here as instruction, but as an aid in evaluating
results on membrane composition and structure. Several methods have been
used, but they are all questionable and in some cases are even entirely objection
able. Comparisons of methods are almost lacking. Actually, a valid determina
tion of membrane substances is often impossible, so one has to be very careful
in interpreting data. In particular, preparations somehow derived from globules
should not be mistaken for the membranes themselves.
All methods give an average composition of membrane; there is probably
variation in membrane composition from globule to globule (Section 5.4).
Differences between fat and fat globules. When somehow the composition of
the milk-fat globules can be determined, contrast with the composition of iso
lated milk fat gives an estimate of membrane composition. This principle has
been used by several authors. Different methods exist for estimating composition
of globules, but even if these are assumed to be correct, there is a major objec
tion. During isolation of the milk fat from the globules, membrane materials
may dissolve into the fat. Phospholipids, cerebrosides and proteins are not found
in the fat, so the method is valid for these substances. But for apolar lipids, such
as cholesterol or diglycerides, the results are uncertain. Triglycerides cannot be
estimated at all, mainly because of the small proportional difference between fat
and fat globules for these substances.
Washing the globules is a common technique in estimating globule composition,
and in isolating membrane substances. Numerous variants exist, but in essence
milk is separated by centrifuging; the cream is diluted with water or some other
fluid (e.g. a buffer solution) and reseparated; the procedure is repeated, e.g. 3
times until the milk plasma is washed away.
Several objections can be raised.
1. Substances that are in adsorption equilibrium with the milk plasma can be
desorbed (Gibbs' law). This will rarely happen with polymer substances in
direct contact with fat, but may for other materials.
2. Substances can be mechanically removed when globules collide with surfaces
of equipment, for instance the centrifuge, or with each other.
3. Colliding globules may easily coalesce (Chap. 6), reducing surface area and
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Table 5.1. Loss of materials from fat globules in cream by washing. Data on phos
pholipids and proteins after Ref. 98, on enzyme activities from Ref. 126.
Sample

Content in cream
(g/100 ml)

Activity of
:

xanthine oxidase in alkaline phosphatase in

Original cream
Washed once
Washed twice
Washed thrice
Washed 4 times
Original cream
Washed 4 times
Washed 8 times
Washed 12 times
Washed 24 times

phospholipids protein cream wash water

cream

wash water

0.45
0.34
0.24
0.22
0.19
0.40
0.35
0.28
0.18
0.13

123
76
48
35
30

40
20
15
5

11.4
1.66
0.73
0.61
0.59

51
42
22
16
9.1

14
14
8.6
7.5

0.69
0.61
0.54
0.46

causing desorption of membrane substances. It is not at all certain that the
desorbed substances are identical to those remaining. Sometimes the washing
had been observed to lead to 'churned fat' but the phenomenon has not been
checked systematically. In a preliminary experiment (119), milk was washed four
times at 42 °C, and the washed cream was perfectly stable and normal; but the
globules' volume/surface average diameter was found to be increased by half,
'•e. a third of the surface area was lost. Success of washing, as judged by absence
°f churned fat, depends closely on temperature. Either low (around 4 °C) or
high (around 40 °C) temperatures are more successful ; this also suggests a
tendency to coalescence, because such a tendency particularly leads to visible
'churning' if the fat is partly solid (Section 6.6). Low temperature itself may
induce changes (Section 5.6).
4. Mechanical damage of the globule membranes (e.g. by local stretching of the
surface) during the procedure may also lead to local adsorption of plasma sub
stances and hence to altered composition.
5- Some of the smaller fat globules are lost (14).
Loss of membrane substances during washing is clearly demonstrated in
Table 5.1. Experiments by Anderson et al. (4) indicate a loss of at least 10-30 %
°f the membrane phospholipids in three washings. Others have also reported
considerable loss of membrane material by washing (30,126).
Eolation of membrane material, which is always done after washing, has been
by many authors. Usually the washed cream is cooled, churned and the
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fat separated from the membrane material by melting and centrifugation.
Some objections are:
1. The objections to the washing procedure.
2. Contamination of membrane material with fat from the globule core appears
inevitable. In extreme cases, the isolated material may contain as much as 90 %
lipid. In an experiment with mixtures of separated milk and cream, separated
milk was heated before recombining it with unheated cream, and then the mix
ture washed and churned ; the heating considerably increased the proportion of
neutral lipids in the 'membrane preparation' (63) This shows that outside con
ditions profoundly influence results.
3. Churning is only possible after cooling, which in itself may cause changes
(Section 5.6) including fat crystallization. During deformation of fat globules,
as in churning, fat crystals tend to go to the fat-water interface, where they are
tenaciously held (115). There they would contaminate the membrane prepara
tions. They can be seen from electron micrographs (51 ; Plate 7B).
4. Apolar membrane substances may dissolve into the core fat during melting
and separation.
5. Churning with air causes spreading of membrane material over the air-water
interface (Fig. 6.12), and this may well cause changes.
Among other methods of separation used is the method of freezing the washed
cream, melting and centrifugation. It raises almost the same objections, apart
from Item 5, and differences with the churning method have been observed in
electron microscopy of the membrane preparations obtained (39).
Separation from the fat at temperatures where it is liquid is possible by
centrifugation at high speed (114) or by repeated evaporation of the water from
the washed cream (125). This overcomes Objection 3, and marked differences are
indeed found in the lipid composition of the membrane preparations.
Treating washed cream with surfactants may release membrane material. In
particular, sodium deoxycholate has been used (35). It removes only part of the
membrane. The cream does not segregate into fat and serum, so workers have
assumed that only an outer layer of the membrane is removed. But globules may
to some extent coalesce (this has not been checked), which could lead to a local
release of the whole membrane, rather than of the outer layer only.
The creaming method. As worked out by Mulder (71), fresh milk is cooled and
left to cream naturally in a separator funnel. After a few hours, skim-milk and
cream are tapped off. They are tested for fat content and the content of the sub
stance under study ; the original milk is tested in the same way, so that recovery
can be checked. The distribution of the substance between the phases can now
be calculated (x g/100 g fat and y g/100 g plasma).
In this way, the composition of the fat globules can be found, avoiding
mechanical damage and the other drawbacks of the washing procedure. There
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are other objections :
1. An error is introduced by taking the weight of fat rather than the fat surface
area as a basis, because of a difference in globule size, and hence in specific
surface area, between skim-milk and cream. These differences are not too large
with natural creaming (Section 8.5), and will not cause gross errors. But modi
fication of the method to use centrifugal creaming leads to considerable devia
tions.
2. Cooling is necessary, and this alters membrane composition, such as the
adsorption of some immunoglobulin (Section 8.4), and probably a release of
membrane material (Section 5.6).
3- Globules with a particular membrane composition might perhaps agglutin
ate better, hence cream better than others, though there is no evidence for this.
4. The method is inaccurate for substances of which the great majority is in the
plasma (e.g. total protein).
5- The method gives the composition of the fat globules; in elucidating mem
brane composition, the disadvantages of establishing the difference between fat
and fat globules apply (see above).
Surface area and composition. The amount of membrane material per g fat is at
first approximation inversely proportional to globule diameter. Hence, workers
have tried to derive membrane composition from the relationship between glo
bule size and concentration for a few components, e.g. carotenoids (121). But this
reasoning need not be correct, as there may well be a correlation between globule
size and concentration in the core of the fat globule for substances that are fatsoluble, and may have been dissolved from the membrane (Section 5.2). Hence
the method cannot be used for these materials.
Moreover the substance studied may also be present in the milk plasma. If so,
rt is attractive to combine the principle with the creaming method (118). The milk
can thus immediately be separated in a centrifuge at body temperature. Fat con
tent and fat surface-area have to be determined, as well as the content of the
test substance. By taking data from the milk and from the separated milk for
calculation, possible errors caused by damage and coalescence of fat globules in
the cream layer are minimized. The method is also suitable for homogenized and
synthetic fat globules. Some objections are :
1- It only gives the composition of the fat globules, so the uncertainties for fatsoluble components remain (see above).
2. Substances abundant in milk plasma cannot be estimated accurately (see
above).
3- A correlation may exist between globule size and membrane composition.
4- Centrifugation can lead to desorption or other removal of membrane
material, which may subsequently reach the separated milk. Centrifugation
at low speed in swing-out buckets minimizes this danger.
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Difference between milk and plasma. The previous method may be modified to
use centrifugation under such conditions that the separated milk is almost free
from globular fat, similar to milk plasma. This overcomes Objection 3 raised
above, but Objection 4 becomes much more serious. Severe centrifugal con
ditions are needed to remove also the smallest globules, which have a large
specific surface area. They also cause part of the plasma substances to sediment
as a solid pellet, causing further complications. Therefore, the method fails in
strongly homogenized products.
In conclusion, accurate determination of membrane composition is very difficult.
Components that are fat-soluble give particularly uncertain results. Hence,
published data should not be regarded as giving absolute values. Natural
variations must be considered too.
5.4 Composition
Despite much research information about the components of the membrane,
the large discrepancies between values make quantitative description very
uncertain.
Gross composition is of great importance in evaluating membrane properties.
Table 5.2 gives the major components, but as an estimate only. Tables 5.3 and

Table 5.2. Major components of the fat globule membrane. After Ref. 4, 12, 13, 14,
18, 22, 35, 41, 47, 49, 59, 63, 79, 80, 82, 85, 98, 101, 107, 118.
Component

Protein
Phospholipids
Cerebrosides
Cholesterol
Neutral glycerides
Water
Total

Best estimate of composition

Range of mean values

mg/100g mg/m2 fat % (w/w) of
fat
globule
total
globule
surface
membrane

mg/100 g % of the
fat
dry
globules membrane

900
600
80
40
300
280

4.5
3.0
0.4
0.2
1.5
1.4

41
27
3
2
14
13

290-1000
-— 230-820

2200

11.0

100

600-2200

Ratio
protein/phospholipid
1.5
phospholipid/cholesterol 15
phospholipid/cerebroside 7.5
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8-64
3-30
0.2-4
20-90

1.3-4.6
2-100
3.5-50

5.4 give further details. Results obtained by different authors vary widely even
among more recent observations. Generally, washing procedures lead to lower
values than creaming procedures (Section 5.3), and we have given more weight
to the latter.
The creaming method gives for total protein amounts varying from 200-2200
mg/100 g fat globules on individual samples, with an average of about 1000 mg
(79); but the method is very inaccurate for this component. Washing techniques
mostly lead to estimates of 600-900 mg protein.
Variation in phospholipid content is even greater; all washing experiments
lead to values of less than 400, all creaming studies to more than 400. The
proportion of the milk phospholipids present in the membrane has been reported
from 50 to 90 %. Many data do not allow derivation of the amount of mem
brane material, but do give ratios of components. The variation in the ratio
protein/phospholipids is striking, and is unlikely to be real; phospholipids, in
Particular, are easily lost during washing and isolation (see also Table 5.1).
The content of neutral glycerides is unknown; it cannot be determined by the
creaming method; washing and isolation inevitably lead to contamination with
fat from the core (69). In membrane material released by deoxycholate, neutral
glycerides are present; the amount is usually less than half as much as phos
pholipids (2,4,121). Hence their presence in the membrane is fairly certain, but
their quantity not. We presume it to be at least 300 mg/100 g fat globules, but
this is little more than a guess. Even a monomolecular layer of triglycerides at
the inner side of the membrane would require some 700 mg/100 g fat globules.
Values for cholesterol (12, 13, 41, 82, 85, 107) and cerebrosides (12, 18, 49)
are based on few observations and are rather uncertain.
Though it cannot be determined, some bound water must be present. We
assume it to be 0.3 times as much as the amount of protein plus a small addition
for water bound to polar lipid groups.
Table 5.2 also gives the amounts per unit surface area of the fat globules,
because this area may vary considerably from about 1.1 to 2.6 m2/g fat (Section
4.1). This must cause at least part of the variation in amount of membrane sub
stances per g fat globules, though it has not been studied. The mentioning of the
amounts per unit area should certainly not be taken as an indication that the
membrane is built up of different layers of a certain thickness (see Section 5.5).
Table 2.2 showed the partition of the various lipid classes between the phases
°f milk (core fat, membrane, plasma).
Proteins. It is difficult to study the membrane proteins as only small amounts
can be isolated, and as it is well-nigh impossible to separate, purify and define
them. Moreover, it is easy to introduce artefacts during these procedures.
Nitrogen contents of the isolated proteins varying from 11 to 17 % have been
reported (14, 100).
Some milk plasma proteins can perhaps be adsorbed onto the membrane
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(Section 5.2), but it looks almost impossible to determine them. In washed
cream, plasma proteins are usually absent, but this is no proof of their absence
from the membrane. Serological evidence suggests the presence of casein (79),
particularly /9-casein (2). The presence of one of the components of the proteose-peptone fraction in the membrane has also been suggested (14). In one
study (85) 27 % of membrane protein was reported to be serum proteins, but this
is contrary to other findings (see below).
At low temperature, part of the immunoglobulins of the serum are adsorbed
onto the fat globules, and this may amount to 0.5 g protein/100 g fat globules or
even more. (Section 8.4). Immediately the fat globules are partly denuded, re
pair of the membrane with plasma proteins takes place. Hence, one must be
careful in interpreting evidence about plasma proteins in the original membrane.
Most authors agree that the bulk of the membrane protein is unique in milk.
The amino acid pattern is different from that of other milk proteins (14, 22,
100), and similar to the protein of the apical cell-membrane of the lactating cell
(51).
Mainly from the work of Brunner and coworkers (e.g. Ref. 14), the membrane
protein can be classified into two main groups of about equal amount. Their
amino acid pattern is different. One is easily soluble in aqueous buffer solutions
or in weak NaCl; it conains hexose, hexosamine and sialic acid residues. It has
been classified as a mucoprotein or glycoprotein. The other protein has a
reddish colour and is sometimes called the 'red protein'. It is insoluble in most
reagents and is considered to be a pseudokeratin. Both proteins contain phos
phorus (a few tenths of a per cent) and significant amount of cysteine +
cystine residue (2-2.5 %). Whether the proteins do contain cysteine residues is
not certain; with the techniques used, only cystine was found.
Most data from other authors agree with these results or differ only slightly
(22, 34, 100). Clearly the proteins are not homogeneous. Anderson et al. (4)
found about 10 different proteins by electrophoresis. As the membrane con
tains relatively large amounts of different enzymes, some of these may contribute
to the heterogeneity. It is also reported that the protein fraction contains
4-30 [ig ribonucleic acid/g (22).
Phospholipids. Most investigators agree that the phospholipids in milk plasma
and the membrane have virtually the same composition. Hence, Table 2.2 gives
sufficient information. Also the fatty acid pattern, which is very different be
tween classes (Table 2.2), appears identical for membrane and plasma (41, 50),
with the exception of sphingomyelin (see below).
Cerebrosides have a similar distribution between phases to phospholipids, but
those in the membrane seem to have longer average chain length than those in
the plasma: 20.6 against 17.7 carbon atoms in the fatty acid residues (49). A
similar observation has been made for the other sphingolipid in milk, the sphing78

omyelin (41). It has been assumed that these very long-chain components in the
membrane may be important in fat-globule stability (49), but there is no evi
dence.
Sterols appear to be largely dissolved in the fat core of the globules (Table 2.2).
About 15 % of the cholesterol in milk is present as cholesteryl esters; there is no
evidence of differences in fatty acid pattern between the phases of milk.The
proportion of cholesterol esterified may perhaps be different between the phases
(14, 41, 82) but published data are not consistent; it seems reasonably certain
that cholesteryl esters are present in the membrane. This is different from chylo
microns, where highly apolar cholesteryl esters are completely dissolved in the
core, while some cholesterol as such is present in the surface layers (125).
Squalene has also been reported as a constituent of the membrane (12, 112).
Neutral glycerides. Not only is the amount of this lipid class very uncertain
(see under 'Gross composition'), but also its composition is controversial.
Since the extensive studies of Palmer and coworkers (47, 87), it is usually held
that the membrane glycerides are predominantly high-melting. It is often
assumed that these have a specific structural function in the membrane. But as
these glycerides are the most apolar in milk fat, it is difficult to understand how
these substances could preferentially interact with the much more polar compo
nents of the membrane. Vasic & DeMan (114) considered that the fatty acid
Pattern of the glycerides of membrane preparations is virtually identical with
that of the highest-melting fraction of milk fat. Moreover, when membrane prep
arations were isolated without ever cooling below 37 °C, the neutral glycerides
were no different from those of milk fat as a whole. These observations make
the presence of high-melting glycerides in the membrane highly questionable, and
they strongly point to contamination of membrane preparations with trigly
ceride crystals (Section 5.3). The problem is discussed elsewhere in more detail
(116).

The proportion of diglycerides in the membrane is also uncertain. Thompson
al. (112) give data that would lead to some 120 mg/100 g fat globules; other
studies (12, 41, 85) point to roughly 200 mg/100 g. But the membrane prepara
tions studied were probably contaminated with core fat. Published results show
that of neutral lipids, diglycerides are 5-14 % in membrane preparations, but
1 % in milk fat as a whole. In comparative studies of 'membrane' and 'core'
fat by Huang & Kuksis (40), some samples differed in diglyceride content, and
some not. As diglycerides are fairly surface-active, their presence in the mem
brane would not be surprising; their amount is uncertain, and probably much
less than suggested above.
Monoglycerides could be present as well, but this, again, is uncertain. Both
Presence (18, 85, 112) and absence (12, 41) in the membrane have both been
claimed. Free fatty acids have also been reported (12, 85, 112), but in compari
et
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sons, core fat usually showed a higher content than membrane fat (41). Hence
their presence in the membrane is uncertain.
Amount and composition of the neutral membrane lipids are poorly known.
According to Thompson et al. (112), monoglycerides and diglycerides and free
fatty acids together are almost as abundant as the phospholipids. If this were so,
it would profoundly influence membrane properties.
Carotenoids and vitamin A. Carotenoids seem to be absent in nascent fat
globules, and are present in high concentrations in the apical cell membrane
(Section 5.2). The ratio between the carotenoid content of milk fat and the
specific surface area of the fat globules is fairly constant (121). For these two
reasons, the carotenoids of milk are often assumed to be present in the fatglobule membrane. Nevertheless, it could well be that the carotenoids dissolve
into the fat core of the globule, directly after the cell-membrane material comes
into contact with the fat, because isolated milk fat always contains the great
majority of the carotenoids in milk. One might assume that these substances
could be extracted from the membranes during the isolation of the milk fat.
But this is improbable, because variations in the isolation procedure (times and
temperatures, removal of membrane in various ways) did not cause significant
differences in carotenoid content of the fat (76).
Thompson et al. (112) report zero and 0.3 %, respectively of carotenoids in
two membrane preparations. The second figure would imply about 0.009 %
of the fat globules, representing at least 10 times the total carotenoid content of
milk fat. Thus it cannot be true.
Mulder & Box (72) used the creaming method in some preliminary experi
ments on /3-carotene and vitamin A. They found 243 jxg /5-carotene/100 g fat in
globules and 230 [xg/100 g isolated milk fat; hence 13 fig in the membranes of
100 g fat globules. For vitamin A, the data were 436, 417 and 19 fig. The con
tents in the membrane can be estimated as 6 and 9 fxg/g, respectively. About 5 %
of the total carotenoids was in the membrane, about 3 % was present in the
milk plasma. But more research is needed to determine the contents of caro
tenoids and vitamin A in the membrane.
Trace elements and other metals are present in the membrane but, again, their
amounts are often uncertain.
In various studies by the creaming method (58, 64), 5-25 % of the natural
copper (i.e. Cu present before milk secretion) in milk was found in the mem
brane. When Cu content was high, as in early lactation, a smaller proportion
was present in the membrane (58). Hence, the Cu content of fat globules is
fairly constant at 10 [xg/100 g fat, and the concentration in the membrane may be
held at about 5 fjtg/g; as cooling seems to induce migration of Cu from fat
globules to plasma (Section 5.6), the values may bea bit higher in fresh milk. Other
authors employing washing and isolation (38, 97, 108) found a smaller pro-
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portion of the Cu of the milk in the membrane (e.g. 1.5. %), but a much higher
concentration in the membrane (up to 0.02 %), probably because of extraneous
Cu, which can be many times the natural quantity of Cu in milk. Of added Cu,
only 1-4 % goes to the membranes (58, 64); but when the natural Cu content
of milk is 25 fAg/kg, and 1 mg/kg is added by contamination, the 'added Cu' in
the membrane may easily be 10 times the natural Cu.
Of iron in the milk, 28-59 % is in the membrane, hence about 0.3 mg Fe/100 g
fat globules, and about 0.015 % Fe in the membrane (64, 78). Other authors,
using washing and isolation, reported 0.007-0.012 % Fe (38, 97, 108).
Molybdenum is also present in the membrane, probably as a constituent of
the xanthine oxidase enzyme. In washing experiments, a content of about 0.0025
% Mo in the membrane was found, corresponding to about 3 % of the Mo in
milk (38, 108).
In washing studies by Brunner and coworkers (38, 108) and in unpublished
creaming experiments by Mulder and coworkers, at most very small propor
tions of Zn, Ca, Mg, Na and K were found in the membrane. Naturally, the
negatively charged proteins of the membrane will hav& some positive counterions, but the small quantities involved apparently escape detection.
Enzymes. At least ten different enzymes have been identified in the membrane,
particularly after studies by Dowben et al. (27). A summary of studies on enzyme
and the membrane is given in Table 5.3. It is striking that all the enzymes that
are in the microsomal fraction of cell homogenates are present in the membrane.
This is in accordance with the view of the origin of the membrane given in Sec
tion 5.2, because the microsomal fraction includes the fragmented cell mem
branes. If only part of those enzymes is in the membrane, it should be remem
bered that some enzymes are easily lost from fat globules (Table 5.1). Xanthine
oxidase activity is strongly influenced by such actions as cooling and agitation
of the milk (46, 99).
Some of the enzymes that are probably absent from the microsomal fraction
are, nevertheless, also present in the membrane, but mostly in small amount
(acid phosphatase, aldolase). Catalase is abundant in milk leucocytes and these
do easily adhere to the fat globules (Section 8.4), so that enrichment of catalase
in the cream does not necessarily imply its presence in the membrane. However
part of the catalase in fat globules seems irremovable by washing (42).
By the creaming method, only a few enzymes have been estimated (70, 73).
Other rough data have been derived from differences between separated milk
and cream (25, 46, 54, 83 93, 99). Activities have also been estimated in mem
brane preparations or fractions thereof (27, 36, 54, 68, 126).
Some milk enzymes are not mentioned in Table 5.3; a-amylase (E.C. 3.2.1.1)
and peroxidase (E.C. 1.11.1.7) are present but probably only in milk serum (48).
Milk probably contains several other esterases. Protease (E.C. 3.4.4.-), like
lipase, seems to be in the casein micelles. Lipase action is discussed in Section 5.7.
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Table 5.4. Miscellaneous components of the fat globule membrane (not mentioned in
Tables 5.2 and 5.3).
Component

Remarks

Reference

Squalene
Carotenoids
Vitamin A
Glucose
)
Galactose
j
Hexosamine
)
Sialic acid
j
Ribonucleic acidi
Cytochrome c j
Fe

3-10 mg/100 g fat globules?
—30 (j.g/100 g fat globules?
~20 |xg/100 g fat globules

12, 112
72

Mo

Cu (natural)

probably part of glycoprotein
and cerebrosides
probably part of proteins
in the 'microsomal' fraction
~300 [xg/100 g fat globules
~50 [xg/100 g fat globules
~10 (xg/100 g fat globules

13,
13,
45,
45,
22,
68
38,
38,
58,

45, 111
45, 111
111
111
68, 106
64, 78, 97, 108
108
64, 65

Variability. Experience shows considerable differences between milks in
stability of their fat globules to coalescence, though actual experimental data are
hard to trace. Such differences may well be related to differences in membrane
composition. Other factors too, such as susceptibility of milk fat to lipase
action or to autoxidation may be influenced by membrane properties. Because of
the inherent inaccuracy of most methods for studying membrane composition,
reliable data on variability are almost lacking.
Creaming experiments have shown significant differences in the amount of
phospholipids (80), cholesterol (82) and natural Cu and Fe (58, 64) in the mem
brane relative to mass of fat. But it is uncertain to what degree these differences
are caused by variation in specific fat surface area. In one study on single samples
from 5 cows only, a coefficient of variation of 10 % was found in the amount of
phospholipids per unit fat surface area (118), and this spread is probably not
much larger than the reproducibility of the estimate.
In studies on the lipids of membrane preparations, Huang & Kuksis (41)
found that the ratio of phospholipid to cholesterol ranged from 12 to 46 (in one
estimate 148, possibly an error); in summer, the ratio was lower than in winter.
Small but significant differences were found in the phospholipid composition of
membrane preparations.
Anderson & Cheeseman (2) studied variations in amount and composition of
the material that is released from washed globules by deoxycholate; milks from
3 cows were studied during lactation, starting directly after parturition. Through
the results were not very consistent, the amount of material released usually
increased during the first weeks of lactation but, again, specific surface area of
the fat was unknown. The ratio of phospholipids to protein varied from 0.67
to 2.2 ; it mostly decreased during lactation.
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Dowben et al. (27) determined specific enzyme activity in membrane prepara
tions from 4 to 8 cows. The coefficient of variation was mostly between 20 to
40 %, probably much greater than reproducibility.
Differences in composition of membrane preparations are not necessarily a
true reflection of membrane composition (Section 5.3). But considerable com
positional differences between milk samples cannot be ruled out. It is equally
probable that differences exist between globules in one milking of one cow, as
suggested by variability in interfacial tension of individual globules (40) and
variability in uptake of various fluorochromes, observed by fluorescence mi
croscopy (117).
5.5 Structure
The gross composition of the membrane is fairly well known, but its structure is
still unknown. Most of the fat-globule membrane is derived from cellular mem
branes, but considerable reconformation takes place (Section 5.2), so even knowl
edge of cell membrane structure clarifies little. Stating that the globule mem
brane consists largely of lipoproteins is not helpful.
Thin sections of fat globules studied by electron microscopy reveal the mem
brane. Also 'ghosts' of fat-globule membranes can be made visible, even under
the light microscope (77).
Thickness of the membrane can be calculated from composition. The data in
Table 5.2 would lead to a thickness of 9.8 nm.
Electron micrographs of thin sections of the membrane reveal a certain thick
ness, though the visible layer is uneven. Many studies by Knoop and coworkers
(e.g. Ref. 56) of Os04-stained preparations demonstrated a thickness of 5-10
nm ; in fresh milk, the average thickness seemed to be more than in agitated milk.
Other studies, including many cytological ones (Sections 1.2 and 5.2), also show
a layer 10 nm thick or less, with one noticeable exception of 15-25 nm (105);
Wooding (134) reports variable thickness: 5-20 nm. Remember, however, that
drying, fixation and staining of the specimens may well induce changes.
Knoop (55) disregarded electron micrographs in this respect. From circum
stantial evidence (mainly measurements of viscosity and of ultrasound attenua
tion), he inferred a membrane thickness of 300 nm. This is improbable. It would
imply that even in a 40 % cream the fat globules would touch each other (Fig.
4.5). From Table 5.2 and fat globule size, it can be calculated that the average
dry matter content of such a membrane would have to be 3.4 %, far less than that
of milk plasma.
Troy & Sharp (113) found that the closest packing that could be obtained with
solidified milk-fat globules corresponded to 72 % fat by volume. In comparison
with the theoretical value for the closest packing of spheres of 74 %, it can be
calculated that the apparent mean free distance between the fat globules was about
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30 nm. This can be interpreted as the globules having a membrane 15 nm thick
around the fat eore, but uneveness of the membrane would lead to a mean dis
tance more than twice the average membrane thickness.
Hence average thickness of the membrane would be about 10 nm but its
thickness varies from place to place.
Microsomes or lipoprotein particles. By ultracentrifuging homogenates of
animal cells, a fraction can be obtained called the microsomal fraction. These
'microsomes' consist mainly of lipoproteins, enzymes, cytochrome c and nucleic
acids. The fraction consists of ribosomes, lysosomes and particularly fragments
of membranes, which reorganize themselves after rupture by the cell homogenizer into small spherical bodies.
Morton (68) isolated from buttermilk of washed cream, particles ranging from
below 30 to 200 nm in diameter; their composition was similar to cell micro
somes. Morton concluded that the lipoprotin particles were indeed similar to
cell 'microsomes', and called them 'milk microsomes'. In a later study (9)
differences were found between 'milk microsomes' and 'mammary gland micro
somes', but on incubation of the mammary ones in milk, they came to resemble
'milk microsomes'. It was concluded that at least part of the fat-globule mem
brane was derived from the 'microsomes' of the lactating cell.
Gammack & Gupta (32) found similar particles in separated milk. Hence the
general concept of a kind of unit package, containing particularmilkcomponents,
and divided between the membrane and the plasma of milk. Indeed, several
components are distributed about 60 %in the membrane and 40 % in the plasma :
phospholipids, cerebrosides, Fe, alkaline phosphatase, xanthine oxidase, and
the cholesterol that is not in the fat core. Also the composition and fatty acid
pattern of the phospholipids are reported by most authors as almost identical
between membrane and plasma (Section 5.4). But: at least one author reports
significant differences in phospholipid composition between membrane and
plasma (77); the fatty acid pattern of sphingolipids is markedly different (41,
49); the predominant alkaline phosphatase in the membrane seems to be a
different isoenzyme from that of plasma (26); and some other materials are not
distributed in a similar way between membrane and plasma (Tables 2.2 and 5.3).
Moreover, infusion of labelled fatty acid into the mammary gland leads to a
marked difference in the labelling of membrane and plasma phospholipids of
milk (1, 91); this is strong evidence that these phospholipids have a different
origin.
The 'microsomes' isolated by Morton from washed cream only comprise a
minor fraction of the membrane material (5-15 % apparently); the 'milk micro
somes' in milk plasma too probably do not contain all the plasma phospholipids.
Hence, lipoprotein particles in the membrane, if not artefacts, would form only
a minor part of it. Recent electron micrographs by Buchheim (15) of the out
side of whole fat globules indeed show several spherical or lenticular particles
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20-150 nm in diameter (Plate 2). Others have shown similar particles in thin
sections of fat globules (37, 124). This independently confirms Morton's results.
Some of the particles seem to separate from the membrane when the milk is
kept cold (16).
'Microsomes' derived from the membrane may well be artefacts just like the
'microsomes' from cell homogenates. This applies particularly to particles
released from washed cream by treatment with deoxycholate. These particles
comprise a greater proportion of the membrane (45 %), and are much smaller
(on average about 10 nm); they also contain lipoproteins and enzymes (35). This
membrane fraction may perhaps include Morton's microsomes but is certainly
not identical with his fraction.
Fractionation of membrane preparations can be done in several ways, and
attempts are often made to deduce membrane structure from the properties of
the different fractions. But it is quite possible that artefacts are produced. The
membrane contains components diverse in solubility and in reactivity towards
various agents. Therefore treatment with various reagents would inevitably
produce fractions of different composition.
The material released by deoxycholate was first and extensively studied by
Hayashi et al. (35, 36). It is fairly soluble in weak salt solutions, has a high
content of phospholipids and a low content of neutral lipids ; it contains almost
all the alkaline phosphatase and xanthine oxidase of the membrane. It is often
assumed to constitute the outer layer of the membrane.
The solids from buttermilk of washed cream are often fractionated by centrifugation at high speed into lipoproteins of 'high' and 'low density', which differ
in composition (22, 86, 107). Note, however, that sedimentation speed is de
pendent on both size of fragments and density, which depends on the amount of
contaminating core fat in the fragment; both factors must show considerable
random variation. However, a certain difference in the type of proteins between
fractions was found (107), and this is not easily explained away as an artefact.
Compositional differences between fractions have been demonstrated in
numerous studies (4, 22, 35, 36, 86, 97, 100, 101, 107, 112), which do not all
agree. Part of the phospholipids can be attacked by phospholipase, and part
not; the proportion is variable (86). A similar phenomenon has been inferred
for the action of ribonuclease on ribonucleic acid in the membrane (106).
Models of membrane structure. Several years ago, King (52) proposed a de
tailed model for membrane structure. He envisaged successive layers of different
composition: starting at the inside first a monomolecular layer of saturated
triglycerides, then one of phospholipids (interspaced with some cholesterol),
followed by two or three layers of unfolded proteins (though he also assumed
local patches of more coiled proteins); the membrane would, in his view, be
5-6 nm thick. This model was based on composition, and on assumptions about
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the most favourable binding sites of the components. From previous paragraphs,
it will be clear that the model is no longer tenable.
Thompson (110) envisaged a membrane with an outer layer consisting of
lipoprotein, and an inner layer consisting of an insoluble protein, bound in a
manner unexplained to the core of the globule by high-melting triglycerides.
A general conception is thus of a tenaciously held inner layer of lipoproteins
(low in phospholipids and with pseudokeratin as the main protein), and a com
paratively easily removable outer layer of different lipoproteins (high in phos
pholipids, with soluble glycoprotein as the main protein, containing most of the
enzymes and most of the Fe) (e.g. Ref. 35). It does not conflict with data on
origin, composition and fractionation of the membrane. Each layer would
represent about half the membrane material. The lipoprotein particles seen by
Morton (68) and Buchheim (15) would then be part of the outer layer. Some
authors have even assumed (24, 107) that the complete outer layer consists on
small particles, the 'microsomes', possibly identical with the material released
by deoxycholate.
This model is in agreement with many data hitherto collected, and it conforms
well with some observations on changes in membrane composition caused by
processing (Section 5.6). But it is by no means certain. Anderson et al. (4) found
that keeping milk for 24 h at 4 °C induced significant compositional changes in
various fractions of the membrane, even in those that are assumed to originate
from the 'inner layer'. They also studied (3) radioactive labelling of proteins by
an agent that could not penetrate membranes. After fractionation, every
fraction was found to have at least one labelled protein. Hence, all fractions
appear to be, at least partly, exposed to the aqueous phase. These findings do
not agree with the two-layer model, nor with the conception of unit lipoprotein
packages of fixed composition.
The most detailed model of two layers was proposed by Copius Peereboom
(24, 25). He assumed an inner double layer of unfolded lipoproteins some 9 nm
thick. On this would be adsorbed a monolayer, and occasionally a second layer,
of lipoprotein particles some 10 nm in diameter. Binding between the two layers
would be by the divalent cations Zn2+ and Mg2+ and by bound water. He
assumed that the particles would be fairly easy to remove, particularly at above
70 °C. Among objections to this model are that a thickness of about 20 nm
contradicts most data, and that the amounts of Zn2+ and Mg2+ in the membrane
are much less than required for the model.
Electron microscopy. In recent years techniques for specimen preparation and
resolution limit have substantially improved. Wooding concluded from his
studies (123, 124) that the nascent fat globule is surrounded by a thin layer of
different material that shows no fine structure. During discharge of the globule
from the cell, it is further enveloped by a typical unit membrane, i.e. showing as a
bilayer; this makes a total thickness of some 20 mm. Afterwards the membrane
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shows in some places a distinct rearrangement, in which small vesicles are
formed and dispersed in the plasma, leaving a thin layer of some 5-7 nm on the
fat globule; in other places the original membrane would remain almost intact.
These observations have been confirmed by others (10, 17), and still other
electron-microscopic studies can be interpreted in the same way (15, 37, 81).
A membrane really so different in structure from place to place could well
explain some of the anomalies mentioned earlier.
5.6 Changes caused by processing
Treatment of milk may alter composition and properties of the membranes,
often profoundly. This is of great importance to properties of milk products.
Because methods are defective, our knowledge is perfunctory. But membrane
composition, as given in Table 5.2, may be quite different in processed milk
products.
Agitation. It is often assumed that agitation removes part of the membrane,
by mechanical abrasion. Most studies have been made on phospholipids. Nor
mal stirring removes little phospholipid (43, 96) except from high-fat cream
(43). But more intense agitation can have considerable effect. Mulder (71)
treated 17 % cream in a vibromixer at 20 °C for a few minutes, and found a
transfer of 10 % of the phospholipids from the fat globules to the plasma; in
this experiment, no air was beaten into the liquid. But, when milk is treated in a
'Waring Blendor' or similar mixer copious foaming takes place. Table 5.5 shows
a considerable transfer of phospholipids in such an apparatus. Xanthine oxidase
is also removed to some extent from the fat globules by stirring (94). By electron
microscopy, Knoop et al. (56) found in fresh milk a thicker and more irregular
fat-globule membrane, than in milk from a creamery. But it is not known whether
such treatments as agitation, air inclusion or cooling could be responsible.
It is uncertain how substances are removed from the membrane. Nobody has
checked whether coalescence of globules (and hence decrease in surface area)
took place, and coalescence will certainly lead to desorption of membrane
material. Labuschagne (62) subjected deaerated cream to a high-shear field
until clumps of fat globules became visible, and found that the concentration of
phospholipids in the separated milk increased from 0.015 to 0.1 %.
Foaming, whipping or churning. Often air is beaten in during agitation, and
contact of fat globules with a clean air-plasma interface causes spreading of
membrane material over the air bubble (Fig. 6.12). Hence, membrane material
is released into the plasma, thus perhaps explaining Table 5.5. Buttermilk is,
therefore, rich in membrane materials such as phospholipids, cholesterol and
'red protein'. The higher the fat content of the cream, the higher the content of
these substances in buttermilk. See Table 2.3 for a few examples.
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Table 5.5. Migration of phospholipids caused by vigorous agitation and mixing with
air (1 min in a 'Waring blendor') at various temperatures. After Greenbank &
Pallansch (33).

Treatment

Percentage of

Unstirred 10 °C
Stirred
Stirred
Stirred

Stirred

10 °C
20 °C
40 °C
50 °C

total phospholipids
on fat globules

globule phospholipids
transferred

62
56
30
36
37

9
51
42
41

Cooling induces several changes, often a loss of membrane material; most
changes seem irreversible (Items 1-5 and 9, below). The mechanism is unknown.
Crystallization of the fat itself may perhaps damage the membrane by (local)
volume changes. Fat crystallization seems at least essential in activation of
lipase by cooling (Item 7), as Sommer found in model experiments (103). It has
been assumed that crystallization of substances in the membrane is responsible
(66); though such phenomena can indeed occur (19), they have never been
demonstrated in milk-fat globules, nor has their role been studied.
In most experiments, cooling combined with some agitation rather than
cooling per se, was the treatment studied.
The following changes have been observed.
1- In extensive investigations by Anderson et al. (4), membrane preparations
Were obtained before and after cooling the milk for 24 h at 4 °C. The amounts of
material were less after cooling, primarily for the fraction released by deoxycholate but also for other fractions. Also the composition of the fractions was
significantly changed. As Anderson et al. conclude, this does not necessarily
imply that the treatment removed membrane material; the membrane was
perhaps altered in such a way that the preparation technique led to different
results.
2. But in creaming experiments, we found (118) that before and after 24 h at
4 °C the phospholipid content of fat globules was 3.1 and 2.4 mg/m2, respectively
(average of 5 samples); this was confirmed by centrifugation studies (118).
Koops & Tarassuk stated that cooling caused no change, but their experiments
show an approximately 15 % decrease of globule phospholipids on cooling (59).
3- Cooling caused xanthine oxidase activity to shift to the plasma phase (46,99).
However total activity also increased (46).
4- Cooling milk (e.g. 4 h at 4 °C) before centrifugation reduced Cu content of
the cream, e.g. from 40 to 25 fxg/kg (7,21). This must primarily be due to natural
Cu, transferred from globules to the plasma.
5- Badings & van der Pol (7, 8) found that pasteurizing a cream (20 s, 90 °C)
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from uncooled milk led to 229 [xg H2S/kg cream, whereas pasteurization of cream
from a milk cooled before separation gave only 97. Cooling the cream after
separation had no effect, but mixing cooled cream with separated milk and then
reseparating it did cause the decrease in H2S production on heating. The authors
concluded that cooling the milk removed some protein (precursor of H2S)
from the globules.
6. At low temperatures, part of the immunoglobulin adsorbs reversibly onto the
fat globules (Section 8.4).
7. Cooling can have considerable effect on lipase activity (Section 5.7).
8. The 'rebodying' of cream (Section 10.2) caused by intermittent cooling must
somehow be associated with changes in the membrane, but the mechanism is
unknown.
9. Cooling, particularly deep cooling, apparently has a negative effect on the
stability of the fat globules to coalescence (Section 6.6). In churning too, such
effects are found, even if the proportion of solid to liquid fat in the treatments is
equal. There is no explanation for these and other effects.
10. See below, under 'Evaporation', for another possible effect.
Heating, like cooling, is normally accompanied by some agitation. One would
expect heat to have considerable influence, since part of the membrane protein,
particularly the glycoprotein, could be denatured; likewise, enzymes are in
activated. But there is little or no direct evidence for these changes.
The following observations have been made.
1. Heat treatment releases H2S, or more generally, sulphydryl compounds, from
milk. A large proportion is derived from the membrane. Cysteine residues, which
are considered responsible for release of sulphydryl compounds, are at least
10 times as abundant in milk plasma as in fat globules of normal milk, even if
we assume all cystine reported in the membrane to be cysteine. Hence one would
assume that a 25 % cream would give only 10 % more of these compounds on
heating than milk does; actually the amount increased several times (5).
Apparently, the cysteine residues in the membrane are much more reactive.
Badings (5) found that H2S added to unheated cream quickly disappeared
again, whereas it was stable in heated cream; the subject sterns complicated and
is not yet fully understood.
2. Some authors (33, 59, 96) reported a 10-20 % migration of phospholipids
from the fat globules to the plasma phase on heating in certain conditions of
agitation. Nevertheless, such a migration is not established. Heating causes
some hydrolysis of phospholipids (84), and most authors have not checked this.
In the creaming method, differences of unheated samples creamed naturally
from heated samples with centrifugal separation could well be artefacts. Care
ful studies may settle the point.
3. Defatted ghosts of fat-globule membranes prepared from heated milk
showed thick deposits (presumably of protein) under the electron microscope,
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whereas untreated milk did not (81).
4. Membrane preparations from raw and from heated milk obtained by washlr»g and churning differed in composition. The ratio of protein to pospholipids
seemed to diminish (63, 74), and the proportion of neutral fat to increase (63)
°n heating. However the mere heating of the separated milk and recombining it
with unheated cream also caused such effects, possibly even more marked (63).
Hence these experiments are not conclusive.
As was shown by van Duin & Brons (29), heating causes considerable mi
gration of Cu, particularly added Cu, to the fat globules (Section 5.8 and Fig.
5.3).
6- The zeta potential, and hence the surface properties of the fat globule,
changed on heating (Fig. 5.2). Such changes did not occur when only the sepa
rated milk was heated (26).
I- Stability to coalescence of the globules seems to be impaired by heating
(Section 6.6).
8- Boiling milk did not significantly alter the interfacial tension of fat globules
(40).
9- Differential thermal analysis of membrane preparations showed an ir
reversible endothermal change on heating at about 76 °C (18); the change was
accompanied by an irreversible colour change from yellow to greenish.
Homogenization disrupts fat globules into smaller ones, and hence causes an
wcrease in globule surface to, for instance, 6 or 10 times the original area
(Section 9.2). The original membrane material may tend to spread on the en
larged fat-plasma interface, but the denuded fat will primarily be covered by
adsorption of surface-active plasma substances, and perhaps also of compounds
dissolved in the fat. Multifarious processes must be involved but have hardly
been studied. See further Sections 9.3 and 14.1, and Figure 14.1.
It is sometimes assumed that all natural membrane material is stripped from
the globule during homogenization, but this is unlikely and has not been
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observed. Part may be removed, since some authors find 10-20 % of globule
phospholipids transferred to the plasma phase (33, 59); but because of im
perfections in the techniques this is uncertain. The phospholipid content of the
plasma phase seems to decrease again on homogenization of milk at extreme
pressure (33), perhaps because of readsorption. Anyway, the concentration of
phospholipids in the membrane decreases to a tenth or so with homogenization.
The same may be true for most other components of the natural membrane.
The adsorbed plasma substances are primarily proteins, which are surfaceactive and abundant. For substances of equal surface-activity, one would expect
an adsorption roughly proportional to concentration, if there are no disturbing
factors (such as intense turbulence, spreading over the interface, or interaction
between components). Jackson & Brunner (44) isolated membrane preparations
from homogenized fat globules and besides the 'natural' substances, they found
primarily casein but also serum proteins. The amount of protein adsorbed is at
least 10 mg/m2 new surface area (Section 9.3). In some preliminary studies (120)
on homogenized cream, the ratio of casein to serum proteins adsorbed onto the
fat was at least 3 times as high as the relative concentration in milk plasma.This
does, however, depend on conditions during homogenization, such as pressure,
temperature, ratio of fat to plasma, plasma composition and denaturation of
serum proteins.
At least part of the casein is present as casein micelles in the membrane, but
apparently part of it is also spread (Section 9.3). There are large differences
between globules. Plate 6 gives an electron micrograph of a newly formed
'membrane'.
Plasma components are always adsorbed onto (local) denudations of fat
globules, though it may not be exactly as during homogenization, which is a very
rapid process, involving extreme turbulence. So agitation and whipping cause
changes in membrane composition. The interfacial tension of such a 'maltreated'
fat globule was found to be higher than of a natural one (40). Hence, substances
of the natural membrane are probably among the most surface-active components
of milk.
Centrifugation. Treatment of milk in a separator causes agitation, sometimes
incorporation of air, and the fat globules to press and rub against each other;
some disruption of globules takes place (Section 8.3). Thus, changes in the
membrane may take place, and migration of 10-20 % of the phospholipids to
the plasma has been reported (59, 96), though, again, these experiments were
not conclusive. Centrifugation of 20 % cream in a laboratory centrifuge (6000 x
g in tubes) was found to increase the phospholipid content of the plasma from
0.02 to 0.05 % (71); no check was made whether globules coalesced.
Dilution. Dilution + centrifugation = washing, and this procedure consider
ably alters the membrane (Section 5.3). Whether dilution per se causes changes is
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unknown, though desorption of substances cannot be ruled out. Dilution with
Water did not alter interfacial tension of the fat globules (40).
Evaporation of water, as in the condensing of milk, causes considerable changes
in fat dispersion (Section 7.3). The primary process is disruption, hence an
increase in fat surface. Contact between fat globules and vapour bubbles will be
frequent, and a spreading of membrane material over the bubbles is to be ex
pected. Greenbank & Pallansch (33) did find migration of about half the phos
pholipids to the plasma.
Cheeseman & Mabbitt (20) studied the retention of fat by the curd after
renneting; they found that concentrating milk to a third of its volume and
rediluting it, considerably increased fat retention. This can be interpreted as a
migration of casein micelles to the fat globules during evaporation; hence these
fat globules would become part of the paracasein network on coagulation. The
increased fat retention was still further increased by cooling the milk before
evaporation.
Acidification of milk causes changes in the membranes, primarily precipitation
of casein onto the fat globules (Section 5.2; Fig. 5.1). Membrane preparations
derived from sweet and soured creams showed a protein to phospholipid ratio
°f 3.4 and 15, respectively (74). This points to considerable protein adsorption,
though some loss of phospholipids cannot be ruled out. Acidification to pW
4-6 can also cause considerable migration of Cu to the fat globules (Section 5.8).
The pH has a distinct influence on the properties of the natural membrane as seen
m stability to coalescence (Section 6.4, particularly Fig. 6.8). Effect of pH on
globule disruption and coalescence is shown in Figure 6.13 ; probably the main
effect is that the ability of the plasma proteins to 'repair' denuded spots on the
globule increases with pH.
Freezing and thawing of cream leads to churned fat (Section 7.5). Freezing can
also be used on washed cream to isolate membrane material from the fat. Elec
tron micrographs of membranes showed disintegration caused by freezing (57).
Lipase action and the membrane
Lipase action in milk in all its aspects is a large and complicated subject, and is
outside the scope of this book. An extensive review is given by Schwartz (102),
from which we take our general data.
Several kinds of enzymes may catalyse liberation of fatty acids. True lipases
are enzymes that act on fats at the fat-water interface, and far less in solution.
They are sometimes called membrane lipase in milk, but this does not imply that
they are part of the fat-globule membrane. A lipase may be particularly active
when certain a-lipoproteins are present; such a lipoprotein lipase may also exist
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in milk. Various esterases act only on fatty acid esters in solution; such enzymes
may also occur in milk, but should not be identified with 'plasma lipase'.
Lipase is often very unstable, particularly at body temperature.
The fat-globule membrane probably plays a key role in preventing lipolysis,
but how is not known. Milk contains much true lipase, and the area of the fatwater interface is fairly large too. Still, spontaneous lipolysis is mostly absent or
slight, perhaps because of the distribution of the enzyme, apparently in the
casein micelles; however a change only in the membrane may enhance lipolysis.
In considering these and other effects, bear in mind that milk contains several
lipolytic enzymes (with different properties) together with (unknown) inhibitors
and stimulants. Manipulation of the milk may also alter the distribution or con
figuration of the enzyme.
Marked spontaneous lipolysis (without an activation treatment) occurs in milk
of some cows. Still there are indications that even in these milks lipase is not
present in significant amounts on the fat globules, even after cooling (23,
73, 102), though others (109) maintain that some enzyme is adsorbed onto the
fat globules during cooling.
In most milks some kind of activation is needed to initiate lipolysis. Well
known is the activation by homogenization or vigorous agitation (Section 9.6,
Fig. 9.13). This activation is probably caused by an increased accessibility of the
substrate (fat); the newly formed surface layers of the fat globules seem different
from the natural membrane in their lesser protection against lipolysis. Foaming
has an effect similar to homogenization ; this is not surprising, because of the
spreading of fat over the air-water interface and the subsequent alteration in dis
persion of the fat. The optimum temperature for lipolysis activated in these
ways equals the optimum of the enzyme as such, around 37 °C.
Cooling milk to 4 °C, warming to about 30 °C and cooling again, con
siderably enhances lipolysis. In cooled milk, lipase is still in the plasma phase. But
Claypool (23) found indications that after rewarming (30 °C) and cooling again
(4 °C), the enzyme became attached to the fat globules, but only at low tempera
ture; warming again caused reversible dissociation. Hence, perhaps, the observa
tion that 'temperature activated' lipolysis has its optimum at low_temperatures,
say 15 °C. However the rather rapid inactivation of the enzyme at higher tem
peratures may play a part.
Krukosky & Sharp (60) assumed that the crystallization of fat is essential in
temperature activation, as seems to be borne out by model experiments on recombined milks by Sommer and coworkers (summarized in Ref. 103). Emulsions
of butterfat or butterfat fractions in skim-milk showed temperature activation
only if some phospholipid had been dissolved into the fat before emulsification.
But if the emulsified fat was a fraction liquid at 10 °C, the recombined milk did
not show temperature activation. These observations, however, do not neces
sarily imply that lipase is only adsorbed onto fat globules with crystalline fat,
as was originally assumed (60). Perhaps crystallization induces structural changes
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in the membrane through local changes in volume (Section 5.6, Cooling).
Mulder (70) churned raw cream, either obtained by warm (40 °C) or cold
(7 °C) separation. In butter from the cold-separated cream, lipolysis was much
enhanced: a fat acidity of 4.5 against 1.75 mmol/100 g fat after 1 week. Similar
results were obtained on cheese (104) made from mixtures of cold-separated
cream + warm-separated skim-milk and vice versa; the first mixture gave a rate
of lipolysis 2.5 times higher. It would be interesting to repeat these experiments
and determine the distribution of lipase activity over fat globules and plasma.
5.8 Fat oxidation, copper and the membrane
Oxidation of milk fat is of great practical importance and it often leads to serious
defects in flavour of milk products. It is an autoxidation process mainly of the
polyunsaturated fatty acid residues, which are particularly sensitive to 'initia
tion', that means the formation of free radicals. By chain reactions, the radicals
are converted into peroxides, setting free new radicals. The peroxides are further
broken down; some of the resulting components have extremely strong flavours
(e.g. Ref. 6).
These reactions are influenced by many factors such as oxygen concentration,
temperature, pH, oxidation-reduction potential, specific catalysts and in
hibitors. The subject as such is outside the scope of this book and is reviewed
by Parks (88), but much is yet uncertain. When milk is heated, antioxidants
apparently form, but perhaps other inhibitors too. Though other catalysts may
promote oxidation, copper is the paramount factor. It is necessary to distinguish
between 'natural Cu', that is present in the milk before milking (usually about
20 fjtg/kg milk), and 'added Cu' that comes in afterwards, mostly from un
intentional contamination. In butter, only added Cu promotes oxidation (64,
65). It is often assumed that, in milk and some other products, natural Cu too
plays a part but this needs further study. In milk, there are large variations in the
susceptibility of the fat to oxidation that do not depend on Cu content. Though
it is often assumed that oxidation is spontaneous in some milks, it has been
shown (75) that minute Cu contamination (e.g. 10 [j.g/kg) may be the cause.
Clearly the fat-globule membrane plays a prominent part in fat oxidation,
since it forms the region where the fat is in contact with most catalysts and other
substances that may affect the reactions. The following factors may be con
sidered.
1. The lipids in the membrane, particularly the cephalin fraction of the phos
pholipids, contain a large proportion of polyunsaturated fatty acid residues,
hence they are very susceptible to oxidation (58). Consequently, fat oxidation
probably begins and is most intense in the membrane. Removal of membrane
substances from butter strongly retards oxidation (6), though the membrane
lipids only comprise a minute fraction of the fat. Perhaps they play an important
role in the initiation reaction.
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2. Natural Cu in the membrane amounts to about 10 (J.g/100 g fat globules, not
being very dependent on natural Cu content of the milk (Section 5.4).
3. Keeping milk at low temperature for a few hours causes Cu to migrate from
the fat globules to the plasma (Section 5.6). Presumably this only applies to
natural Cu, whose content in the fat globules may be halved.
4. Of the added Cu, 1-4 % is found in the membrane in unheated milk (Section
5.4).
5. Heating of milk causes considerable migration of Cu from the plasma to the
fat globules (see Fig. 5.3A). Apparently it concerns added Cu mainly. The Cu
content of the membrane may increase, for instance, 15-fold; the greater part
of the added Cu may be adsorbed onto the fat globules after heating.
6. The effects of acidification to pH 4.6 were studied by Koops (58). Natural
Cu stayed where it was, but 30 to 40 % of added Cu migrated to the fat glob
ules. This may be an important cause of the greater susceptibility of sour-cream
butter to oxidation than sweet-cream butter. If milk is acidified to below pH 2
and brought to higher pH again, natural Cu acts in the same way as added Cu
(58, 64).
7. Heating of cream seems to prevent most of the migration mentioned in
Point 6 (see Fig. 5.3B). The differences shown did not occur with sweet-cream
butter (29). The mechanism is still obscure.

Figure 5.3. Partition of Cu as a function of pasteurization temperature for 15 s.
A. Partition between cream and separated milk when the milk had been heated before
separation. Examples are of milk with a high (Curve 1) and a low (Curve 2) content of
Cu.
B. Partition between butter and buttermilk when the cream had been heated before
ripening and churning. After Van Duin & Brons (29).
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^ ate 3. Aggregation of fat globules.
A- Natural fat globules in milk flocculated by cold-agglutination.
Homogenization clusters in homogenized cream.
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Plate 4. dumping and churning of fat globules in cream.
A. Clumps formed by shear in the absence of air.
B. Clumps formed by classical churning, partly attached to air bubbles.
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8. Homogenization of milk considerably retards fat oxidation, despite the
enlarged surface of the fat. This retardation is discussed in Section 9.6. Possibly
the effect is caused by a 'dilution' of Cu and phospholipids in the membrane
material.
An explanation of most of the above factors cannot be given. Still, important
conclusions can be drawn. The data on Cu migration mentioned in Points 5,6
and 7 are indeed paralleled in the autoxidation rate of the butter made (29, 58).
Hence, for sour-cream butter the observations made here indicate that fat
oxidation will be at its minimum under the following conditions :
- avoidance of all possible contamination with Cu
- keeping the raw milk at least a few hours at about 5 °C before separation
- separation before pasteurization
- taking cream of a high fat content (e.g. 35 %)
- pasteurizing the cream at about 85 °C for 15 s.
This is indeed borne out by practical experience, and illustrates the importance
°f studies on the membrane. For other products, the best conditions may be
derived on the same principles.
5.9 Conclusions
The fat-globule membrane is primarily derived from the apical cell-membrane
°r the membrane of Golgi vacuoles and other materials of the lactating cell, but
Profound reconformation probably occurs. The natural membrane cannot yet
be imitated by adsorption of substances on fat.
The membrane consists primarily of different lipoproteins of a complicated
Proposition; it contains numerous substances, particularly enzymes. Much
about composition is uncertain because techniques used have been imperfect.
Hardly anything is known about structure, except what it is not. Probably,
structure is far from simple and varies from place to place on one fat globule.
Thickness of the membrane is on average about 10 nm, but varies considerably.
Variability of stability of fat globules to flocculation, coalescence, fat oxidatlon and lipase action may well be due to variability in membrane properties.
&ut clear correlations with the factors mentioned have not been established.
The membrane can be profoundly altered by processing. Manipulation alterlng fat dispersion always alters the membrane, often by adsorption of plasma
Proteins onto the fat globules (foaming, vigorous agitation, homogenization).
^°r some membrane components, cooling probably causes losses that may be
related to changes in properties. Heating also causes changes.
Despite its crucial role in many practical problems, and despite numerous
investigations, our knowledge of the fat-globule membrane is not yet sufficient
to understand its behaviour in milk and milk products and hence possibly con
trol it.
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6 Stability of the fat emulsion

So far, this book has dealt mainly with static properties. The next part will con
centrate on processes in which fat globules take part. A general treatise of these
dynamic aspects can be useful, having a bearing on several subjects to be treated
later: creaming; changes in fat dispersion and homogenization; properties of
cream, ice cream and whipped cream; butter and churning. For many products
a stable emulsion is needed, for some others the fat globules should not be too
stable ; for others again the emulsion must be unstable.
The multiplicity of facts and observations cannot easily be put in a general
theoretical frame, partly because the colloid science of oil-in-water emulsions
is not yet fully worked out. A complicated system like milk raises many specific
Problems. Consequently, review will be more difficult than in other chapters.
The reader who does not want to go through all the theory and considerations
should read only the next section and the conclusions (Section 6.7).
6.1 What is instability
types. There are several main types of instability in a fat emulsion : creaming,
flocculation, coalescence and disruption. Figure 6.1 surveys these processes and
their possible sequence. Note that conditions usually differ from globule to
globule and from moment to moment. This implies that the different processes
Figure 6.1 may take place simultaneously. Moreover, they are usually sto
chastic (i.e. with random variation), and the globules present may differ in
nature, as in the ratio of solid to liquid fat. The situation is indeed complicated.
Figure 6.1 pertains to dilute emulsions. In concentrated emulsions, such as
heavy cream, conditions are different; creaming and disruption can hardly take
Place, and many of the globules are already touching each other. Agitation or
homogenization, usually causes breaking or phase inversion (Fig. 6.2; see also
Section 10.1).
Different kinds of flocculation may occur, leading to different types of aggre
gates, here arbitrarily called:
Floccules: the globules keep their identity, and only touch each other. Well
known are those formed by agglutination (Section 8.4) in raw and low-heated
niilk; these floccules are bound together by weak forces only.
2- Clusters, bound together by strong forces, because the globules share part
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Figure 6.1. Different types of emulsion instability, highly schematic. Fat is grey.
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Figure 6.2. Possible changes in a concentrated oil-in-water emulsion. Fat is grey.
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of their interfacial layers. A definite example is the clusters formed during
homogenization of cream (Sections 9.3 and 10.2).
3. Clumps: these are only formed from partly solid globules. When the fat in a
clump becomes liquid, the clump will always coalesce into one big globule.
Liquid fat globules may directly coalesce into bigger ones when they meet,
globules containing only solid fat never clump (nor can they be disrupted).
The structure of the different types is illustrated in Figure 6.3.
Thermodynamic considerations. Emulsions are inherently unstable, and milk
and milk products are no exception. First, the fat has a lower density than the
plasma, so the globules rise. However, mixing easily restores the original con
dition. Second, free energy is stored in the interface between the fat and the
plasma. If the specific surface of the fat in milk is 800 cm2/ml, and the interfacial
free energy 5 erg/cm2 (22), 400 erg/ml (10~4 cal/ml) is stored in this way. Hypothetically, this energy, if released on complete coalescence, would raise the
temperature by 0.0001 °C; this illustrates the minuteness of the effect. Still, an
emulsion is thermodynamically unstable (especially when globules are very
small), and the final equilibrium will be two separate layers: fat and plasma.
How is equilibrium prevented ? There are two conditions.
The rate of change is so slow that it becomes negligible. This is so with
creaming in some products (e.g. sweetened condensed milk: no agglutination
and hence rise of single globules, small globules, high viscosity).

a- a9glutination

b-

—»floccule

homogenization cluster

• churning -» clump

d-

'locculation by strong
fraction

easy redispersible

only redispersible with
considerable energy

mostly not redispersibte

does not normally
occur

Figure 6.3. Two fat globules, aggregated in different ways, very schematic. Fat
hatched; membrane or surface layer grey, but not to scale.
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2. An energy threshold creates a metastable system. This is like a ball lying in a
rut on top of a hill : energy (the activation energy) is needed to lift the ball over
the rim, but as soon as this threshold is reached, the ball rapidly rolls down.
Coalescence of globules is usually prevented by a mechanism like this, though
the first condition may play a part too. Note that such metastability pertains to
each pair of individual globules. The activation energy may occasionally be sur
mounted by a favourable coincidence. The emulsion as a whole will then change
slowly (for instance by coalescence), as in the first condition.
In practice, creaming is spontaneous, and sometimes flocculation too. Coa
lescence is always hindered by an energy threshold; i.e. energy must be intro
duced for coalescence. Disruption always needs an input of energy (e.g. homogenization).
Stabilizing substances. When pure oil globules are dispersed in pure water, they
coalesce as soon as they meet, because there is no energy threshold to prevent
contact. Coalescence can be prevented, or at least retarded by the presence of
suitable stabilizing substances in the interface. Such a layer needs to be desorbed
or ruptured before the globules can coalesce.
Only surfactants, i.e. substances that lower the interfacial free energy y,
will go into the interface; y is about 40 erg/cm2 for a pure oil-water interface,
and surface-active substances may decrease this to 1-10 erg/cm2. Lowering of the
interfacial free energy, though a prerequisite for a stabilizing material, is not the
cause of its stabilizing action; this will be treated in Sections 6.3 and 6.4.
The main types of stabilizing materials are :
1. Surfactants, often called emulsifiers when they are particularly meant to
stabilize emulsions. Surfactant molecules tend to go into an oil-water interface
because they have both hydrophobic and hydrophilic parts. There are many
different surfactants; some occur naturally in milk, e.g. free fatty acids and phos
pholipids (Section 2.2). In an interface with surfactants, the interfacial free
energy (erg/cm2) is numerically equal to the interfacial tension (dyne/cm).
2. Small particles, if numerous and small compared to the globules, and if
appropriate in properties; (Fig. 6.6; Section 6.4).'Casein'micelles may in some
cases go into the interface (Section 9.3).
3. Polymer substances of suitable surface activity. Most proteins will go into an
oil-water interface, and act as effective stabilizers.
In the light of Chapter 5 the natural membrane of the milk fat globules cannot
easily be classified into one of these three groups, but it is probably most akin
to 3. It was found that interfacial free energy of the globules is mostly 3-9
erg/cm2, average about 5 erg/cm2 (22).
If part of the membrane is removed, or a 'naked' oil-water interface created in
any other way in milk, many suitable surfactant materials are available to diffuse
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to the interface and almost immediately provide a new interfacial layer. The
small-molecule surfactants diffuse quickest, but proteins and particularly casein
micelles are more abundant. Hence, the newly formed layer will probably have
a mixed composition.
Terminology. In common parlance, the terms stability and destabilization are
mainly used when referring to clumping or coalescence. Even then, confusion
may arise. Here, stability is used in the sense of resistance to physical change by
external factors. Destabilization means the diminishing of that resistance, not the
dumping or churning itself.
A confusing term is 'free fat'. Liquid milk products do not contain free fat in
the sense of fat unprotected by some membrane or interfacial film. Products
may contain an 'oiled-off' layer of liquid fat. Two kinds of change may take place
when 'free fat' is produced: the dispersion of the fat may become coarser, or
the stability of the fat globules as defined in the previous paragraph may dimin
ish. Most methods for 'free fat' are sensitive to both kinds of change. Estimated
!s either the amount of fat extractable with some solvent, or the amount sepa
rated in some centrifugal procedure. The coarser the fat dispersion, the higher
the 'free fat' content, so it is decreased by homogenization. But it was also found
with both types of method (65) that a milk that was partially churned, and then
homogenized to a dispersion finer than in the original milk, nevertheless ap
peared to have more 'free fat' than the original milk.
It is better to avoid the concept of free fat. There is only a difference in degree
between fat globules and big fat droplets. When visible clumps or oiled off fat
lenses occur, one may speak of churned fat. The fineness of dispersion of the
fat can be determined by methods such as microscopy, Coulter counting or
spectroturbidimetry. Unfortunately, there is no good method to determine
stability as such, mainly because no operational definition can be given. If size
and concentration of globules are the same in two samples, one may estimate their
relative stability by comparing the resistance to change in globule size. Often some
kind of churning time or the extent of oiling off during prolonged centrifugation
®ay be taken as a measure. Because many factors influence such processes,
mterpretation should be tentative.
6-2 Kinetic aspects
Collision of globules is a prerequisite for both flocculation and clumping, and
hence for coalescence. Other factors are important too, and particularly the
Probability of sticking together after collision needs consideration. It is however,
useful to consider kinetic aspects first. For collision, globules must be moving
relative to each other, by Brownian or other motion.
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General theory has been worked out by, among others, Smoluchovski ; a survey
is given by Overbeek (41). Theory assumes free-moving particles that do not
interact.
For Brownian motion, low volume fraction and particles of equal size
J = %kTN2lri

[6.1]

where J is number of collisions per unit time and unit volume, k is Boltzmann
constant, T is absolute temperature, N is number of particles per unit volume and
rj is viscosity. So under these conditions, only the number, not the size of glob
ules, counts. But when there are globules of different size, large particles collide
more often than smaller ones and total collision rate is higher. J increases with
increasing temperature and decreasing viscosity; note that a higher value of T
also causes a lower value of r\. If collisions all lead to flocculation, the number of
particles decreases and can be calculated as a function of time. For fat globules
in natural milk, the number would be halved in about a minute, so flocculation
would be rapid, if there were no disturbing factors.
Chance of collision is enhanced when globules cream. As large particles rise
more quickly, they catch the smaller ones. According to theory (41), this occurs
for fat globules subject to gravity creaming when they exceed 5.5 pim in diameter,
thus particularly when floccules are already formed. In a centrifuge, where the
velocity differences are much greater, the chances of collision are increased
even for minute globules.
Of course rate of collision increases when the liquid is agitated or streams. If
shear rate (velocity gradient) is S,
J = - <pNS = %d3N2S
[6.2]
7t
where d is globule diameter and q> is volume fraction of the fat. Thus temperature
and viscosity have no effect here (though S may depend indirectly on viscosity),
but particle size has a distinct influence.
Equations 6.1 and 6.2 are insufficient for complete description of the floccula
tion process. In practice the point of interest is not the number of collisions but
the amount of fat flocculating per unit time, or the rate of increase in aggregate
size. In Brownian flocculation, these rates decrease as flocculation proceeds, in
a shear field they increase with time.
Whether the main factor determining chance of collision is Brownian motion
or shear depends on conditions. For milk fat globules at room temperature, the
quotient of the two collision rates is :
/(Eqn 6.2)//(Eqn 6.1) « 0.2d3S

[6.3]

where d is expressed in (Am. Hence minute particles flocculate only by Brownian
motion, unless S is high. But for a globule of 4 [im (or a floccule of that size)
and a shear rate of only 1 s-1, collision rate due to shear is already 13 times that
caused by Brownian movement, so that even convection currents of the intensity
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occurring in practice with slight fluctuations in temperature have considerable
effect. When milk is agitated, shear is always the important factor.
Disturbing factors. There are several factors that complicate flocculation:
1- Globules usually repel or attract one another, according to their distance
apart (Section 6.3), considerably influencing flocculation rate. For particles
showing Brownian motion only, a full description of flocculation can be given if
the repulsion or attraction energy as a function of distance between particles
is precisely known (41). This is not known for milk fat globules, but it is clear
(Section 6.3) that flocculation is usually much retarded.
2. As globules approach one another, the liquid between them must flow away,
so that a resistance proportional to the viscosity of the liquid arises, and floccu
lation is retarded. For approach by Brownian motion, an equation has been
derived (52); if there is no attraction at any distance, resistance to flow (vis
cosity) prevents flocculation. For flocculation in a shear field, the situation is
more complicated (15): globules rotate and this causes an extra resistance on
approach, as the shear rate between the globules is effectively increased. Hence
globules avoid one another.
3. But at high fat content, globules cannot easily avoid one another when the
liquid is agitated. Hence, collision rate must increase more than proportionally
with fat content.
4. Flow pattern is often more complicated than can be described by shear rate
only. In highly turbulent flow (isotropic turbulence, Section 6.5), relations be
come simple again and shear rate S of Eqn 6.2 may be replaced by ~50(pe/^)0 5,
where e is the amount of energy dissipated per unit mass per unit time (31).
5. The same flow conditions that promote flocculation may also lead to dis
ruption of floccules. Disruption is proportional to floccule size, viscosity, and
the reciprocal of attraction energy (or bond energy) between globules.
Agglutination. The formation of loose floccules (Fig. 6.3a) by 'agglutinin', as
occurs in natural creaming of cold fresh milk, will be considered mainly in
Section 8.4. Under optimum conditions, flocculation rate of fat globules by
'agglutinin' is roughly as predicted by Eqn 6.1 (66). But in milk as such, con
ditions are not optimum and the process as a whole is slower, often much slower.
Flocculation rate is probably determined mainly by concentration of 'agglu
tinin', and by its diffusion and attachment to the fat globules. Hence only some
of the collisions lead to permanent contact. Perhaps thus, contrary to Eqn. 6.1,
large globules have been found to agglutinate quicker than small ones (44).
The floccules are bound together by weak forces only, and the globules in one
floccule each shown independent Brownian motion. Even moderate shear rates
(e.g. 200 s-1) lead to deflocculation. Consequently, no flocculation occurs in
such a shear field. Slight velocity differences as occur during creaming promote
flocculation (12).
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dumping of milk fat globules never occurs in liquid at rest; high rates of shear
are needed to produce it. Attempts have been made to describe clumping in
cream by Eqn 6.2, but the process is much slower (18, 30), roughly 10~5 to
5 x 10-3 times the predicted rate. This means that the globules must be strongly
repelled on contact, or that their membranes strongly resist rupture.
Some general trends are illustrated by data of Labuschagne (30), who sub
jected deaerated cream to high shear rates between coaxial cylinders. Other
things being equal, the reciprocal of churning time (time needed to produce
visible clumps) may be a measure of collision rate. The effects of shear rate,
concentration and globule size are shown in Figure 6.4, and the trend is as in
Eqn 6.2. But the variables may affect the churning time in other ways. Effective
collision rate increases more than proportionally with shear rate. It also increases
more rapidly with fat content than predicted from Eqn 6.2; when fat content
was varied, the rate proved to be proportional to exp (—c x/dvs), where c is a
constant and x the mean free distance between globules.
An important factor that probably determines whether a collision leads to
clumping is the collision energy between two globules. In Brownian motion, it
is on average kT (4 x 10_u erg) but with considerable random variation; the
only systematic variable is therefore temperature. In sheared liquids, the col-

Figure 6.4. Influence of shear rate (S, in s-1), fat content (G, % w/w) and globule
diameter (d, in |im) on the effective collision rate of cream fat globules in a shear field.
t: churning time (s), x/dvs: mean free distance between globules divided by average
globule size. After Labuschagne (30).
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lision energy is difficult to estimate, and depends on several factors, including
concentration. It increases sharply with globule size and with shear rate. (The
simplest, but inadequate, theory predicts proportionality to d5 and S2.) For
small globules and low shear rate, the energy is less than kT, for large globules
and high shear it is much more than kT.
There are many complicating factors and the kinetics of fat-globule clumping
has still no satisfactory theory. Grishchenko (18) has made a first attempt at
mathematical description, but only for special conditions in one particular
apparatus.
6.3 Repulsion
When particles repel one another enough to prevent collision, they cannot
flocculate nor coalesce. Milk fat globules have an electric charge at neutral pYl,
causing electrical repulsion. London van der Waals dispersion forces cause
attraction, particularly at small distances. These effects are combined in the
Deryagin Landau Verwey Overbeek (DLVO) theory (e.g. ref. 28, 41, 60). The
variables are surface potential of the globules, their size, thickness of the electric
double layer, dielectric constant, and Hamaker van der Waals constant. Hence,
properties of the plasma (/>H, ionic strength) have considerable influence. Un
certainty over the magnitude of the Hamaker constant for milk fat globules,
considerably detracts from the theory. A hypothetical example of the interaction
energy of two fat globules in relation to distance is shown in Figure 6.5. The
existence of an energy barrier many times kT, as shown near 1 nm, would indeed

Figure 6.5. Energy needed to bring two globules of equal size to a certain distance of
each other, according to the DLVO theory. The diagram is hypothetical, i.e. it is
calculated for assumed conditions. The different cases are for globules of ~5 (xm(
)
and
jim diameter (
), with other conditions equal. Mainly after Ref. 41 and 44.

prevent flocculation of particles by Brownian motion. Further apart, particles
would be slightly attracted, and at very small distances strongly attracted to
each other.
It is often assumed (28), mainly from the work of van den Tempel (55), that
absence or slowness of flocculation in dilute emulsions can be explained by the
DLVO theory. The theory also predicts that globules can form loose floccules
when distance between particles corresponds to the shallow secondary mini
mum in energy: about 5 nm in Figure 6.5. Such floccules could easily be redispersed, as the secondary energy minimum is only a few times kT.
Payens (44, 45) has considered the DLVO theory for milk fat globules. He
assumed the surface potential to equal the zeta potential, which he estimated
from microelectrophoresis at —13 ± 2 mV. Earlier work by Sirks (51) had
given — 11 mV. The difficulty is uncertainty about the magnitude of the Hamaker
constant; a low value has been assumed. Payens studied whether spontaneous
'agglutination' of cold milk fat globules could be explained by flocculation in the
secondary minimum. However, several factors that cannot be related at all to
variables in the DLVO theory have considerable effect on agglutination (Section
8.4). Probably the energy curve is rather flat for milk fat globules.
Sherman (50) studied fat globules in homogenized ice cream mix ; he found a
zeta potential of —8 mV. He measured several rheological parameters, and
observed too that minute globules coalesced rather rapidly. His data are inter
prétable by the DLVO theory, though, again, the magnitude of the Hamaker
constant is uncertain.
The DLVO theory seems to be of limited value for milk fat globules. Besides
various refinements that are needed (e.g. Ref. 2), initial assumptions of the theory
are not met, e.g. each globule is not a homogeneous smooth sphere. The surface
of fat globules is almost certainly uneven at the magnitude of the distances in
Figure 6.5 (Section 5.5).
At the isoelectric point of the globules (about />H 4.5), there is no electrical
repulsion, so that they would flocculate at once, according to the DLVO
theory. Yet washed fat globules do not show such behaviour at their isoelectric
point. Hence there must be some other kind of repulsion when particles are close
together. In milk one never sees fat globules that so strongly attract one another
that they are partly flattened (Fig. 6.3d). This can, however, be observed in
alkaline preparations, where most of the globule membrane has been dissolved
(65).
Particles coated with a polymer layer may show steric or entropie repulsion.
Lyklema (33) has recently discussed this phenomenon. Consider two approach
ing particles, each covered with a polymer layer with protruding molecular
chains. As soon as these chains intermesh, configurational entropy decreases.
Because the polymer cannot normally desorb fast enough, the entropy loss
could only be counterbalanced by an increase in free energy of the system, the
more so, the closer the particles. Hence the particles repel each other. Calcula
is

tions based on simple models show strong repulsion (e.g. 100 x kT) at short
distances (e.g. 3 nm). Combination with van der Waals attraction may lead to a
shallow energy minimum at a rather small distance between particles, as in the
DLVO theory.
Milk fat globules and their membranes are a far too complicated system to be
treated quantitatively in term of this theory. Still, it is probable that the strong
repulsion that seems to exist on close approach must be explained by entropie
effects. Electrostatic repulsion and van der Waals attraction seem roughly to
cancel each other out.
6.4 Barriers against coalescence
If two globules are very close to each other, they may coalesce. This takes time,
sometimes a long time, so that flocculated globules appear stable; in other cases,
they coalesce almost immediately. Collision energy is probably important
(Section 6.2, Clumping).
The resistance to coalescence must be sought first in the properties of the
interfacial layer (membrane) around the globules. This layer must either partly
desorb or be ruptured for coalescence. Either process requires energy (activa
tion energy). A precise calculation of these effects under various conditions is
difficult.
Usually the thin film of liquid between adjoining globules is considered. Such
a film may suddenly rupture - so that the globules can start to coalesce - when
the film is 10 nm or even more (56). General theory (particularly Vrij, 62, 63)
attempts to deduce the probability of rupture of the film from the interaction
energy (electric and entropie repulsion, van der Waals attraction) between
globules as a function of average film thickness. A small disturbance in film thick
ness (vibration of the film), may either be damped out, or may tend to increase
in magnitude. If it increases, the film eventually ruptures. Properties of the interfacial layers determine whether this occurs.
This theory is still tentative and incomplete; it has not been tested in real
situations. Still, we may draw some conclusions. There will be random variation
in the time needed for coalescence, as some chance fluctuation in film thick
ness initiates the process. Whether a globule-pair is inherently stable depends on
the distance between particles; usually close proximity implies instability. The
film is more likely to rupture when it has a larger area; therefore large globules
would coalesce more easily than small ones when the same distance part.
More specific properties and conditions of the surface layers also provide us
with important qualitative information. Let us now consider them for different
types of stabilizing materials.
Surfactants concentrate in the oil-water interface, the more so, the lower the
interfacial tension they produce (Gibbs's adsorption law). Adsorption is an
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equilibrium: surfactant molecules diffuse in and out of the interface. These
properties determine whether a local disturbance in the film between approach
ing globules leads to coalescence, as is reasoned by van den Tempel (57). A
deformation of the globule surface leads to a local increase in area (A) so that
the interfacial tension temporarily increases *„this is the Marangoni effect. The
increase in area is counteracted by Gibbs elasticity dyfd{In A), that depends on j
the composition of the interface and of both liquids (continuous and disperse j
phase). The increase in area also creates an interfacial tension gradient, and such
a gradient induces streaming of liquid along the interfaced Gradients as low as
0.01 dyne/cm2 can cause easily observable liquid flow, and higher gradients may
cause violent streaming.
When the streaming is mainly in the continuous phase, it forces itself between
the two globules, driving them apart and acting as a self-stabilizing mechanism.
This mechanism is greatly impaired when surfactant molecules can rapidly diffuse
to the place where the interface is enlarged. In this case, Gibbs elasticity is low,
and prevents the build-up of a high interfacial tension gradient. Only a smallmolecule surfactant can diffuse so rapidly, particularly when it is present in the
emulsion globules. Surfactants that are in the continuous phase are only present
in small quantities in the thin film between closely approaching globules ; con
sequently they hardly reduce the Gibbs elasticity.
These Gibbs Marangoni effects are probably highly significant in emulsion
stabilization. The important parameters are Gibbs elasticity and surface dilational modulus or viscosity, which have hardly been studied yet. The theory
clearly shows that dynamic rather than static properties of the interfacial film are
determinant.
An alternative but analogous reasoning leads to the assumption that difficulty
of desorption of surfactant is determinant (34). If the surfactant is soluble in the
disperse phase, it desorbs easier. In the thin film of continuous phase between
globules desorption is very difficult. Anyway, the theory explains why so many
surfactants lose their stabilizing properties for oil-in-water emulsions at higher
temperature: the solubility, particularly in the oil phase, increases rapidly with
temperature.
—
The theory also serves to explain the influence of the hydrophil-lipophil
balance (HLB) of surfactants on stability (1). HLB number is a parameter
of the preponderance of the hydrophilic (water-loving) parts of the surfactant
molecule to the hydrophobic or lipophilic (fat-loving) parts. Surfactants with a
low HLB number tend to dissolve in fat, and make an oil-in-water emulsion
inherently unstable; but they stabilize a water-in-oil emulsion. Substances with
a high HLB number behave conversely.
Incidentally, some surfactants with a high HLB number may under certain
conditions (such as high temperature) spontaneously disrupt globules in an
oil-in-water emulsion, including milk-fat globules. If such a surfactant also
lowers the interfacial tension to almost zero, and is present in high concentration,
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very high interfacial tension gradients arise. This may lead to strong and uneven
liquid flow along the interface, which thus becomes corrugated and torn apart.
This property can be used in disrupting the larger fat globules in milk, as is done
in a method of counting leucocytes, where large particles would interfere (58).
Solid particles (28, 32) can accumulate in the oil-water interface if the interfacial tensions are such that the 'adhesion coefficient' is between — 1 and +1 ;
this means a finite contact angle as is illustrated in Figure 6.6. If, moreover, the
particles are preferentially wetted by the continuous (water) phase (adhesion
coefficient >0) and completely cover the surface of the globules these- are
effectively stabilized. To induce coalescence of two globules, their contents have
to touch, and, unless the interfacial area is considerably increased, the solid
Particles must at least locally be pushed into the dispersed phase, or desorbed
into the continuous phase. The particles must be completely wetted by either
°il or water, requiring considerable energy, mostly at least a few hundred times
kT (32).
The material of the fat-globule, membrane, and also the casein micelles that
may be incorporated into newly formed membranes, fulfil the conditions of
the adhesion coefficient. However, the membrane does not consist of separate
Particles, and, although the factors mentioned hold true, other factors must be
considered.
Incidentally, small fat crystals may effectively stabilize water-in-oil emulsions,
as may happen in recombined butter; they cannot normally stabilize oil-in-water
emulsions (the contact angle as measured in the oil phase is very small).
Polymer substances can effectively stabilize emulsions (28). Polymer molecules are
jarge, so they diffuse slowly to the interface.' As soon as a molecule is adsorbed,
•ts configuration may change so that minimum free energy is attained; in this
state a long flexible molecule is normally attached to the interface at several
Points; adjacent molecules may also intertwine. Hence, polymers of suitable
surface activity, such as proteins, are almost irreversibly adsorbed to the inter
face, as the activation energy for desorption of the whole molecule is very high
(16).

adhesion coefficient*
(YSD-YSC)/YCD-COS<*
Y* interfacial tension

C-continuous phase
D-disperse phase
S . solid particle

Figure 6.6. Stabilization of an
emulsion by solid particles; a. is
the contact angle, measured in
the continuous phase.
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Polymers can give stable emulsions for several reasons. Firstly the difficulty
of desorption and the extremely high Gibbs elasticity cause a strong Gibbs
Maragoni effect. Secondly, repulsion, particularly entropie repulsion, is usually
high. Thirdly, van der Waals attraction may be low, especially with partly
hydrated proteins, where the Hamaker constant is low (the mutual attraction of
fat globules as a whole is largely determined by that of their outer layers).
Therefore, only strong local deformation of globules may lead to coalescence.
This explains the considerable collision energy needed to induce clumping of fat
globules (Section 6.2). In addition to the properties of a layer of small particles
in the interface, the elements of a polymer layer or membrane are coherent.
Probably, membrane cohesion plays an important part in the stability, since it
resists surface deformation and rupture of the interfacial layer. Indeed, there is
usually a positive correlation between the stabilizing qualities of a material and
its resistance to deformation in an interfacial layer, whether it is viscous flow of
the layer (surface viscosity) or its elastic properties on stretching (dilational
surface elasticity) (3, 46, 47). Also, as will be seen (under 'Proteins') there is a
positive correlation with the maximum surface pressure obtainable. But the
situation has hardly been studied, and these surface-layer parameters are
certainly intercorrelated to some extent. Cohesion in the layer may also be
correlated with its resistance to desorption.
Milk fat globules have a membrane that looks superficially like a polymer layer,
although it is much more complicated. Not much is known about the ease of
desorption of membrane material, such as phospholipids. Though many studies
have demonstrated that phospholipids were released under conditions like
agitation, washing or heating (Section 5.6), their release may have been due to a
release of an outer layer of the membrane only.
Membrane cohesion is probably an important factor in the stabilizing action
of the fat globule membrane. In this respect, interesting results were obtained by
Payens (43), who tried to correlate the stability of milk fat globules with the
properties of mixed monolayers consisting of /3-lactoglobulin and milk phos
pholipids. Here, surface pressure it must be introduced, not because it is im
portant in itself but because it may be indicative of other properties, it is defined
as the lowering of the surface tension of a clean surface (y0) by a surfactant, so
w

= 7o - r

[6.4]

When a certain amount of a substance is spread in a monolayer on a clean sur
face, it can be determined as a function of the available surface area. Such a
relation is shown in Figure 6.7. On compressing the monolayer, it increases
until the layer collapses.
Payens investigated mixed monolayers and layers of each substance separately.
From the results for separate substances he calculated the ideal curve for the
mixed layer, assuming no interaction. In Figure 6.7 the curve found at pH 3.9 is
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Figure 6.7. Curve of surface pressure against area
for a mixed monolayer of /S-lactoglobulin and
milk phospholipids at pl\ 3.9 (
). Also shown
is the curve calculated for an ideal mixture
without any interaction between the two com
ponents (
). After Payens (43).
contrasted with the theoretical. The curve found shows a lower pressure at a
given area, suggesting strong attraction between the constituents of the layer,
hence strong membrane cohesion. At pH 1,0 and 5.9 Payens did not find such
attraction. It is significant that the isoelectric point of washed fat globules is
°ear pH 3.7 (37). This net electroneutrality of the membrane at pH 3.7 implies
that different components may have electric charges of opposite sign, strongly
attracting each other.
The fat globule membrane is not a mixture of /s-lactoglobulin and phospho
lipids, nor is it a spread monolayer at an air-water interface. So conditions are
very different, but unfortunately no methods have yet been devised to study
dynamic properties in surface layers on small globules as such. The fat globule
Membrane may to some extent behave similarly as it consists mainly of phos
pholipids and globular proteins, closely linked. The isoelectric point of washed
globules may indeed coincide with a strong internal cohesion in the membrane.
14 is significant that when washed cream was churned (washed to avoid inter-
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Figure 6.8. Churning time (
)
and electrophoretic mobility (
)
of washed fat globules at different
pH. The mobility is almost
proportional to the (absolute
value of the) zeta potential of the
globules. Churning was with air.
After Koops (29) and Moyer (37).
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fering effects of plasma components), a distinct maximum in stability was found
near pH 3.7 (Fig. 6.8). Although churning with air is a complicated process,
influenced by several factors, fat-globule stability is probably the basic variable
in the experiment of Figure 6.8.
Proteins are polymer substances that are particularly suitable for stabilizing
oil-in-water emulsions against coalescence, and milk plasma proteins are pri
marily responsible for the stability of homogenized or reconstituted milk fat
globules. On adsorption of a protein molecule onto an oil-water interface, its
peptide chain may unfold and considerable denaturation may occur (14, 35).
Adsorption equilibrium is slowly reached, e.g. after 15 min, and eventually layers
usually 4 to 6 nm thick are obtained (40).
The maximum surface pressure attainable before a protein layer collapses may
be considered a measure of its resistance to desorption or rupture. The signifi
cance of this is illustrated by work of Musselwhite (39,59) on the stability of fat
globules in recombined whipping cream and ice cream mix, where pure fat is
homogenized into the product. The product should not be too stable, since this
causes a lack of whipping properties (Section 11.3), or to a lack of dryness of
ice cream (Section 11.4). When caseinate was the main substance at the inter
face, a very stable emulsion resulted. When a caseinate film was compressed,
the surface pressure reached a high value before the film collapsed. Complete
or partial replacement of the caseinate by serum proteins impaired stability and
lowered surface pressure at collapse too; this was still more so for gelatin.
Apparently a certain minimum amount of serum proteins (e.g. dried whey)
is needed in the mixture to obtain fat globules with a desirable degree of in
stability.
The suitability of a protein to stabilize an emulsion naturally depends on its
chemical composition. Appropriate chemical modification of a protein may con
siderably enhance its stabilizing properties, as has been done to milk proteins
(13). The physical state of the protein is also important : note that casein micelles
and sodium caseinate have diverse properties.
Compound layers. An indication of the importance of membrane cohesion is
found in some data on films of mixed composition. Pearson & Alexander (46,
47) studied films of globular proteins, alone and mixed with several surfactants,
and found that the surfactants markedly decreased surface viscosity and surface
elasticity. This correlated quite well with a decrease in stability of oil-in-water
emulsions prepared with these materials. The same applies when gelatin is
allowed to penetrate a caseinate layer around fat globules (39). Decrease in
stability against freeze-thawing on adding surfactants was also observed in
emulsions stabilized with sodium caseinate (67).
Similar phenomena are known in milk products, especially ice cream mix,
where a good texture on freezing requires that fat globules should not be too stable
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(small clumps of fat globules are needed). This destabilization can be effected by
the incorporation of'emulsifiers' like monoglycerides (25). Even if the surfactant
is of a suitable type for oil-in-water emulsions (a high HLB number), addition
impairs stability.
Substances that can considerably lower the already low interfacial tension may
penetrate an existing membrane, replacing part of it so that a mixed layer is
formed (46). It is even possible that the whole membrane be removed. Patton
& Stine (42, 53) studied the destabilization of milk fat globules by surfaceactive materials. They found that several small organic molecules, such as acids,
alcohols and amines, as well as many emulsifiers, particularly the cationic types,
were effective destabilizers. When cream is mixed with a suitable agent, gentle
stirring suffices to break the emulsion almost completely. If so, it seems improb
able that only the decrease in membrane cohesion is responsible, and removal of
the membrane has probably taken place. Indeed, it is common practice to add
surfactants to washed cream to release and isolate membrane substances (19).
Mixed membranes are also formed by homogenization or some other severe
alteration of the globules. Stability of the globules depends on the surface-active
substances in the plasma. When pure fat is homogenized into separated milk,
a very stable emulsion is formed (10, 59,65). When milk is homogenized as such,
the newly formed membranes are mixed films (partly original, partly new sub
stances) , that are probably less stable against coalescence than natural membranes
(10, 65).
Disruption of fat globules
To break up globules, they must first be deformed. A globule resists distortion,
as this causes its internal pressure P to increase : the Laplace equation states that
a pressure difference AP exists between the two sides of a curved surface, the
Pressure being higher on the concave side :
A? = yO/n, + 1IR,)

[6.5]

y is interfacial tension and
and R2 are the princial radii of curvature. Hence,
the smaller the globule, the greater its resistance to deformation. If y is 5 dyne/
cm, as assumed for milk fat globules, the induction of a deformation with a
radius of curvature of 1 (xm needs a pressure difference of 105 dyne/cm3 (0.1
atm). This pressure difference must occur over a distance of 1 [im, which implies
a pressure gradient of 1000 atm/cm. To produce such a condition by shear, a
shear rate about 5 x 10® s_1 would be needed, according to Bernoulli's law. In
fact, the effective interfacial tension is higher, as the total interfacial area in
creases with deformation; the increase is determined by Gibbs elasticity.
Other factors are the viscous or elastic resistance of the globule interior and
°f the membrane to distortion. The membrane seems to be strongly cohesive and
may even have a certain rigidity. These properties would hinder fluid circulation
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Figure 6.9. Different mechanisms of globule deformation and disruption. Highly
schematic.
inside the droplet during deformation, probably increasing its resistance to dis
tortion. Because the membrane properties are not fully known, we cannot pre
cisely predict the behaviour of the globule from given distortive forces. Natur
ally, resistance to deformation is much higher when the contents of the globule
are not entirely liquid ; solid globules may be considered undeformable.
Deformation and disruption of globules is caused by pressure or velocity
differences in the liquid as a whole, and several mechanisms are possible. A
review is given by Gopal (17). We will not discuss the several kinds of surface
instability, surface waves and disintegrating jets, which have little direct signifi
cance in the disruption of small globules. Three important mechanisms remain.
They are shown schematically in Figure 6.9. Spontaneous disruption with sur
factants (15, 17) has already been mentioned.
Shear. The deformation of globules by simple shear has been studied by Taylor,
Tomotika, Mason and several others; Ref. 15 includes a review. Deformation
depends on several conditions; in the simplest case, tKe distortion of a globule
of radius R by a shear rate S is given by :
( L - B ) / ( L + B ) = S R V v ( l 9 m + l 6 V p ) l y ( l 6 r i t + 16Vv)

[6.6]

where L and B are the largest and smallest dimensions of the distorted droplet,
and t]t and f]p are the viscosities of fat and plasma. When the distortion exceeds
0.5, the droplet usually bursts.
Eqn 6.6 only holds if viscous forces opposing deformation are small relative
to surface tension forces, and for homogeneous shear, small deformations and
unrestricted circulation inside the globule. Though not strictly applicable to
milk, it may give a rough indication. For milk fat globules (y
5 dyne/cm,
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Vv "w 1 cP), we find that (L - B ) I ( L + B ) om 10~7 Sd, where d is globule diam
eter in jxm and S is expressed in s-1. Only at extremely high shear rates, as in
homogenizers, would strong deformation be possible.
Viscosity of milk fat and plasma are important parameters in this problem,
since Eqn 6.6 does not usually hold if rjt > Arjv ; if so, viscous forces predominate
and deformation remains small, never leading to disruption. Fig. 6.10 gives data
for milk, and it is seen that under all conditions r\ t > 4 j / p .
Consequently, disruption of fat globules by shear alone cannot be expected.
Indeed in a colloid mill, virtually no globule disruption took place in milk in
shear fields up to S = 16 x 106 s-1 (49). If shear is not homogeneous (e.g. a
rapid increase of S with time, or strongly convergent flow), this may be different,
though deformation can never be larger than predicted by Eqn 6.6.
Shear may easily disrupt floccules of fat globules, and also clumps, if S is
large enough (30). Quantitative treatment, however, is not yet possible.
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Turbulence (17, 10, 31). In turbulent flow, the gross movement of liquid is in
large eddies. As these eddies are magnitudes larger than the globules the con
ditions are similar to those in shear flow and the shear rates are usually not high.
Most of the energy, however, is dissipated in small eddies that cause locally
high pressure gradients. To be effective in disrupting globules these eddies
should be of the same order of size as the globules. According to Kolmogorov,
the size of the smallest eddies
A0 ^ (V/3/p3e)0'25

[6.7]

here e is energy density (energy input per unit time and mass). For instance, in a
tank with 1000 litres of milk (r\ = 0.02 Poise, p = 1 g/ml) that is stirred with a
1 hp motor, the smallest eddies are about 50 (xm. These are certainly unable to
break up even the largest fat globules. The eddies must be about a tenth of this
.size or smaller, so energy input must be at least 104 times as much.
Such energy densities are to be expected only, for instance, in local constric
tions or on sudden impact of a liquid stream against an obstacle. Ina homogenizer
working at 100 atm, the energy input is 108 erg/'g. If energy dissipation takes
10-4 s, smallest eddy size is about 0.3 (xm. Hence, fat globules can be effectively
broken up.
Strictly, the theory is only applicable if turbulence is isotropic. Interfacial
tension and membrane cohesion are also important. Initial deformation of
globules by the shearing action of larger eddies may have some effect too. Con
sequently, precise calculation of disruption as a function of globule size is
not feasible for milk. Probably, decrease of rjv and of rjt/r]p both ease disruption,
so that higher temperatures would favour the process (Fig. 6.10). Hence, apart
from homogenization proper, we may expect disruption through turbulence
particularly in large globules, at high temperatures, at local sites in rapidly
streaming products.
Cavitation (17) is the formation and collapse of small cavities (in fact vapour
bubbles) in a liquid. Collapse causes high pressure gradients which may cause
globules to disrupt. The mechanism is very like that of turbulence. It is illus
trated in Figure 6.9, but possibly the cavities are also-initiated at the oil-water
interface, where their collapse would be even more effective. Large pressure
gradients over distances of the same magnitude as globule size are needed, so
clearly small cavities are more effective than large ones. Hence, a process that
forms cavities very rapidly is likely to disrupt globules more effectively than one
where conditions favourable for cavitation gradually build up. A dissolved gas
or volatile liquid also favours formation of small cavities.
Cavities can form as soon as the local pressure falls below the vapour pressure.
This may happen when :
1. With high liquid velocity v, |pv2 exceeds the external pressure; here p =
density. According to Bernoulli's law:
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local pressure 4- \pv% = external pressure

[6.8]

A high velocity would therefore locally produce a negative pressure. But nega
tive pressures cannot persist under the prevailing circumstances, hence cavita
tion sets in. Such conditions usually exist in a homogenizer (Section 9.1), but
may occur locally in other machines too.
2. Energy from sound waves or ultrasonic waves of not too high frequency set
up local negative pressures. The resulting cavitation can cause considerable
homogenization, as was shown by many authors (e.g. 54).
Also when steam is injected into a liquid, vapour bubbles collapse, and a
mechanism like cavitation may occur. Indeed, steam injection can lead to con
siderable homogenization (24), but conceivably effects as described below for
air bubbles may play a part too. The same conditions occur during boiling
(Section 7.2).
Simultaneous coalescence and disruption. Conditions favouring disruption
nearly always favour coalescence too, because vigorous streaming of the liquid
and deformation of globules are involved. Fat content will largely determine
how far disruption is counteracted by coalescence of original or of newly formed
globules. The latter are initially only partly covered by a membrane, if at all,
and these globules easily coalesce. Although there is usually much surface-active
material in the plasma, the formation of a new interfacial layer, particularly of
Proteins, takes time. This relaxation time is probably of the order of 0.01 or
°-l s. The average time lag between formation and collision of disrupted glob
ules should be longer to prevent subsequent coalescence. The factors deter
mining collision rate (e.g. fat content, shear rate) have already been dealt with.
Naturally, all these processes are subject to considerable stochastic variation.
Note that coalescence is usually accompanied by disruption, particularly of
irregular shaped clumps, but also of complete globules. As the coalesced glob
ules increase in size, their resistance to break up diminishes. Consequently,
formation of very large droplets is hardly possible, unless the fat is partly solid
°r the fat content extremely high (Section 6.6).
6*6 Other aspects
Hitherto, we have treated instability from the viewpoint of colloid science,
seeking its relevance to milk products. There are, however, some specific aspects
°f milk fat globules that need consideration.
Solid and liquid fat. In milk, solid globules cannot be disrupted, nor can they
coalesce. Cooled milk cannot be homogenized: if it is kept for several hours at
15 °C the fat globules are hardly broken up by homogenization (65). With liquid
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globules disruption and coalescence are both possible. There are, however, a
complete range of intermediaries between solid and liquid globules with part of
the fat crystallized (Section 3.1). These partly solid globules can be deformed,
but are not easily disrupted. On deformation and rupture of the membrane,
liquid fat is easily squeezed out, but remains attached to the globule. At first,
this fat is not protected by a membrane, and can act as a sticking agent between
colliding globules (27). So partly solid globules form stable clumps glued totogether by liquid fat. Heating causes such a clump to coalesce into one big
globule or into a lens of fat when it is on the surface.
The effect of the proportion of solid to liquid fat is shown in Figure 6.11,
Curve a, where the dependence of churning time on temperature is shown for
precooled cream. Although churning with air may be affected by other factors
than fat clumping, similar results were found by Labuschagne (30) under
different conditions (clumping in a shear field). At low temperatures, there is not
enough liquid fat to act as a sticking agent, and churning is very slow. It in
creases with temperature. When almost all the fat is liquid, churning is slower
again and is finally impossible. When all the fat was liquid before the cream was
brought to churning temperature, there was less solid fat at a certain temperature,
and consequently, the churning-time curve shifted towards lower temperatures
(Fig. 6.11, Curve b).
Others have contradictory results for the effect of temperature history on
churning time (4, 6). Brunner & Jack (4) even found the reverse for the differ
ence between the two curves in Figure 6.11, and they ascribed their results to
differences in arrangement of solid fat in the globules. They assumed that, dur
ing cooling, the outer layer of the fat globules will preferentially solidify as it
cools first; on warming cooled fat globules their outer layer would melt first.
This is*, however, unlikely, as calculation shows that even on rapid cooling or
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Figure 6.11. Churning speed (t: time to
produce visible clumps) of cream at dif
ferent temperatures, a: kept 3 days at
3 °C, then 30 min at indicated temperature
and churned; b: kept 3 days at 3°C,
warmed to 45 °C, then 30 min at churning
temperature. After Holland & Herrington
(21).

heating, temperature differences within a globule are at most 0.1 °C. Even so,
there may be other factors than the proportion of solid to liquid fat:
1 • Deformability of the fat globule, which will depend on the extent to which the
fat crystals form a (solid) network (Section 3.7).
2. Retention of liquid fat, which will mainly be determined by the total surface
of the crystals and hence by their size.
3- Possible changes in the membrane by deep cooling.
Other temperature effects. Factor 3 just mentioned indicates a possible tem
perature effect other than fat crystallization. Freezing of cream usually makes
it rather unstable (Section 7.5), but there are other causes: the growing ice
crystals press the fat globules together, deform them and damage the membranes.
The increased salt concentration may also be detrimental. Even so, there are
indications that cooling without freezing also has some destabilizing effect.
Shape and volume changes of the globule may affect adhesion of the membrane
to the fat, and physico-chemical changes in the membrane itself cannot be ex
cluded. King (27) discusses freezing and thawing.
Webb & Hall (64) have developed a test for instability of fat globules in milk
products partly from these principles. They centrifuged the product at 40 °C
in a Babcock bottle or butyrometer, so that the fat globules collected in the
graduated stem. They stored the bottle for 24 h at 15 °C, and centrifuged again.
Usually, the first centrifugation leads only to a cream layer. But when the fat
globules were somehow unstable, the second centrifugation produced a clear
layer of separated fat. The cooling had thus further destabilized the globules,
perhaps because of mechanical factors (volume changes of the tightly packed
globules) or of temperature effects on the membrane itself.
When fresh untreated milk is so tested, the result is negative. However when
the milk is pasteurized at 80 °C in a glass tube without agitation, some de
stabilized fat is found; pasteurization also increases the amount of fat extractable with light petroleum (65).
A mere heating thus seems to impair membrane cohesion, but other effects
cannot be excluded. The zeta potential of milk fat globules seems to be increased
by heating at pasteurization temperature (Ref. 5; Fig. 5.2), suggesting a change
in the membrane. Changes in composition caused by heating are discussed in
Section 5.6. Stability against coalescence of cream is impaired at high tempera
tures (Section 7.1). Further research on temperature effects would be profitable.
Air bubbles. The incorporation of air may considerably reduce the stability of
an emulsion. Surprisingly, this seems to be ignored in the field of colloid science,
though Pockels (48) drew attention to it as early as 1902. Further studies on milk
fat globules have been made by King (26).
A fat globule approaching a milk-air interface does not usually break through.
Since fat has a lower density than plasma and since the spreading pressure
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Ps = y (plas ma-air) — {/(fat-plasma) + y(fat-air)}

[6.9]

is positive, we would expect the globule to penetrate the interface and its con
tents to spread on it. This rarely happens. A repulsion barrier between fat globule
and the air-water interface seems to prevent it. This is to be expected, since the
interface also acquires a protective layer of proteins. But immediately after a
clean air-milk surface has been produced, fat globules will penetrate it. These
phenomena are illustrated in Figure 6.12.
In a newly formed surface, the interfacial tension /(plasma-air) and hence
spreading pressure are high. Since such a tension acts on a very small region of
the globule, even a strong membrane may be ruptured. Liquid fat from the
globule does indeed spread radially over the surface. Disruption of the airplasma interface then causes tiny fat particles to form. When more globules have
simultaneously penetrated the surface, compression of the air-plasma interface
due to decrease of its area pushes the globules together and clumps are formed, as
liquid fat is present as a sticking agent.
All these events may happen when air is shaken or whipped into milk prod
ucts. New air-plasma interface is continually formed, air bubbles are deformed
and disrupted, but they also collide and coalesce, locally decreasing the surface
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Figure 6.12. Interaction between an oil globule and the air-water interface under
different conditions. A: air, O: oil phase, W: water phase; interfacial adsorption layer
or membrane is indicated by a heavy line. The lower series refers to a milk fat globule
approaching a newly formed air-plasma interface. Schematic, not to scale.
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area. This is an essential element in classical churning, and several factors in
fluence its effect (38) (Section 12.2). The proportion of liquid fat is crucial, as
enough must be available to be spread over the air bubbles, and keep the fat
globules attached to it. If milk fat be kept at 2 °C, liquid fat hardly spreads from
it onto a clean air-water interface; at 10 °C the spreading is considerable (8).
Solid fat gives the globules sufficient rigidity to form permanent clumps. When
all the fat is liquid, the globules are disrupted: at 50 °C milk can be 'homo
genized' by conventional churning (61).
The spreading mechanism is complicated and insufficiently studied. Presum
ably, membrane material first spreads over the air surface, where it lowers the
surface free energy and liquid fat follows suit. Van Dam & Sirks (9) studied the
spreading rate of several substances on a clean air-water surface and found values
°f 10-20 cm/s. The rate did not differ much between oils, fatty acids, lecithin
and proteins; membrane material from washed fat globules spread fastest.
Spreading occurred also on a surface that was partly covered with another
surface-active substance, as long as interfacial tension could still be lowered.
Mar & Mason (36) studied spreading of oil from a droplet touching an air-water
interface. They found initial spreading rates of 10-20 cm/s, but the rate depended
on droplet size (roughly proportional to d3/i).
From these data, a spreading rate of about 100-1000 fxm/s would be expected
f°r globules the size of those in milk. Adsorption of surface-active substances
from the plasma onto the plasma-air interface takes something like 0.01-0.1 s.
Hence, a spreading of some 10 (i.m radius seems possible. A detailed study should
analyse the factors mentioned, and also viscosity, geometric consideration, and
dynamic surface properties. (These may in turn depend on concentration of
surface-active lipids, e.g. monoglycerides.) Temperature is probably important.
The membrane must be ruptured, and hence its internal cohesion must be a
factor. (Membrane cohesion has been discussed with reference to Fig. 6.8.)
Note that incorporation of air severely impairs stability. Plain milk may be
treated in several ways in a milk plant, passing through pumps, heaters, filters
and other machinery at high speed and being vigorously agitated for consider
able time, without a perceptible change in its fat dispersion. But when milk is
shaken in a half-filled bottle, visible fat clumps may be formed within a minute
under certain conditions (21). The incorporation of air (or gas) seems to be the
only way to change the fat dispersion without resort to large energy inputs.
Plasma properties may affect the stability in many ways. Liquid flow patterns
and globule motion are influenced by plasma viscosity, but the effect of this
parameter is often complicated (30, 38); turbulence depression by polymers
(e-g. plasma proteins) may occur as well (Section 9.2). Conditions in the plasma
can affect the properties of the membrane, as does />H (Fig. 6.8). The most im
portant property may be the capacity of the plasma to restore damaged mem
branes.

125

We have seen that disruption, churning and coalescence are primarily
accompanied by weakening or rupture of the membrane. The tendency of the
plasma to restore a denuded or weakened globule surface immediately with a
stable layer of surface-active materials is a main factor in stability, particularly
when the time a globule has before a second collision is short as with high fat
contents and intense motion. Several plasma substances are surface-active,
particularly some lipids such as phospholipids, which are, however, only present
in small quantities. More important are the proteins. At neutral pÛ, casein
lowers the surface tension more than serum proteins (23) and also makes glob
ules most stable (59). Moreover, it is present in the highest concentration,
though not in solution but as casein micelles (Table 1.2). The influence of treat
ment (heating, />H) on the properties of casein micelles as they affect fat stability
are poorly known.
Generally, the amount of plasma material per unit fat surface will be deter
minant, and this will be a factor in the decrease in stability with increasing fat
content. It is well known that washing of cream impairs stability. Increase in
solids-not-fat increases cream stability on churning without air (30). Increasing
the ratio of serum protein to casein decreases stability (7, 59).
The influence of pH on stability is complicated, and published data are in
consistent (38). Results for washed cream have been discussed (Fig. 6.8). For
normal cream churned either with or without air at moderate or high tempera
ture, churning time often decreases when the pH is decreased from its original
value to about the isoelectric point of casein, pH 4.6 (30, 38). But at low
churning temperature (e.g. 10°C), the relation may alter or even be reversed
(Fig. 12.4).
Treatment of cream in a Vacreator is known to disrupt and to coalesce fat
globules (Section 7.2). Disruption increases the amount of fat present in small
globules (e.g. <1.5 (xm diam.), coalescence increases fat in large globules
(e.g. >8 [xm). The influence of pH on these processes is shown in Figure 6.13:
between pH 6 and 8, resistance to coalescence decreases with pH, whereas dis
ruption of globules is easier at higher pH. Probably these effects find their main
explanation in the increasing surface activity of casein with increasing pH.
More studies are needed.

Figure 6.13. Increase in proportion of fat
present in small (Curve a) and in large
globules (Curve b), caused by treatment of
cream in a Vacreator at different pH. After
Dolby (11).
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It has also been argued, that the existence of precipitated casein particles im
pairs stability. Indeed, the addition of solid particles, such as carbon black,
insoluble salts, ground glass or Amberlite resin, decreases churning time (30,38).
<>•7

Conclusions

Some aspects discussed are still uncertain and quantitative relationships can
hardly be given. However, preliminary conclusions can be drawn about clump
ing or coalescence and disruption ('Agglutination' and creaming will be dealt
with in Chapter 8.) The various mechanisms may interact or counteract each
other, e.g. conditions favouring coalescence and disruption are often similar.
Individual globules can be very different in properties important for stability:
size, solid fat, membrane. Prerequisite for both coalescence and disruption of the
globules is deformation.
Milk fat globules are stable against coalescence or clumping. If collision and
subsequent coalescence could occur unhindered in free standing milk, the fat
Would separate into a single layer within minutes. Mutual repulsion of the
globules when close together, but particularly the cohesion of the globule mem
brane prevent coalescence or clumping. Globules must collide with considerable
energy to overcome these barriers.
The globules are highly resistant to deformation, and hence to disruption.
The main variables are :
Proportion of liquid to solid fat. Completely solid globules are virtually undeformable and will not clump nor break up. Liquid globules can be disrupted
and can coalesce. Partly solid globules can hardly be disrupted but they may
clump (when their membranes are locally damaged) ; part of the liquid fat can
then be squeezed out and clumps of globules with interstitial liquid fat can thus
he formed. On heating, these clumps will completely coalesce.
Membrane properties. The natural membrane usually gives stable globules.
Alteration, as by homogenization usually lessens stability against coalescence
(apart from the effect of altered globule size, which is opposite and usually
stronger). When pure fat is homogenized into skim-milk, the newly formed
membranes consist mainly of casein, and globules are extremely stable. The
incorporation of other substances in the membrane usually impairs stability;
serum proteins and phospholipids do so, but particularly several surfactants
(emulsifying agents) can make the fat globules unstable.
Air-

The incorporation of air may severely impair stability; according to the
Presence or absence of solid fat in the globules, clumping or disruption prevails.
!t seems to be the only way of altering the fat dispersion significantly without
resort to a lot of energy.
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Liquid motion. Brownian motion has no effect, except on flocculation. In
tense streaming of the product is thus needed to alter the fat globules, when no
air is introduced. Shear may cause clumping or coalescence, but generally not
disruption of globules; it may disrupt aggregates. Turbulence has the same effect,
but can also induce globule disruption if energy is dissipated at a high rate.
Cavitation and steam injection can cause considerable disruption.
Globule size. Small globules are more stable than large ones in almost every
respect. With increasing size, collision energy and deformability increase, and
hence clumping and disruption. (Only in the lower extreme of globule size, well
below 0.1 [im, is there a decrease in stability.)
Fat content. Clumping or coalescence increases considerably with fat content,
as (1) collision chance increases; (2) the ability of the globules to give way to each
other diminishes, so that the globules are more deformed and their membranes
more damaged: (3) less surface-active material is present per unit area of fat
surface to restore damaged membranes ; (4) due to these factors damaged mem
branes have less time to be restored before the globules collide again. In cream
very rich in fat, disruption is ineffective.
Composition of plasma. This may influence membrane properties (/>H),
globule motion (viscosity, solid particles) and repair of damaged membranes,
i.e. the capacity to form new, stable films when the membrane is weakened or
ruptured.
Temperature influences several of the variables mentioned.
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7 Changes in fat dispersion with processing

Treatment of milk and milk products in dairy machinery may under some cir
cumstances lead to disruption or to clumping of fat globules. This will be clear
from general considerations as given in Chapter 6 (summarized in Section 6.7).
These changes in fat dispersion may have several consequences.
1 • Disruption of globules increases the proportion of fat present in small glob
ules (Section 6.5). It may impair creaming efficiency in separators, fat recovery
m churning, accuracy of butyrometric fat tests.
2- Clumping or coalescence of fat globules (Section 6.4) may cause rapid cream
ing, 'churned fat' or 'oiling off', gross inhomogeneity of products, cream plug
formation.
All changes alter properties of the fat globule membrane (Section 5.6), and
consequently may impair resistance to fat oxidation or may increase lipolysis.
Older data on changes in fat dispersion have been of practical use but should
he interpreted with reserve because analytical techniques were not then adequate,
°r because important details such as temperature history or the incorporation
of air were not recorded. With the general theoretical frame as now known
(Chapter 6) and with the improvements in techniques for estimating the degree
°f fat dispersion, new research would be profitable.
Agitation
Globules may clump and be disrupted when milk products flow through pipe
lines, pumps, heat exchangers and other machinery. Remedies are mainly prag
matic. What conditions can cause changes?
Shear alone cannot cause disruption. It may cause clumping of fat globules
if shear rate is high enough (Section 6.2), which mostly occurs only locally
(e g. near the bearing of a rotating shaft, such as the stirrer of a bulk tank); this
may produce a little churned fat.
2- Turbulent streaming may have considerable effect. But it is difficult to find the
Precise conditions in the turbulent field. Shear rate in eddies very large relative
to globule size may cause coalescence or clumping, but it varies widely from
Place to place. Pressure fluctuations caused by eddies similar in size to globules
Way cause disruption. Such small eddies occur if energy density in the liquid is
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high enough (Section 6.5). The quantity of energy dissipated per unit volume
can usually be calculated, but not the time scale of the energy input; hence
energy density is unknown. In practice changes due to turbulence are mainly
local, as when a rapid stream impacts against an obstacle (entrance of a plate
heat-exchanger, sharp bend in a pipeline), or as with rapidly rotating objects
(high speed stirrer), so that often only a portion of the product is altered.
3. Vibration. Surkov & Fofanov (24) mechanically vibrated pipelines. The
vibration increased turbulence and altered fat dispersion of the milk flowing
through. Average globule size decreased (up to 20 %) or increased (up to 20 %)
according to temperature and other conditions.
4. Cavitation can occur if liquid speed (v) is high and external pressure ( P )
low; Eqn 6.8 shows that pressure tends t o become negative when %pv 2 > PCavitation may therefore occur if a long pipeline leads to a suction pump. It
may occur too in the wake of objects moving rapidly through the liquid. Again,
damage to fat globules is most likely here and there only.
As well as the hydrodynamic conditions during agitation, properties of the
product play of course a key role in the change in fat dispersion : for instance
fat content, state of crystallization, globule size and temperature (Section 6.7).
If cold milk is pumped through long pipelines, globule size may increase (11)
and churned fat may even be formed (18). Less is known about globule disrup
tion. Standards for minimum internal diameter of pipelines for a certain milk
flow seem to be based on loss of pressure by friction. These standards corre
spond to maximum Reynolds numbers of 104 to 3 X 10s, and to maximum
liquid speeds of 0.5-2.8 m/s; average shear rate also varies widely. Probably,
conditions for fat globules are more severe in narrower pipes. Some authorities
(16) advise wider pipes than standard for cream, and avoidance of excessive
piping of products between 10 and 40 °C (partly solid fat).
Old work by Rahn (20) indicated that some pumps may induce clumping and
disruption, according to conditions, but the results were not conclusive; positive
rotary pumps seemed to be worse than centrifugal ones. Dolby (7) pumped hot
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Figure 7.1. Globule size distribution (%v/v of
the fat per (j.m size class) in cream before (
)
and after (
) passage through a centrifugal
pump containing air. After Dolby (7).

cream through a centrifugal pump and found significant disruption if the liquid
contained air or vapour (Fig. 7.1); when the pump was completely air-free,
changes were small. Aule (1) has similar results for milk.
Dolby (7, 6) reported also that mechanical stirring of hot cream may induce
clumping, and if agitation were vigorous, disruption of fat globules. The results
were similar to those in Figure 6.13, though the effects were somewhat smaller.
Again, in the absence of air, there was little change.
This may be different under extreme conditions, and treatment of cream in a
beater-type flash heater (Danish pasteurizer) may cause considerable coalescence
(5, 15; Fig. 7.2), and possibly a little disruption as well (15). Heat treatment in
plate pasteurizers usually causes little change in fat dispersion (5, 15).
But heating milk to high temperatures (>90 °C) may cause considerable dis
ruption of globules, even with indirect heating (Fig. 7.3). Unhomogenized
cream cannot even be treated in this way without considerable separation of
visible fat droplets; this tendency increases with temperature of treatment (26).
Centrifugal separators may cause some disruption of globules (Section 8.3).
Separators with open discharge cause considerable coalescence of globules in
the cream (9, 21). Modern air-tight separators, however, need hardly alter the
size distribution: an increase in the proportion of fat in globules more than
^ Um diam. from, for instance, 2 to 3 % was observed (27).

Milking machines may cause considerable changes in the fat dispersion,
particularly in pipeline systems. Here, air is always present in the pipes, and
prolonged agitation of the milk-air mixture is the main trouble. Disruption to
the extent of halving average globule diameter has been reported (22). When
the milk is cooled and afterwards agitated too vigorously visible clumps of
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Figure 7.2. Globule size distribution in
cream ( % v/v of the fat per y.m size class)
(a) before and (b) after treatment in a
Vacreator, and (c) in a beater-type flash
pasteurizer. After Dolby (5).
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Figure 7.3. Effect of heating milk at
various temperatures (UHT-treatment)
on average globule size (dVB). The dot
represents dYa for untreated milk. After
Zadow (28).

churned fat may form.
Milk is sometimes stirred by bubbling a stream of air or a gas through it.
Unless deep-cooled (most of the fat solid), globules clump. Little is known about
damage to the fat globule membranes. As soon as foaming occurs, the foam
will always accumulate fat. Foaming and churning are discussed in Chapters
11 and 12.
Splashing cold milk from some height into a vessel may also produce visible
clumps of churned fat if solid fat is present; temperature is therefore an im
portant variable (Fig. 7.4). Milk that has been kept cold (5 °C) is usually warmed
to 30 °C before pouring it into cheese vats. It is better to warm it to 45 °C and
to cool again to 30 °C. Fat does not then churn on splashing; it is not known
whether fat globules are disrupted.
High-fat cream is very sensitive to clumping whea-agitated at low tempera
tures, as by pumping rapidly through a cooler (10).
churned
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Figure 7.4. Amount of churned fat (arbitrary
scale) in milk splashed from some height, as a
function of temperature; the milk had been
)
kept several hours at 5 °C. After Posthumus
50 (19).

7-2 Steam injection and flash boiling
Steam injection may even increase homogenization of already homogenized
milk (12), so we may expect some effects in UHT sterilizers directly heating the
product by mixing it with steam. Steam is injected into the product, or else the
product is sprayed into the steam. These machines also often use flash boiling
(evaporative cooling by instantaneous subjection of the hot liquid to reduced
pressure).
The Vacreator is used in deodorizing and pasteurizing cream for buttermaking
and its effects on fat globules have been extensively studied by Dolby (5, 6, 7).
Vacreation may cause considerable clumping and disruption (Fig. 7.2). Flash
boiling mainly causes clumping and hardly any disruption. Violent agitation of
cream with air or vapour causes both, particularly if the mixture of steam and
cream reaches a high speed.
Milk heaters such as Uperisers work on similar principles, and presumably
cause similar effects on the fat globules; clumping is less, because of the lower
content of fat. Figure 7.3 shows that disruption of globules is considerable.
7-3

Concentration and drying

Boiling implies the formation of vapour bubbles while the fat is liquid, and this
must disrupt some fat globules. However, it is often assumed that boiling and
evaporation of milk cause globules to coalesce, though data to substantiate this
are scarce (8). The assumption is usually based on the amount of 'free fat' in
dried milk produced from the concentrated milk. The size of the globules in the
milk before drying has an effect on free fat, but many other factors have a con
siderable influence. The free fat in dried milk is, however, outside the scope of
this book.
Treatment of milk in a falling-film evaporator may considerably disrupt fat
globules (3, 17, 27). In one experiment (3) dVB was reduced from 3.8 (im in the
original milk to 3.1 (xm after concentrating to 35 %, and to 2.4 (j.m when 50 %
dry matter was reached. Subsequent spray drying of the liquid further reduced
< to 1.5-1.7 |i.m (determined in the reconstituted milk). The disruption was
mostly greater with nozzle spraying than with disk spraying.
7.4

Cream plug

The cream layer of pasteurized bottled milk or cream left to cream at or below
room temperature becomes sticky and coherent and may sometimes contain
flocks; in extreme cases a solid cream plug forms, so that the bottle can be up
ended without milk or cream flowing out. The defect is caused by a partial
clumping of fat globules; on heating the cream a layer of oil forms.
This problem has been studied in detail by Thomé et al. (25). The defect is
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Figure 7.5. Cream plug formed in
milk as a function of pasteurization
temperature; scale from 0 (no effect)
to 4 (solid cream plug). Average of
some practical experiments (
-)
and tests in a laboratory pasteurizer
(
); All pasteurization was shorttime (about 15 s). After Thomé et al.
(25).

serious only if several cumulative factors are present. Mechanical treatment of
the milk, particularly at 20-30 °C and the incorporation of air are, of course,
detrimental. Pasteurization temperature has considerable influence (Fig. 7.5).
It is not certain whether the observed increase was caused by weakening of the
fat globule membrane, or by inactivation of the agglutination factor in milk
(Section 8.4). (Inactivation of the agglutination would allow fat globules to pack
much closer in the cream layer. In low-heated milk the fat globules cream into
loose floccules, with much interstitial plasma.) The type of the pasteurizer, and
any overheating of part of the milk seem to be of influence. The storage tem
perature is also a factor: keeping at 5 °C and then at higher temperatures
(e.g. 17 °C) is particularly detrimental. The membrane may weaken at low
temperature and the subsequent increase in temperature may cause local volume
changes and pressure differences; moreover sufficient liquid fat is present to
allow coalescence. However, the similarity to 'rebodying' (Section 10.2) is
striking.
Some bacteria, notably Bacillus cereus, produce phospholipase that can
attack natural membranes, so that closley packed globules in a cream layer
coalesce. This can produce 'bitty cream' (23), in which separate flocks form,
rather than one solid cream plug.
7.5

Freezing

Freezing and subsequent thawing cause considerable clumping or coalescence
of fat globules, particularly in cream. Part of the fat is then present in coarse
droplets, or in an oily layer (e.g. Ref. 4 and 13). Lagoni & Peters (14) have studied
freezing in detail.
A chief cause of globule clumping seems to be mechanical pressure differences
in the frozen product. Clumping, at least, is closely correlated with the pressure;
addition of sugar to cream, for instance, diminishes pressure and clumping.
Deep freezing is more effective against clumping than storing at somewhat higher
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Figure 7.6. Influence of fat percentage (G) and
of freezing and storing temperature ( — 17 or
—29 °C) on percentage of the fat oiled off after
thawing (%). The creams were kept deep-frozen
for 5 weeks. After Bell & Sanders (2).

temperatures (Fig. 7.6). Cooling first to refrigerator temperatures, and then
chilling and holding at —10 to —15 °C causes considerable clumping (14).
Storage at very low temperatures (e.g. —40 °C) does not impair stability, but
during storage at -10 to -20 °C, the clumping observed after thawing increases
markedly with time. Clumping is least when the product is cooled quickly and
kept at low temperatures (e.g. — 35 °C), and thawed at high temperatures
(above 40 °C). Machinery for very quick continuous freezing is now available.
Mechanical factors are probably important in this type of destabilization,
e-g. the pressures developing due to different coefficients of expansion of ice
and fat (14) if water freezes and expands. Big ice crystals are probably more
damaging than the fine ones resulting from quick deep-freezing. Storage at
around -10 °C may cause recrystallization of ice, coarser crystals and hence
local pressure changes.
It has been argued by Lagoni & Peters (14) that slow denaturation of mem
brane proteins by dehydration causes membrane instability, especially at tem
peratures where most, but not all water is frozen (e.g. —10 °C). Besides high
osmotic potential, increasing ionic strength of the remaining liquid may cause
denaturation of protein. Low temperature itself may influence membrane prop
erties. Research is needed on this problem.
Factors impairing stability naturally increase clumping after freezing and
thawing. Mechanical treatment and incorporation of air are detrimental, as
may be pasteurization. Close packing of globules before freezing also enhances
clumping, and the adverse effect of previous cooling may have something to do
with it. Freezing of water increases the fat content of the remaining liquid, mak
ing the fat globules in the product proner to damage. Of course, fat content is
important (Fig. 7.6). In milk too, fat can clump after freezing but not if the milk
's first homogenized. Homogenization is no remedy for products with more
than 30 % fat.
In conclusion, most of the fat emulsion, even of cream, can be kept unaltered
if the product is in good condition before freezing, if it is quickly frozen and
stored at a low temperature (—30 °C), and if quickly thawed above 40 °C(14).
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8 Creaming and separation

As milk fat has a lower density than plasma, the fat globules rise under the in
fluence of gravity. Rate of rising increases when gravity is replaced by a centri
fugal field. In 'natural creaming' (e.g. in fresh milk), fat globules do not rise
separately but rather in floccules comprising many globules; the floccules are
formed by agglutination. But in many milk products, fat globules move sepa
rately.
Natural creaming has been much investigated, as in the past it was an im
portant way of collecting milk fat, or of standardizing fat content. Recovery of
fat is now normally by centrifugal separation, so research interests have shifted.
Other important topics are the avoidance of unwanted creaming in long-life
Milk products, and cream layer formation.
Various parameters are chosen in evaluating creaming according to the problem under study:
depth of cream layer ('rich' appearance of milk for drinking);
creaming efficiency = percentage of the total fat that is collected in the cream
layer;
3- fat content of skim-milk, like Parameter 2 used to assess the efficiency of
creaming, particularly when the skim-milk has to be used as a virtually fat-less
product;
4. fat content of cream (desired value for the particular purpose).
For clarity, we will arbitrarily call the product resulting from gravity creamiog, skim-milk, and the product of a centrifugal separator, separated milk.
8.1 Gravity creaming of single fat globules
Van der Burg (6) was the first to apply Stokes' law to the rising of fat globules.
As a result of the combined action of buoyancy and friction, the rising speed v
°f a fat globule of diameter d becomes
ü

= g(p P - P f W U r i ,

^

where g = acceleration due to gravity, p = density, r] = viscosity, and sub
scripts p and ƒ refer to plasma and fat globules, respectively.
Stokes' law must be used with care, as there are some prerequisites for its
validity:
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1. Globules should be true spheres : this is true for milk fat globules.
2. Other particles in the liquid should be very much smaller than the globules :
this is not true for casein micelles but their interference is probably negligible.
3. Globule speed must be such that Reynolds number (d v p j l r ] p ) is below 0.5;
this is always true.
4. Brownian motion must be small in comparison to rate of rising: this is true
for globules more than 0.1
in diameter.
5. Counterflow of liquid due to the globule movement must be negligible: this
is only true for low volume concentration of globules, say below 1 %.
6. Streaming in the liquid must be much slower than rate of rising : under practi
cal conditions, convection currents may influence creaming.
7. Mutual interaction between globules must be absent: hence, again, a low
concentration; particularly in polydispersed systems, interaction may easily
occur during creaming when large globules catch up with smaller ones.
Van Dam & Sirks (11) and Troy & Sharp (58) have checked Eqn 8.1 for the
creaming of individual fat globules, and found it correct; but their conditions
included very strong dilution and rigorous measures to avoid convection currents.
In practice, sedimentation or creaming velocity strongly depends on concentra
tion of the dispersed phase. The actual decrease in v (Eqn 8.1) depends on other
conditions too, but Eqn 8.1 should be multiplied by a factor of the order of
(1 — (py, where rp is volume fraction (42). This would imply a decrease in
creaming rate of 20 % for a 5 % fat milk, and a decrease of 63 % for a 20 % fat
cream.
Walstra & Oortwijn (62) found that in practice creaming rates were indeed
lower, often much lower, than is predicted from Eqn 8.1, particularly for milk
of high fat content and for small globules (See Fig. 8.10, Curve b). Conditions
5, 6 and 7 are probably not fulfilled. In centrifugal creaming the discrepancies
from Eqn 8.1 are smaller than in gravity creaming (62).
Still, Stokes' law can be used to calculate the approximate rate of rising of
single fat globules, and to explain the influence of several variables on creaming
rate. Some data on milk are collected in Table 8.1 that include^the calculated
rate of rising of a 1 fxm globule. At room temperature, globules of 1,2, 5 and
10 [i.m diameter would then rise over about f, 8 and 33 cm/day, respectively.
These distances are mostly small relative to the dimensions of vessels in which
milk is usually kept (from 10 cm to 10 m).
When globules vary in size, and the liquid is left to cream in a vertical cylinder,
the proportion of the globules that have reached the cream layer is a function of
globule size and time. Initially, a steady state exists, and the proportion is
proportional to d2, and to time (for time, see Fig. 8.9A, Curve c). Once the milk
is depleted of the largest globules, rate of cream rising diminishes and is de
pendent on additional factors: globule-size distribution, geometry of the vessel
and time.
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Table 8.1. Parameters of Stokes' formula as a function of temperature ( T ) , and
calculated velocity of a globule 1 fj-m in diameter Oj) in gravity creaming of normal
milk. F = q(pv — p/)/^, where q is a factor correcting globule size from their known
size at 20 °C. The data are compiled from various references and represent only an
average. Data on pf between 5 and 40 °C are rough estimates, assuming some super
cooling in fat crystallization.
Pf

nv

(g/ml)

(poise)

1.0359
1.0352
1.0344
1.0333
1.0319
1.0300
1.0261
1.0198
1.0166
1.0112
1.0050

0.959
0.951
0.938
0.916
0.912
0.909
0.902
0.895
0.889
0.882
0.876

0.0283
0.0235
0.0199
0.0168
0.0144
0.0126
0.0100
0.0082
0.0069
0.0060
0.0055

F

(s/cm2)

(cm/day)

2.64
3.49
4.77
6.98
8.35
9.65
12.5
15.4
18.9
22.0
24.2

0.12
0.16
0.22
0.33
0.39
0.45
0.59
0.73
0.89
1.04
1.14

/

|3

Pp

(g/ml)

5
10
15
20
25
30
40
50
60
70
80

As long as a steady state exists, which mostly implies creaming of less than
10 % of the fat, the dependence of creaming rate on globule size can be ex
pressed in one parameter (H), no matter how the size distribution is shaped.
From Stokes' law, it can be derived (62) :
=

[8.2]

when Nf globules of size di are present. From Equations 8.1 and 8.2, creaming
rate, expressed as the proportion of the fat reaching the cream layer, is given by:
creaming rate = 4.7 (pp — pf)H/rjvD

[8.3]

in per cent per day, where H is expressed in jjtm2 and the height of the vessel D
in cm.
8.2 Creaming in homogenized products
One purpose of homogenization is to prevent a cream layer from forming when
products are kept for a long time. Apart from other effects, homogenization
considerably reduces the size of the fat globules, and these smaller globules
cream much slower than the original ones. According to Eqn 8.3 (assuming ideal
conditions) some typical examples are calculated and given in Table 8.2, which
shows that creaming may be a problem in such products as plain homogenized
milk and evaporated milk, where 10 % creaming would be reached in 7 and 50
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Table 8.2. Creaming at room temperature in some milk products in containers of a
certain depth. The values of (pv — pf)j »?„ and of H were either taken from theliterature
or newly determined. For the evaporated and condensed milks, examples of high and
low viscosity were taken. Creaming rate was calculated from Eqn (8.3).
Milk

(— p f ) l J?,, H
(s/cm2)
(um2)

Pasteurized, unhomogenized
Sterilized, homogenized
Uperized, homogenized
Evaporated, in bottle
Evaporated, in can
Sweetened condensed
Sweetened condensed

5
4
4
1
0.25
0.01
0.001

10-50
0.8-1.5
~0.2
~0.4
~0.4
4-50*
4-50«

Depth Creaming rate
(cm)
( %/day)
20
20
10
10
5
5
5

12-60
0.7-1.4
~0.4
~0.2
~0.1
0.4-0.5
0.004-0.05

* The lower value refers to a slightly homogenized product.

days, respectively. In practice, counter flow of liquid occurs because of finite fat
content; temperature differences will set up convection currents; and incidental
movement of the vessels may cause mixing, so that creaming may actually be
much less (e.g. half the values quoted). Plasma density and viscosity are different
for different products, and viscosity, in particular, can be variable. Factors
influencing globule size are considered in Section 9.2.
Other factors will also influence creaming. Homogenization leads to adsorp
tion of milk plasma proteins onto the fat globules (Section 9.3). This increases
their density, which in turn decreases rising speed (though this is partly com
pensated by the increase in globule size). Globules may even become denser than
plasma and sink to the bottom. The amount of protein adsorbed per gram of fat
increases with higher homogenization pressure, lower homogenization tem
perature and higher content of solids-not-fat. The effect is mainly of importance
in evaporated milk. According to Fox et al. (14) up to 75 % of the fat may be
centrifuged down in extreme conditions; in normal -evaporated milk, this will
be about 10 %.
In Table 8.3, calculations on the influence of protein adsorption on creaming
are given for evaporated milk. Actually, the adsorbed layers are very uneven,
but an average thickness of 0.05 (i.m is not inconceivable, and layers up to 0.2
(xm have been observed (46).
When the globules are present partly in floccules or clusters, this will certainly
affect creaming. Floccules will rise much quicker than separate globules, be
cause of their larger size, as happens in natural creaming (Section 8.4) and to a
very large degree in 'viscolized' milk, where clusters have been formed ex
pressly by homogenization of cream. The formation of homogenization clusters
is discussed in Section 9.3 (see also Fig. 6.3). Suffice it here to say that this
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Table 8.3. Influence of adsorption of a protein layer on the rate of rising of fat globules
in evaporated milk, as calculated from Stokes' law. The speed is given in percentage of
the speed of the same globule without a protein layer. The calculations assume
Pt> == 1.08, pf = 0.92, and an adsorbed protein layer of even thickness with average
density 1.2 g/ml.
Diameter
°f 'naked'
globule
(um)

Thickness of adsorbed layer
0.02 um
effective
P»

°-25
°-5
1
!-5

2
3

Pf

0.059
0.102
0.129
0.139
0.144
0.149

___

0.05 [xm
speed

effective

( %)

Pu

Pf

49
74
87
91
93
95

-0.018
0.042
0.090
0.111
0.122
0.134

0.1 |xm
speed

effective
Pd
Pf

speed

( /o)

—
38
68
79
84
89

-0.072
-0.018
0.042
0.072
0.090
0.111

—
—
38
58
68
79

(%)

clustering strongly increases with fat content during homogenization, and that
clusters are rarely formed in products with less than 8 % fat.
As is discussed in Section 8.4, homogenization also destroys the agglutinative
properties of milk. But when only cream is homogenized, and mixed with
separated milk that is neither homogenized nor high-pasteurized, some ag
glutination may still take place, increasing cream rising.
Fat crystallization may sometimes be a factor in creaming rate. For example:
at 15 °C, small fat globules may be kept liquid almost indefinitely (Section 3.6),
and pf = 0.93. Cooling for some time to 0 °C causes considerable fat crystal
lization, so that, after warming to 15 °C, we may expect a pf of 0.95. This may
decrease rate of rising of these globules by some 20 %.
Creaming in evaporated milk (for some obscure reason usually called fat sepa
ration) is still an important practical problem. At first approximation, viscosity
and globule size (each of which may vary considerably) are the most important
variables (28, 56); variation in protein adsorption may also play a part. But both
°f them leave a considerable part of the variation unexplained (20,28), perhaps
partly because product viscosity as such was determined, whereas it is plasma
viscosity that is needed. Moreover, viscosity should be measured at a shear rate
°f about 10~3 s-1, but it is normally measured at much higher shear rates (e.g.
10-100 s_1) giving different results in a non-Newtonian fluid like evaporated
milk.
Probably, the degree of clustering of the fat globules is an important variable.
Section 9.3 shows that the formation of homogenization clusters is unlikely.
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But during sterilization, the fat globules can cluster, as has been demonstrated
by electron microscopy (47). This is in fact a first stage in heat coagulation of
casein, which would be most pronounced in casein-covered fat globules (Sec
tions 9.4 and 10.3). Hence, conditions that favour heat coagulation (e.g. low
homogenization temperature, high sterilization temperature, milk of high acid
ity) would also favour creaming rate. The addition before sterilization of 0.5-1
ppm Cu increases heat stability, and it seems to be very effective in preventing
unwanted creaming (29).
Systematic investigations would be needed to confirm these ideas. Stokes'
law is clearly not very helpful, since much more is involved than the rising of
single globules.
8.3 Centrifugal separation
For creaming in a centrifugal field, Stokes' law still holds but acceleration due to
gravity (g in Eqn 8.1) has to be replaced by centrifugal acceleration, which equals
reo2, where r is effective radius of the centrifuge, and to is angular velocity, which
equals lirn/ßO, where n is number of revolutions per min. We derive from Eqn
8.1 that
v = O.OOOólrn^ipj, — pf)d2l rjv

[8.4]

Since the rate of rising of the globules is mostly much quicker than in gravity
creaming, many disturbing factors have less influence, and Stokes' law gives
rather accurate results, except for high-fat products (62).
In a centrifugal separator (milk separator provided with disks) the accelera
tion is very high and the distance the globules have to move through the plasma
is very small. Typically, the acceleration is 4000 times that of gravity, the dis
tance is 0.5 mm and the separation time about 3 s. Globules of 0.5, 1 and 2 (zm
move 0.5 mm in about 6, 1.5 and 0.4 s, respectively. It follows that the creaming
characteristics of a separator depend mainly on r, n, the spacing between disks,
and the flow rate of the milk. As most of the conditions are not ideal, construc
tional details of the separator influence creaming efficiency, mainly through
smoothness of flow. A review of these and other aspects is given by Lang &
Thiel (23).
Several operational conditions may impair creaming efficiency, such as vibra
tion and incorporation of air bubbles into the milk (18). Clearly the leaking of
milk or cream into the separated milk would be detrimental; Sandelin (45)
devised a simple microscopic method for tracing these and other causes for a
high fat content. Stigen (54) worked out a more detailed method of tracing the
cause of high fat content in separated milk. In modern separators, the propor
tion of cream taken may be varied within a wide range before it affects the fat
content of the separated milk, which, however, increases somewhat when very
little cream, and thus high-fat cream, is taken (2).
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Figure 8.1. Amount of fat present in
globules smaller in diameter than d; the
ordinate shows the cumulative fat per
centage (% fat in milk). Two extreme
examples are given, with much and
little fat present in small globules,
respectively. After Walstra (60).
The fat content of the separated milk is naturally dependent on the amount
of fat present in small globules (Fig. 8.1). Also, some 'non-globular fat' is
present (Table 1.2); it amounts to 0.02-0.03 % when determined by the Rose
Gottlieb method. The fat content of a well separated milk is mostly 0.0450.050 % (13, 18), which would then correspond with a critical diameter of
0.6-0.7 (xm, according to Figure 8.1. This is in fair agreement with the examples
on the velocity of fat globules given above. The fat content after separation
varies with time of the year; an example is given in Figure 8.2. The differences
can be at least partly explained by variation in globule size, mainly due to lacta
tion stage (18). Other factors, such as the amount of non-globular fat, may
play a role.
The peculiar size distribution of small fat globules in milk (60) causes even
considerable differences in averâge globule size between milks to be only partly
reflected in the fat content of the separated milk. Figure 8.1 suggests that a less
efficient separator would give greater differences between milks, and this is in
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Figure 8.2. Example of fat content of separated milk throughout
the year. From Fjaervoll (13).
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Figure 8.3. Efficiency factor for rate of rising of fat globules in milk (factor F of
Table 8.1), and fat content of separated milk in relation to separation temperature. The
dotted line shows the values that would be expected from Eqn 8.4. From Table 8.1 and
from Fjaervoll (13).
agreement with older studies on separation of different milks (15). Systematic
studies of the determining factors seem to be lacking, however.
The influence of temperature on rate of rising of fat globules is given in Table
8.1, which is valid also for centrifugal separation (except for the final column).
It is given again in Figure 8.3, together with the fat content found in separated
milk at various temperatures. Comparison with Figure 8.1 suggestes that at the
higher temperatures, lower fat contents should be obtainable (dotted line of Fig.
8.3). The discrepancy can possibly be explained by disruption of fat globules
to very small ones in the separator. Such disruption has indeed been observed,
particularly at high temperatures (25, 26). Stigen stated that the amount of unseparated fat originating from disruption in the separator was usually less than
0.001 %, but he did not mention the temperature of separation (54).
Aule (3) found that keeping milk cold for some time resulted in a higher fat
content of the separated milk. The original situation could be restored by keeping
the milk at a high temperature (e.g. 40 °C) again for a considerable time. Storing
cold (at 3-4 °C) for 1 day increased the fat content by about 0.005 % fat,
3 days resulted in an increase of 0.008 % fat. Storage at 30 °C has hardly any
effect. Cold storage may increase the viscosity of the milk plasma by, say, 10 %
(41); this implies an increase in 'critical diameter' of 5 %, which in turn would
cause, according to Figure 8.1, an increase in the separated milk of 0.008 % fat.
It has also been observed (59) in studies on the separation of heavy cream
(> 80 % fat), that storage of the milk for 2 days at 1 °C decreased the maximum
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content of fat obtainable in the cream by about 3 % fat, and increased the con
tent of the separated milk from 0.2 to 0.4 % fat.
Aule's results were confirmed by Joost et al. (18) for milk stored in bulk
tanks; they found a relative increase in fat content in the separated milk of
10-30 %. Here, disruption of fat globules by stirring played a part also, but the
cold storage itself was the most important factor. Disruption of fat globules in
dairy machinery (Section 6.1) may impair creaming efficiency.
Kostygov & Rogov (22) reported the flocculation of fat globules into strings
by subjecting them to a strong alternating-current electric field. The flocculation
could be made almost instantaneous and persistent for about a minute. By
treating milk in this way immediately before separation, the fat content of the
separated milk was claimed to be lowered by 70-80 %, but the normal fat con
tent was not stated. The effect was explained by the higher velocity of floccules
than of individual fat globules.
8.4 Natural creaming
Natural creaming of cold fresh milk proceeds much quicker than is accounted
for by Stokes' law for separate globules (e.g. Fig. 8.10). Some examples of
natural creaming are given in Table 8.4, that shows that considerable variation
can occur between different milks.
Fat globules in fresh milk gather into floccules after cooling; van Dam &
Sirks (11) were the first to relate this to the rapid formation of a loose cream
layer. Flocculation kinetics has been treated in Section 6.2 (see also Fig. 6.1).
Troy & Sharp (58) found that the rate of rising of nearly spherical floccules
roughly agrees with Stokes' law, if one assumes that floccules contain 10-70 %
fat, the remainder being plasma (Fig. 8.4). A speed of 10 cm/min is attained by
a floccule of about 0.75 mm. This illustrates the enormous increase in rate of
rising over that of separate globules. Many globules are involved in the forma-

Table 8.4. Creaming of fresh milk of individual cows in one herd. The milk had first

been warmed and was left to cream for 5 h at 9 °C. After van Dam & Sirks (11).

Cow
No.

1
2
3
4
5

Per cent fat in
milk

cream

2.97
3.34
3.04
3.49
2.78

21.1
21.9
21.8
16.3

skim-milk

Depth of
cream layer
(mm)

34
0.60
31
1.10
16
2.00
48
0.91
no visible cream layer

Creaming
efficiency
(%)
83
72
38
79
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Figure 8.4. Velocity (y) of floccules of
fat globules in milk as a function of
floccule diameter (D). Points are average
results; bars indicate average deviation
between observations. The dotted lines
are theoretical for spherical floccules,
assuming 10, 25, 50 and 75 % fat in the
70 100 200 400 700 floccules.
After Troy & Sharp (58).

tion of one floccule, and more than a million are present in a floccule 1 mm in
diameter. Often, the floccules formed are indeed visible to the naked eye.
The agglutination reaction. The spontaneous flocculation of fat globules in
cold milk is strikingly like agglutination of red blood cells and bacteria, which
may occur in the presence of agglutinins. Hence this type of flocculation of fat
globules is also called agglutination. Detailed studies, including surveys of older
work, have been given by Dunkley & Sommer (12) and Mulder (33). Since then
new data have become available, mainly through the work of Samuelsson,
Payens and Koops (4, 5, 16, 17, 35, 37, 44, 61). Many substances, such as
gelatin, tragacanth and gum arabic, can flocculate milk fat globules. In cold
milk, serum immunoglobulins (more specifically the euglobulin fraction) most
probably play a determinant role.
Immunoglobulins with agglutinating properties are well known substances in
blood serum, and have been thoroughly studied (8,24,30, 38, 65) ; a particular
type is referred to as cryoglobulin. Cryoglobulins, being large molecules, can
be considered as lyophilic colloids that precipitate at low temperatures (<37 °C)
and disperse again on warming. The cryoprecipitation occurs only when a little
salt is present, cations of higher valency being more active. With higher salt
concentrations, the solubility increases again. The optimum pH for precipitation
is between 5.5 and 7. The precipitation mechanism is far from clear. Cryo
precipitation is prevented by the addition of urea, an indication that hydrogen
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bonds are mainly responsible for it (36).
Precipitation of cryoglobulins in the cold can also involve their adsorption
onto other particles. In this way, these other particles are (partially) covered by
the cryoglobulins, and they too are flocculated, hence the agglutination. Mostly,
specific cryoglobulins will agglutinate specific particles only. Hence, cryo
globulins are considered to be antibodies formed in the presence of antigens.
However, unspecific agglutination may occur as well.
Globulins similar to the cryoglobulins of blood serum are present in milk
(35), and at least part of them adsorb in the cold onto milk fat globules (37).
Part of the globulin will also give a visible precipitate in whey in the cold (12,
44), and the precipitation simply proceeds as a bimolecular reaction (36).
These globulins cause or enhance flocculation of fat globules when added to
milk. Washed fat globules suspended in water can be flocculated in the cold by
the euglobulin fraction isolated from milk, if small amounts of salts are present.
This was shown by Koops (20) : the dependence of agglutination on conditions
(ionic strength and valency) is as in the precipitation of cryoglobulins.
It is tempting to explain the rapid creaming of cold milk by the cryoprecipitation of globulins onto the fat globules, leading to flocculation of the globules
and subsequently to rapid creaming of the large floccules. Though cryoprecipitation does take place and the presence of cryoglobulins is prerequisite,
there are several indications that the flocculation reaction is more complicated.
Gammack & Gupta (16) observed that euglobulin fraction alone can flocculate
the fat globules only if present in high concentration, but addition of a lipopro
tein from milk plasma very much enhances flocculation at lower globulin con
tent. Several aspects of inhibition and stimulation of flocculation, particularly
the 'Samuelsson effect' (see below), are difficult to explain by the simple mecha
nism outlined.
Figure 8.5 illustrates how the flocculation of fat globules proceeds. It takes
r-

Figure 8.5. Flocculation of fat
globules in milk diluted with
NaCl solution (l:5v/v) as a
function of time since cooling
to 5 °C. Flocculation is ex
pressed as % decrease in
turbidity (at 1.2 um wave
length). Parameter is the ap
proximate ionic strength of the
liquid, normally about 0.07 for
milk. After Ref. 61.
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some time before flocculation attains its maximum rate; this rate accords reason
ably with the theory of unhindered flocculation by Brownian motion (Eqn
6.1). But the time lag is difficult to explain, as it is far longer (e.g. 1000 times)
than the immunoglobulin molecules would need to diffuse to the fat globules;
neither does it correlate well with immunoglobulin concentration (61).
It is thus not certain that cryoglobulins are the sole agent of flocculation, and
for the moment it is safer to maintain the general term 'agglutinin'.
Variability. As illustrated in Table 8.4, creaming properties vary considerably
between different milks, and the milk of some types of cattle, e.g. buffalo (1)
and carabao (water buffalo) (17), does not show rapid creaming at all.
Differences in creaming ability are primarily caused by flocculation rate.
Factors of influence may be :
1. Concentration of cryoglobulin: in milk, flocculation times (time necessary
to produce visible floccules under certain conditions) of 30-90 min have been
observed (35), and the addition of euglobulin fraction isolated from milk
always decreased flocculation time, for instance, to 15 min. It is well known that
the content of immunoglobulins in milk decreases with advancing lactation;
colostrum is particularly rich in them. This correlates with the actual flocculation
capacity of milk from cows in different stage of lactation (61). On the other hand,
Bottazzi et al. (4) found no clear correlation between creaming rate and euglob
ulin content of milk from single cows.
2. Other unknown substances or factors in milk may vary too, e.g. the lipo
protein involved.
3. A higher fat content often leads to quicker creaming (12), probably due to
quicker formation of floccules (greater chance of collision).
4. Globule size has a marked effect on flocculation rate, smaller globules
flocculating slower (35); the amount of 'agglutinin' relative to the surface area
of the fat probably plays a part (smaller globules give a greater area), but
flocculation kinetics may also be involved (61).
5. Ionic strength in normal milk is much above the optimum for flocculation
(20, 61), so variation may well affect it (see Fig. 8.5). The ratio of monovalent to
divalent cations also plays a part (20); hence addition of sodium oxalate
(binding of Ca2+) will increase creaming, but the addition of most neutral salts
will decrease creaming rate (12, 33). Bottazzi et al. (5) found no clear correla
tion between creaming rate and salt composition of milk from single cows.
6. />H: addition of a little acid decreases flocculation and creaming (12);
addition of a little alkali either decreased or increased creaming (11, 12, 58);
making milk very alkaline considerably increases creaming, but this may be a
very different type of flocculation similar to that obtained by the addition of
various gums.
There have, however, been few systematic studies, based on the theory of
cryoprecipitation, into factors associated with creaming.
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Figure 8.6. Creaming of fresh milk as a function of temperature.
A. Creaming efficiency (%) after 5 h creaming.
B. Volume of cream layer (ml) after 2 h creaming.
After van Dam & Sirks (11) and Mertens (31).
Temperature effects. The extent of flocculation and creaming is of course
closely dependent on temperature (Fig. 8.6).
At low temperature, the agglutinin will be attached to fat globules; at high
temperature, it will be in the plasma. Hence, the temperature during creaming
or separation will determine whether or not the agglutinin predominantly goes
to the cream. Older literature on the question is confusing- But the point is
clearer since the study of Sharp & Krukovsky (48). Experiments in which mix
tures of cream and separated milk, obtained at different temperatures, are left
to cream are very illustrative. Table 8.5 (3rd column) shows that at higher
separation temperature the cream contains only little agglutinin, at low sepaTable 8.5. Influence of separation temperature (°C) and of homogenization of the
separated milk on creaming of mixtures of cream and separated milk. The mixtures
were warmed to 45 °C and then left to cream for 6 h at 8 °C. After Mulder (33).
Cream volume (in % of milk) when the
Separation temperature used to obtain

separated milk in the mixture was

cream

separated milk

untreated

45
45

45

11

12

45

12

12

12

2

15
13

homogenized

0
13
10
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ration temperature the separated milk.
Sharp & Krukovsky presumed that the agglutinin would only adhere to glob
ules with (partly) crystallized fat, and several experiments published seem
consistent with this hypothesis, though the results are not unequivocal. When
milk is kept for some time in the cold with occasional agitation, and then left to
cream, it creams less than the original milk; the creaming capacity can be re
stored by heating the milk beyond the melting point of the fat. An example is
given in Table 8.6. Several authors have found similar effects (even in other oilin-water emulsions (47)), though the relationship may be more complicated
(e.g. van Dam & Sirks, Ref. 11). However, the question remains how crystal
lization of fat as such can possibly affect the adsorption of agglutinin, since it
would not adsorb onto the fat but onto the membrane. Mohr & Mohr (32)
have assumed that crystallization of the membrane is determinant, but there is
no evidence for this assumption.
It has been shown (9, 44, 61) that a mixture of separated milk that had been
cooled immediately before mixing, and fat globules kept in the cold for some
hours, flocculates and creams copiously, whereas cooling the separated milk for
some hours and then adding the fat globules prevents flocculation. It is there
fore attractive to seek the main explanation of the detrimental effect of cold
storage in the properties of the 'agglutinin'. At low temperature it precipitates
and adsorbs onto the globules, flocculating them. The bonds within the floccules
are only weak (Section 6.1) so that slight agitation is sufficient to disperse the
globules. For various reasons, there is less chance that the broken bonds will be
restored in the same way, reflocculating the fat globules. When the agglutinin
is allowed to precipitate in the cold without fat globules a few large aggregates
are obtained. Hence, their ability to flocculate globules added later will be much
impaired.
Hence keeping the milk at low temperatures while it is being agitated im
pairs its creaming capacity. This impairment has often be experienced. Whittaker
et al. (64), for instance, reported 9-36 % less cream after such treatment. How
ever, heating the milk to 40-50 °C, normally restores the original creaming
Table 8.6. Creaming capacity, measured as cream volume after 2 h creaming at 3 °C,
of milk kept for a certain time at low temperature before creaming. Before the experi
ment, the milk was thoroughly mixed, and part of it was held for 5 min at 50 °C before
being cooled again and left to cream. After Mertens (31).
Cream volume (ml) for keeping time

Milk only mixed
Milk prewarmed
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Figure 8.7. Depth of cream layer in raw
milk and in milk previously heated for
30 min at various temperatures (abscissa).
Creaming for 4 h at 15 °C. From Rowland
75 (43).

capacity (Table 8.6). Heating to somewhat higher temperatures even improves
creaming over that of the fresh milk. This is shown in Figure 8.7 for the param
eter depth of the cream layer (similar results are found for creaming efficiency,
Ref. 53). Here and in Figure 8.9, there is a clear activation with its optimum
near 60 °C for 30 min; a satisfactory explanation has not been given.
Inactivation. Figure 8.7 also shows that heating of milk at higher temperatures
considerably reduces creaming. After heating above 70 °C for 30 min or 77 °C
for 20 s, agglutination is prevented and only single fat globules can rise. (This
is also illustrated in Fig. 8.9.) The time-temperature combinations that govern
this inactivation have been studied extensively by Marquardt & Dahlberg (27);
their results are summarized in Figure 8.8. The relationships are only rough,
since considerable variation occurs between milks.
The inactivation is most probably caused by a denaturation of the immuno
globulins, which occurs in the same temperature range (43). Moreover, flocculation and creaming capacity of heated milk can be restored by adding euglobulin fraction from blood serum. Orla Jensen et al. (34) found, however, that this
was not true for milk heated at very high temperatures. Up to a heating for 2 min
at 80 °C, he found fairly normal creaming after adding globulin, but when the
milk was heated momentarily at 97 °C, creaming could not be restored in this
way. Other experiments also indicate a second effect of heating to high tempera
tures (44, 61). As yet, a satisfactory explanation has not been found.
Originally, the poor creaming of homogenized milk was ascribed solely to
the size reduction of the fat globules. But Mertens (31) showed that mixing unhomogenized cream with homogenized skim-milk prevents rapid creaming. This
has been confirmed by several authors, at least when the agglutinin was present
in the skim or separated milk. This is illustrated in Table 8.5.
Koops et al. (21) homogenized solutions of several milk proteins, alone and
in combination. Only when the euglobulin fraction was homogenized together
with casein, or more specifically xr-casein, was the flocculation ability impaired;
very low homogenization pressures were sufficient. However homogenization
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Figure 8.8. Effect of heating for a certain time at a certain temperature on creaming
capacity of milk, a: creaming capacity just intact, b: about 25 % less cream volume
after 4 h creaming than in case a, c: complete inactivation. The dotted line shows
normal (low-heat) pasteurization conditions. Mainly after Ref. 27.
of whey also impairs its creaming ability (61). All in all, the inactivation
mechanism by homogenization is far from clear.
The 'Samuelsson effect'. It becomes even more complicated with experiments
by Samuelsson et al. (44): mixtures of cream (separated at >40 °C) with either
homogenized or high-temperature pasteurized separated milk did not cream.
But when cream was added to a mixture of homogenized separated milk
(unheated) and pasteurized separated milk (not homogenized), rapid creaming
occurs. (Homogenizing and heating the same separated milk did indeed destroy
creaming ability.) This has been confirmed by others (19, 20, 61). It appears,
however, that constructional details of the homogenizer and temperature of
pasteurization (about 5 min at 85 °C) are critical for rapid creaming in the mix
ture (61).
Similar phenomena are found with mixtures of cows' and carabao's milk;
the latter does not agglutinate and cream rapidly.
Gonzales-Janolino (17) found in:
slow creaming
carabao's milk
rapid creaming
carabao's milk + cows' raw separated milk
slow creaming
carabao's milk + cows' homogenized separated milk
rapid creaming
carabao's milk + cows' heated separated milk
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Possibly, two factors are needed, of which one is heat-labile and the other in
activated by homogenization, but two factors do not explain all observations,
and a completely different explanation might be necessary.

Properties of the milk fat globules. It has been mentioned that concentration
and size of the globules aifect flocculation rate and creaming.
It is conceivable that the nature of the membrane influences adsorption of
agglutinin, and hence creaming. Some variables, such as temperature effects,
Way possibly act in this way, but such a hypothesis has not been tested. Specific
interactions between agglutinin and globules, as are common in the agglutina
tion of bacteria of erythrocytes have never been found.
Alteration of the membrane by homogenization may play a part. Mertens
(31) found excellent creaming of a mixture of homogenized cream and unhomogenized separated milk. However, homogenization clusters must have been
formed and would also rise very quickly (the mixture was in fact 'viscolized'
milk). Dunkley & Sommer (12) found that homogenized fat globules were
flocculated by a very agglutinin-rich skim-milk. In experiments by Thomé et al.
@7)> 8 % cream was heated (75 °C, 19 sec) and homogenized (100-200 atm,
50 °C), and mixed with separated milk (separated at 40 °C, heated at 65 °C
for 15 s). The mixtures did not flocculate on cooling nor cream rapidly. This
was perhaps because of alteration in the fat globule membrane but more likely
because of the increased surface area of the fat globules. Surface area is increased
by a factor of 5 to 10, and the agglutinin available is probably insufficient to
'cover' the fat globules effectively.
In a few experiments with synthetic fat globules of about normal size but with
a surface layer of plasma proteins, flocculation and rapid creaming were indeed
observed (49, 61).
More refined experiments would be needed to settle whether constitution of
the surface layer affects agglutination of the fat globules. The same holds true
for any effect of fat crystallization.
Other agglutinins in milk. Some bacteriostatic agents in milk are agglutinins,
for instance the lactenin Ls, which inhibits growth of certain streptococci.
Portmann & Auclair (40) studied La, and found it to be an antibody; particular
strains are flocculated by specific agglutinins that do not flocculate other strains.
Stadhouders (50) found that L3 consists of immunoglobulin. Its inactivation
by heating or homogenization is associated with inactivation of rapid creaming.
Stadhouders & Hup (51) found in milk two groups of immunoglobulin
antibodies causing agglutination. One is identical with at least part of the cryo
globulin involved in flocculation of fat globules. It attaches bacteria to the fat
globules and in this way the bacteria are removed from the skim-milk. The
action towards bacteria is specific, towards fat globules unspecific. The other
antibody agglutinates bacteria only but cannot be called a cryoglobulin as it
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does not adsorb onto fat globules in the cold.
Fat globules and leucocytes can adhere to each other but the kind of bond is
uncertain : opposite electric charge of the two types of particles may be the cause
(39). Hence, the cells predominantly cream with the fat globules. When milk
contains an extreme count of leucocytes, the fat globules are flocculated by the
cells, and a deep loose cream layer is rapidly formed.
8.5

Properties of cream and skim-milk

Formation of cream layer. Figure 8.9 illustrates the gradual formation of the
cream layer in different conditions.
In high-heated milk the globules rise individually, although a few may be
dragged along by other quicker-rising ones. In the first stages, cream rising is
proportional to time. A thin sharply defined layer of cream forms, in which the
bigger globules are predominantly in the upper part. The globules touch one
another, but the closest possible packing (about 70 % fat) is not attained, and
the fat content of the cream is often 40-50 % (10). This would imply an average
mutual distance between the globules of about 0.4 [im (Fig. 4.3).
When the globules 'rise' by centrifugal action a more compact cream layer
can be formed. When the fat is liquid, cream with a fat content of 80 % or more
can be obtained, so that many globules must be deformed (Fig. 10.2). During
centrifugation, small fat globules appear to be dragged along by bigger ones to a
greater extent than in gravity creaming of heated milk (62).
When agglutinin is present and active, fat globules start to flocculate on cool
ing. Brownian motion and convection currents will bring the globules so near

creaming efficiency (at 10°C)

depth of cream layer (at 15 C)

Figure 8.9. Course of creaming with time (h). a: raw milk, b: milk heated at 60-63 °C,
c: milk heated >70 °C. After Steinert (52) and Burri (7).
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that agglutinin can stick them together. (Brownian motion also serves to bring
the agglutinin to the fat globules.) At the same time, fat globules and already
formed floccules start to rise, further increasing flocculation. Hence, creaming
of the same milk in a deeper vessel leads to larger floccules (63). Because large
floccules rise very rapidly, natural creaming in a deep vessel (milk tank) is at
least as efficient as in a shallow one. When flocculation is rapid, a thick cream
layer forms very quickly (Fig. 8.9).
Most floccules are very irregular, with cavities and protruding chains of
globules, as expected from theory (55). Figure 8.4 suggests that the bigger floc
cules, in particular, contain much plasma and are irregular. Hence, a thick
loose cream layer forms, often with an unsharp boundary from the skim-milk;
it may contain 20-25 % fat (10). When conditions for flocculation are optimum
(preheating, low creaming temperature), the cream layer becomes even less
dense: 15-20 % fat. Though the globules touch one another, the mean distance
between adjoining globules is 2-5 (xm, and even larger cavities occur. The cream
layer may be considered one big floccule. It sets on standing and even becomes
shallower, despite the incorporation of further fat into the cream (Fig. 8.9).
When flocculation is considerably increased artificially, as by the addition of
alkali, a very loose cream layer, comprising up to 90 % of the milk volume may
be formed (58).
The thin cream layer on heated milk products can be rather tough and co
herent, particularly at low temperatures (see also Section 7.4). It may be difficult
to disperse the cream again throughout the milk. The cream originating from
'natural creaming' is much easier to redisperse, particularly after warming up to
40 °C or more. Pasteurization of the milk at such a temperature that maxi
mum flocculation occurs, favours easy redispersion of the cream later, even at
low temperature; this is important in low-pasteurized bottled milk. The forces
attracting the globules together in the floccules are thus weak. When the milk
is agitated during creaming, this may considerably hamper flocculation and
cream formation.
The clusters of fat globules formed by homogenization of cream cannot be
dispersed by ordinary stirring. In 'viscolized' milk, made by adding homo
genized cream to separated milk, these clusters rise rapidly, and may themselves
be flocculated as well. In this way, a very deep cream layer may be formed,
comprising more than half the milk volume.
Fat content of skim-milk. During cream layer formation, some fat is left over
in the skim-milk. For centrifugal separation, its properties are discussed in
Section 8.3. For natural creaming, some information is given in Table 8.4. For
optimum conditions (previous warming of the milk, creaming for a long time at
low temperature) a fat content as low as 0.1 % may be obtained in the skimmilk, and a creaming efficiency up to 98 % (9). Usually, creaming efficiency is
much lower.
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Globule size in skim-milk and cream. This aspect has recently been studied by
Walstra & Oortwijn (62). In Figure 8.10, some examples are given of creaming
efficiency in relation to globule size.
In gravity creaming of single globules (heated milk, Curve b), creaming is less
than predicted from Stokes' law, the more so for smaller globules, mainly
because of disturbances between individual globules and disturbance by con
vection currents.
In centrifugal separation (Curve a), the parameters of the theoretical curve are
not exactly known, but its shape suggests that different globules are subject to
different conditions in the separator; this would explain why fat globules up to
3 jxm diameter are found in the separated milk.
Natural creaming (Curve c) proceeds, of course, much quicker than predicted
from Stokes' law for single globules. The proportion of the globules gathered
in the cream increases with their size, but the increase in creaming rate over that
of single globules is particularly striking for the small ones. If the globules were
to flocculate irrespective of size and only floccules rise, Curve c would be hori
zontal. This is clearly not so, though the difference in size distribution between
cream and skim-milk is not too great (Fig. 8.11).
Figure 8.11 also gives a size distribution in separated milk, which is very
different from that of whole milk. As the fat content of the separated milk is
low, globule sizes in cream are much like those in the milk, provided the sepa
rator does not cause coalescence of fat globules in the cream.

Figure 8.10. Proportion of the fat (%) of milk that is collected in the cream layer as a
function of globule size (d). The solid curves show experimental data (lacking for very
small globules), the dotted curves show corresponding data calculated from Stokes' law
for single globules, a : centrifugal separation (milk separator) at 45 °C, fat content of
separated milk 0.08 %; b : gravity creaming for 25 h at 25 °C of heated milk (80 °C), fat
content of skim-milk 1.3 %; c: gravity creaming for 8 h at 15 °C of fresh milk, fat
content of skim-milk 1.2%. After Walstra & Oortwijn (62).
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Figure 8.11. Globule size distribution in skim or separated milk (s) and cream (c). The
ordinate is the percentage per /im class width expressed in total fat of the original milk
(integration of curves s + c gives 100 %).
A. Gravity creaming of fresh milk for 8.5 h at 15 °C; fat content of skim-milk 1.23 %,
or 35 % of the fat of the milk.
B- Milk separated at 45 °C; fat content of separated milk 0.078 %, or 2 % of the fat
of the milk. Note the different scales of A and B.
After Walstra & Oortwijn (62)
8.6 Conclusions
Creaming and skimming in fresh milk is quite different from that in heated milk
products, and different variables govern the two processes. Hence, conclusions
can best be arranged in two groups.

Creaming without agglutination
1 • Creaming of single globules roughly follows Stokes' law, but gravity cream
ing is decidedly less than predicted, mainly because of concentration effects and
convection currents.
2. Creaming rate is higher with larger globule diameter, lower plasma viscosity,
higher plasma density and consequently with higher temperature. It is lower with
higher fat content.
3- Creaming is considerably higher when fat globules rise in clusters (e.g. those
formed by homogenization) ; adsorption of protein on the globules causes slower
creaming, if the adsorption does not lead to clustering.
4. Skimming efficiency in a separator is governed by the fraction of the fat in
very small globules, by the details of construction and proper handling of the
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machine, and by separation temperature.
For the milk industry our knowledge is adequate for most purposes. But
creaming in evaporated milk, and the factors determining its variability, are
insufficiently understood.
Creaming of fresh milk
1. Creaming is governed by globule flocculation, and hence by the factors in
fluencing this agglutination; consequently, creaming is quicker at lower tem
perature (contrary to creaming in heated milk).
2. Agglutination is at least partly achieved by cryoglobulins, which precipitate
onto the fat globules in the cold, flocculating them; but other factors play a
part as well. Variability between milks is considerable.
3. Natural creaming is rapid, as the big and loose floccules rise quickly; they
are easily redispersed by agitation.
4. The agglutinin is inactivated by heating (but at temperatures above that of
normal low-heat pasteurization) and by homogenization. The underlying prin
ciples of inactivation are only partly clarified.
More research is needed to elucidate the agglutination process, particularly
the substances involved and their inactivation. Such data could be important
in the creaming of products that have partly been homogenized or that have
been reconstituted. The agglutination of bacteria is a related problem and has a
bearing on the keeping quality of pasteurized milk.
See also Section 9.4 for the various effects of homogenization on creaming.
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Plate 5. Partially homogenized milk (cream homogenized, then mixed with separated milk).
C: casein micelles; F: fat globules; M: membrane. Electron micrograph of thin section by
Technische en Fysische Dienst voor de Landbouw, Wageningen.

Plate 6. Surface layer (membrane) of fat globule from recombined milk. Electron micrograph
of defatted ghost by Technische en Fysische Dienst voor de Landbouw, Wageningen.
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9 Homogenization

Milk is usually homogenized to prevent the phases separating. Gaulin, who
invented the process, described it as: 'fixer la composition des liquides'. Usually
the phase separation is creaming of the fat, as in the prolonged storage of milk,
evaporated milk and cream. But homogenization is also used for various other
purposes.
Homogenization primarily causes disruption of the fat globules into much
smaller ones. Consequently it diminishes creaming (Section 8.2), and may also
diminish the tendency of globules to clump or coalesce (Chap. 6). The effect on
clumping is sometimes useful: homogenizing ice-cream mix to prevent excessive
churning during freezing; avoiding free fat in dried milk. But homogenization
may also be harmful : impaired churning or whipping properties of homogen
ized cream; poor separation of fat from homogenized milk.
Homogenization thus causes considerable changes in the fat dispersion:
smaller and hence more fat globules with a different membrane (Section 5.6)
and larger surface area. Other parts of the milk may also undergo changes,
particularly the casein micelles. Homogenization induces profound changes in
structure and in several properties of the product.
In common machines, a product is homogenized by forcing it at high pressure
through a narrow slit, called a homogenizing valve. There are other means but
we will first confine ourselves to the classic method.
9<1 Processes inside the homogenization valve
The sequence of flow conditions inside a homogenization valve is not precisely
known, although attempts have been made to elucidate them (30, 33, 82). Still,
some useful facts on conditions in this valve follow from simple relationships.
Pressure and velocity. The liquid to be homogenized is forced through a narrow
orifice, causing a sudden sharp constriction in the fluid flow. The pressure (P)
in the liquid dramatically drops as it attains a high velocity (v). According to
Bernoulli's law we have
P + lpvs = constant

[9.1]

where p is liquid density.
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Table 9.1. Some data on conditions during homogenization of milk in a flat valve at
different pressures.
Pressure
(atm)

Maximum
fluid
velocity
(m/s)

Valve
clearance1
(mm)

Temp.
rise
(°C)

Maximum
Reynolds
number12

Approximate
Kolmogorov
scale
(jxm)

50
100
200
400

100
140
200
280

0.20
0.14
0.10
0.07

1.2
2.5
5
10

40 000
40 000
40 000
40 000

0.32
0.24
0.18
0.14

1
2

For a homogenizer of capacity 5000 litres/h.
For a density/viscosity ratio p/rj = 100 s/cm2.

The pressure before the valve is the homogenization pressure; here velocity
may be ignored as negligible. Inside the valve, the velocity is so high that pres
sure tends towards zero. (The pressure can never be significantly lower than the
vapour pressure of the liquid at the prevailing temperature.) Consequently, the
homogenization pressure equals \pv^ax, where t>mox is the maximum fluid
velocity inside the valve; this applies for not too low pressures, e.g. >30 atm.
Some examples are given in Table 9.1.
From flow rate, vmax and size of the valve, the valve clearance (h) can be calcu
lated, assuming that all the pressure energy is indeed converted into kinetic
energy. For valves of simple geometry, the agreement between values of h
found and calculated is rather good (33, 74, 82), supporting the validity of the
derivations given. It turns out that Reynolds number (Ivfip/r]) is not dependent
on P. In corrugated valves, the relations are more complicated.
Energy relations. Directly after the homogenization valve, where fluid velocity
is negligible (relative to that inside the valve), the pressure is also very low. This
implies that the kinetic energy of the liquid has beeir dissipated, converted into
heat by friction in the liquid. This is even true for valves with a very short pas
sage time (30, 82). It is easily deduced that the total energy added to the liquid
(in erg/ml) is equal to the pressure drop (in dyne/cm2).
As 1 erg = 2.4 x 10~8 cal, the temperature rise of the liquid AT (in °C) is
given by
AT = P/42 CvP

[9.2]

where P is expressed in atm, Cv is specific heat (in cal g-1 °C_1) and p is density
(in g/ml) (34). For milk, temperature is raised by 1 °C "for about every 40 atm
pressure.
Only a small part of the energy is 'needed' in disrupting fat globules. While
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homogenizing milk of 2.5 % fat at 100 kg/cm2, fat surface area is increased from
about 400 to 2400 cm2/ml milk. An assumed interfacial tension fat-plasma of
5 dyne/cm yields an increase in surface free energy of 5(2400 — 400) = 104
erg/ml. The total energy dissipated is 10s erg/ml, which is 104 times as much.
One should, however, not infer from this that the same disruption could be
effected with much less energy. The interfacial tension applies for an equi
librium, but during the rapid process of disruption, the effective interfacial ten
sion will momentarily almost equal that of a fresh interface of fat with water,
say 40 dyne/cm. Moreover, the fat surface will temporarily be larger than finally.
Deformation of the globule is extremely fast and hence the energy needed for the
flow of fat cannot be neglected; but it would be very difficult to calculate this
energy. It seems impossible to circumvent these conditions.
A practical difficulty is that energy is not only added to the fat, but inevitably
to the plasma as well. We may assume approximately equal energy dissipation
in both phases; hence only a few percent of the energy is dissipated in the 2.5 %
fat. In partial homogenization, cream is homogenized and then mixed with
separated milk; thus the same amount of fat can be treated in a smaller amount
°f liquid. This practice requires less energy for the same globule disruption
(see Section 9.7).
Flow conditions. In most homogenizers, the passage time of the liquid through
the valve is about 50 [AS, but efficient homogenization is also possible in valves
giving a much shorter passage time (30, 80, 82). Homogenization is not neces
sarily complete within such short times; it has not been possible to investigate
the liquid during its passage through the valve. Still, it is probable that most of
the energy is dissipated within about 10 [xs, and that within this time most of the
globule disruption has also taken place. Afterwards, several changes may still
occur, for instance the adsorption of materials onto the newly formed interface.
Flow is turbulent before the valve, but this turbulence is almost certainly
squeezed out by the strong convergence of the flow. In the valve the liquid has
to pass through a cross-section that is a tenth to a thirtieth of that just before,
and this transition takes place in a very short time. Such a strongly convergent
flow tends to be laminar. All the same, the velocity profile of flow in the entrance
of a sharp constriction, always tends to be flat, whether streaming is laminar or
turbulent. Hence, high shear rates, if any, can occur only locally.
Inside the valve, Reynolds number is high (Table 9.1), but this does not
necessarily imply turbulence, since time is needed for turbulence to develop
again. But there is so much energy to be dissipated in a short time that this can
he effected only by strong turbulence. Hence turbulence must develop rapidly.
Conditions are such that turbulence on the scale of the smallest eddies is
probably isotropic. If so, Kolmogorov's formula on the average size of these
kinetic-energy dissipating eddies (Section 6.5, Eqn 6.7), is applicable, and results
for the 'Kolmogorov scale' are given in Table 9.1. There is some uncertainty in
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the result, due to uncertainty about the time taken for energy dissipation ; but this
will not affect the order of magnitude. The Kolmogorov scale is very useful for
approximating the minimum distance over which strong pressure differences are
generated, and hence roughly the minimum size of particles that can be affected
by homogenization : particles smaller than the eddies can hardly be disrupted or
otherwise attacked.
It has been inferred by Loo and coworkers (30, 31) that cavitation occurs in
the homogenization valve. The high liquid velocity tends to cause the pressure
to drop below the vapour pressure of the liquid, so a kind of flash boiling sets
in. The vapour bubbles are probably minute and collapse further downstream.
Cavitation is known to induce formation of reducing substances, so that a sub
stance like 2,3,5-triphenyltetrazolium chloride can be reduced to a red deriva
tive; this also seems to be effected during homogenization (52), which would
strongly indicate that cavitation does take place. Cavitation may add to the
turbulence of the liquid. The pressure gradients due to cavitation may not be
very different from those originating from turbulence as such (72).
The successive conditions in the liquid during passage through the valve are
not precisely known. Moreover, they will depend on valve construction, homog
enization pressure and properties of the liquid. Therefore, the numerical data
in Table 9.1 are only examples. In two-stage homogenization, some conditions
may be rather different.
Mechanism of homogenization. Several hypotheses have been proposed to
explain the disruption of globules inside the valve. Most of them are discussed by
Sommer (53) and Trout (66). A schematic representation is given in Figure 9.1.
The figure speaks for itself but some theories need elaboration. Theories 6,
9 and 10 have been discussed in Section 6.5 ; see also Figure 6.9.
Theory 3. Acceleration of globules can lead to their disruption under certain
conditions (28) as in falling raindrops that are larger than a critical size; it is
highly improbable that it takes place in the homogenizer. This case has to be
distinguished from accelerated flow that can lead to shearing forces (Theory 7),
as well as from differences in acceleration between different parts of the globule,
which may be held as the cause of disruption in Theories 8, 9 and 10.
Theory 5. Although fat globules cannot impact on a solid surface, impact of
the milk stream may disrupt globules by turbulence. However, liquid velocities
of some 250 m/s are needed (2), and the velocity at the valve exit is only about
50 m/s. Hence, an impact ring does not cause direct disruption, though it may
somewhat alter flow conditions upstream.
Theory 7. In Wittig's theory (82), globules are drawn into threads by the
shearing action of the convergent flow; directly afterwards, turbulence will
break up these threads. Though exact calculations are not yet possible, con
vergence is unlikely to be so rapid (say < 10 jxs) that appreciable deformation of
globules can take place. Phipps (42) has shown that Wittig's mechanism prob-
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ably occurs under conditions of very high shearing stress (very small homogenization valve, very high viscosity) but, in a normal homogenizer, conditions
are very different.
Theory 8. Rees (45) observed that the homogenization valve vibrates at
frequencies of 10-20 kHz, and suggested that these vibrations may be responsible
for globule break-up. But such frequencies imply at most one vibration during
passage, and this is certainly insufficient, even if the globules could somehow
pick up the vibration. On the other hand, vibration may well influence flow
conditions inside the valve (turbulence). (The mechanism of Theory 9 may also
be expressed in terms of vibration but these are vibrations at local sites of a much
higher frequency.)
Theory 10. Loo and coworkers (30, 31) have reasoned that cavitation is the
sole mechanism causing globule break-up, but homogenization without cavita
tion is certainly possible (33). Though cavitation may help in homogenization
(72), the arguments put forward by Loo in favour of cavitation equally apply to
Theory 9.
Tentative explanation. The theory of globule disruption by turbulent eddies
(e.g. 14, 28) has been successfully applied in many cases. From Kolmogorov's
theory and from experiments (14, 28, 50),
dva = const. (yjp)3/5e~2/5

[9.3]

where e is energy density (erg/ml sec).
Walstra (72) applied the theory to homogenization. Here we have approxi
mately e
3P3ß (in c.g.s. units), and we should find dVB proportional to p-3/&.
This agrees with the well known linear relationship between log dya and log P
(16, 73) and with the slope of —0.6 of these lines (72) (Fig. 9.3). A prerequisite
is of course that the smallest turbulent eddies are no larger than the globules to
be broken up, and this is certainly so (Table 9.1). For break-up by the smallest
eddies, the theory predicts that viscosity has no effect (Eqn 9.3). Larger globules
are disrupted by larger eddies, and here the mechanism of break-up is inter
mediate between turbulence and shear. Hence, in the larger eddies, viscosity
should play a part, but there is no agreement on the precise effect (14).
All the same, the ultimate effect of the homogenization would depend on the
scale of micro-turbulence, hence on energy density. It then follows that a ho
mogenization valve that dissipates the kinetic energy of the flow in the shortest
time possible (in other words, gives the highest energy density) should have the
highest efficiency. There are, however, several aspects that may limit this, for
instance excessive wear of the valve, vibration damaging the machine, difficulty
in operating it.
Some complicating factors. Turbulent motion can only be described as a sto
chastic process, which implies considerable variation in the conditions that the
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different fat globules meet while passing the valve. Hence, a second homogeniza
tion under exactly the same conditions will break up at least some of the larger
remaining globules, and so on. Results of repeated homogenization are dis
cussed later (Fig. 9.5).
During homogenization, newly formed globules will collide again in the
strong turbulent field. If this takes place to any degree before the globules have
obtained a protective protein layer, collision may lead to their coalescence. The
larger globules then obtained may in turn be disrupted, but the net effect is
probably a slightly larger average globule size and hence less effective homog
enization. Collision chance will increase with decreasing free distance between
fat globules, and hence with fat content (Section 6.6); it will also increase with
degree of turbulence, and hence with pressure. The time needed to cover the new
interface increases with decreasing amount of protein available, and with in
creasing new interfacial area, hence with the fat/protein ratio and with pressure.
Many other factors may play a part (Section 6.6). Particularly at higher tem
perature the new interface can be covered quicker. Naturally, when insufficient
Protein or other surface-active material is available, globules will coalesce
anyway.
These aspects have not yet been studied quantitatively. They probably explain
the decrease in effectiveness of homogenization with increasing fat content of
cream as given later (Fig. 9.7); the decrease is steeper for higher pressures (Fig.
9.7) and low temperature of homogenization (Fig. 9.8). The slope of log dys
against log P decreases with increasing fat content (Fig. 9.7). If in a turbulent
field, coalescence rate rather than disruption primarily determines globule size,
is predicted to be no longer proportional to e~2/5 but to e~1/4 (14, 50); this is
'n qualitative agreement with the effect of fat content. Another effect of high fat
content may be a slight depression of turbulence.
9-2 Globule size
Globule size is preferably represented by a frequency distribution, particularly
volume frequency. Examples are shown in Fig. 9.2, and it is seen that different
types of homogenization equipment give different types of size distribution.
This section will be confined to 'classic' homogenizers, and the diversity in type
°f size distribution is not too great, though parameters like average size and
spread in size may be very different.

To characterise a distribution, its average diameter expressed as volume/sur
face average (dyB) is taken (Section 4.2). The width of the distribution is also quite
important ; it can be expressed as the relative standard deviation of the surfaceweighted distribution cB. If -S"n = 2
then dva = S3/Sz, cs2 = (S.,SJSZ2) — 1
and H = SJS3.
The creaming parameter H was introduced in Section 8.1 to describe creaming
rate. H increases with average size (dVi) and with relative width (cs). Some ex-
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Figure 9.2. Size frequency distribution for milk, untreated and homogenized in dif
ferent machines. Volume frequency in percentage of the fat per 0.1 fxm size class is
plotted against globule diameter. After Walstra (73, 74).

Table 9.2. Effect of homogenization on fat dispersion of milk (of 4 % fat) for about
average conditions. Data of Walstra (74).
Homogenizing
pressure
(atm)

Number of
globules
(um-3)

^vs
(l-tm)

Fat surface-,
area
(m2/ml)

Distr.
width
CS

Creaming
parameter H
(Km2)

unhomogenized
50
100
200
400

0.015
2.8
6.9
16
40

3.3
0.70
0.47
0.31
0.22

0.08
0.38
0.64
0.88
1.2

0.44
0.89
0.85
0.83
0.82

20
2.2
0.87
0.36
0.18
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amples are given in Tables 9.2 and 9.5.
Many of the older data on the effect of homogenization on globule size are
not reliable, because of limitations of the methods used. Van Kreveld (27)
obtained a few size distributions that are in good agreement with more recent
data (5, 17, 70, 73, 74). Many authors have tried to derive globule size from a
creaming test or from a single turbidity measurement, and though this may often
be adequate for comparison, the data are not absolute. Several other factors
affect creaming rate (Sections 8.1, 8.2 and 9.4). Specific turbidity at a long wave
length tends to be about proportional to di3 (=SJS3) and gives no indication of
distribution width (73). In microscopic counting and sizing, the smaller globules
are very much underestimated in number.
Efficiency of homogenization in terms of globule size (preferably H) is
influenced by several factors. These are discussed below.
Pressure. Homogenization pressure has a strong effect. Data on globule size
and surface area are given in Table 9.2; these are meant as approximate results
for average conditions. See also Table 4.2 for some commercial products. Re
sults for two homogenizers are shown in Figure 9.3; log dVB decreases linearly
with log P, as was originally shown by Goulden & Phipps (16). At very high
pressures, the curve often levels off somewhat. Distribution width sharply in
creases with pressure and passes a maximum before reaching a steady value.
In Figure 9.4, size distributions are given for a particular homogenizer (not the
same as that of Fig. 9.2).

Figure 9.3. Effect of homogenization pressure (P) on average globule size (dVB), dis
tribution width (cB) and creaming parameter (H, in um2) for different homogenizers
(I and II). After Walstra (74).
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Figure 9.4. Size frequency dis
tributions for milk homogen
ized at various pressures. Vol
ume frequency in percentage of
the fat per 0.1 [xm size class
(%) is plotted against globule
diameter (d). After Walstra
(74).

Type of valve and other details of the homogenizer may have considerable effect,
as illustrated in Figure 9.3. Machine I requires 2.5 times the pressure of II to
obtain the same dVB, but Machine I gives a much lower distribution width.
Hence, the differences in H are smaller, but still a pressure 1.5-1.6 times as high
is needed to obtain the same H.
The difference in relative width has yet another aspect. The total surface area
of the fat globules A — 6q>jdvs, and adsorption of protein onto the fat surface is
about proportional to A (Section 9.3). Hence minimum protein adsorption for a
given creaming parameter H is obtained when cB is lowest. As an example,
taken from Figure 9.3: for an H value of 0.5 produced by homogenizer I (at
P = 190 atm), an increase in surface area of 0.50 m2/ml in milk with 3.6 %
fat is found. Homogenizer II gives for the same H (at P = 125 atm) 0.75
m2/ml.
Different aspects of valve design and construction are discussed in Ref. 2,
31, 45, 80 and 82. Often, a homogenizer of low capacity is somewhat more
effective than a big machine of the same type.
Repeated homogenization. Homogenizing the same milk under the same con
ditions for a second time further decreases globule size, a third homogenization
has a similar but smaller effect, and so on (Fig. 9.5A; Ref. 29, 60, 74).
On repeating homogenization, the size distribution becomes much narrower,
as is shown in Figure 9.5B. These results are in agreement with the stochastic
aspect of the disruption process (Section 9.1).
Two-stage homogenization is used primarily to break up homogenization clus
ters. It may also affect average globule size, but only slightly (Fig. 9.6).
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Figure 9.5. Globule size after repeated homogenization.

A. Average globule size (dl3), after Leviton & Pallansch (29, 60).
B. Volume frequency distribution, after Walstra (74).
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Figure 9.6. Effect of two-stage
homogenization on average glob
ule size (dve). The parameter is
first-stage (i.e. total) pressure
(atm). After Walstra (74).

Pat content. Goulden & Phipps (17) found that with increasing fat content,
homogenization efficiency decreases, particularly at high pressures and low tem
peratures. (Fig. 9.7 and 9.8A). A possible explanation was discussed in Section
9.1.
Temperature during homogenization. The effects are shown in Figure 9.8. In
cream, temperature has an increased influence, perhaps because of the increased
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Figure 9.8. Effect of homogenization temperature on average globule size (di3).
A: From Goulden & Phipps (17).
B: After Walstra (74).
rate at which the new interface can be covered with the small amount of protein
available. This may decrease coalescence rate, and would not play a part when
homogenizing milk.
The strong effect in the low temperature range must be due to the partly
solid state of the fat in many globules (Section 3.6), as is particularly shown by
the difference between the two curves in Figure 9.8B.
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Viscosity. It is often assumed that a higher viscosity leads to less effective ho
mogenization (e.g. Ref. 45), but this idea may have been derived from the
experience that a product like cream, more viscous than milk, is less efficient
ly homogenized. Concentrated milk may also show less efficient homogenization
(74), but any difference from milk is only slight. In these products, many
factors besides viscosity may play a part.
In tentative experiments in which the viscosity of the milk plasma was in
creased by adding glycerol, Walstra (69, 74) found that average globule size
(dvs) decreased, but distribution width (cs) increased. Homogenizing efficiency
increased with decreasing viscosity of the oil phase.
Polymer substances in the aqueous phase may depress turbulence, depending on
type and concentration. Average globule size (dva) increased and distribution
width (cs) decreased, despite the increase in viscosity caused by the polymers
(74). The proteins of milk seem to depress turbulence somewhat; in some milk
products such effects may be more important, but this has not been studied.
Other properties of the product, particularly composition, may affect the result
as well. According to theory, globule size should be smaller when interfacial
tension (y) during homogenization is lower. It was found that the addition to
the milk of surfactants like Tween 20 may lead to a lower average globule size;
adding fat-soluble surfactants may, however, cause increased globule size
(dTB) and distribution width (cs), probably by increased coalescence (74).
The size distribution of the original fat globules affects results at low pressures;
at high pressures this is rarely so (69). If the original fat globules are very large
(e.g. 50 (Am), as may be so while homogenizing recombined milk, distribution
width (cs) may be high.
Proper functioning of the machine is of paramount importance in efficient ho
mogenization. Rees (45) discussed such detrimental effects as vibration, a worn
valve and air inclusion. Inclusion of a few per cent of air may increase the result
ing creaming parameter H by as much as 50 % (74).
A summary of the influence of various factors on efficiency is given in Table
9.3.
9.3 Aspects of the newly formed membrane
Composition and properties of the newly formed interface between plasma
and homogenized fat globules are briefly discussed in Section 5.6 (also Section
14.1). Here some specific aspects will be discussed.
Protein migration. Proteins are the main constituents of the new membrane.
In vigorous homogenization, the interfacial area increases roughly tenfold.
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Table 9.3. Summary of factors influencing the efficiency of homogenization, as ex
pressed in the resulting average globule size.
Factor

Magnitude of the effect

Homogenizer
type of valve
proper operation

large
large

air inclusion
Process
pressure
two stages
repeating
temperature
Product
fat content
plasma viscosity
surfactants
initial globule size

Globules, smaller when

no vibration,
const, pressure, unworn valve

large

no air

very large
small
large
small, larger at low temp,
or high fat content

high pressure
two stages
repeating
higher temperature

moderate
(negligible if <10%)
small
usually small
very small,
except at very low pressure

lower fat content
higher viscosity
y smaller
smaller globules

Assuming about 10 mg protein/m2 (see below), some 0.2 g protein is required
per g fat. This implies that cream of 15 % fat or more contains insufficient pro
tein to increase the interface 10 times.
There are few quantitative data available. Aule & Storgârds (1) homogenized
13 % fat cream and determined the amount of protein that went out of the plasma
phase. This is shown in Figure 9.9; rough calculation of the protein adsorption
per unit of newly formed interfacial area is derived from their data. The adsorp
tion is apparently about 10 mg/m2, up to 300 atm pressure. Experiments by
Walstra and coworkers (75, 76) with cream and recombined milk also showed
10 mg/m2 or slightly more.
From data of Goulden & Phipps (17), it can be calculated that the maximum
area per amount of adsorbed protein (high fat cream, high pressure) would
roughly correspond to 9 mg/m2, if one assumes that all the available protein
goes onto the new interface. Such a value seems to be the minimum amount to
warrant fat globule stability, and the limited amount of protein available must
at least partly explain the results in Fig. 9.7.
Chemical composition of the new membrane is discussed in Section 5.6;
casein is predominant. But the composition certainly depends on composition
of the plasma. Normally the amount of phospholipids adsorbed is negligible
(Section 5.6), but Greenbank & Pallansch (18) found that homogenizing highly
concentrated milk at high pressures caused the greater part of the phospholipids
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Figure 9,9. Adsorption of milk protein onto the fat surface during homogenization of
cream with 13 % fat at various pressures (P) and temperatures.
A. Percentage of protein adsorbed against pressure.
B. Amount of protein adsorbed against the increase in surface area ( A Ä )
After Aule & Storgârds (1), partly recalculated.
to go into the interface. When surfactants are added, as in ice cream mix, they
must at least partly replace protein in the new membrane, but there is no experi
mental evidence.
The amount of protein adsorbed decreases with increasing homogenizing
temperature (Fig. 9.9; Ref. 35, 67, 75). If the amount of proteins available is
high, the adsorbed amount may also be sometimes higher. Fox et al. (11) found
evidence for very considerable protein adsorption when homogenizing highly
concentrated milks at high pressures. Although they give no data that permit
exact calculation, adsorption may be as much as 25 mg/m2. Normally, protein
layers, spread or adsorbed on an oil-water interface, contain only 5 mg/m2
°r less (e.g. Ref. 37).
Casein micelles. Fox et al. (11) found that only if casein micelles were present
during homogenization, were large amounts of protein adsorbed onto the new
interface. The amount apparently increased with micelle size (concentrating
the milk; adding CaCI2). They assumed that a 'complex' between fat and protein
is formed, casein micelles 'opening up' in the homogenizer and then enclosing
small fat globules.
Walstra (71) suggested that casein micelles may be held in the fat serum inter
face by interfacial tension in the way illustrated in Figure 6.6. The interfacial
tensions are in the correct range: y (casein-fat) will not be higher than 10;
y (casein-serum) will be very small, say 1 ; y (fat-serum) is initially about 40 and
may decrease to about 14 dyne/cm (22). Hence the adhesion coefficient, cos « =
O'er — ycùlyts, is always between 0 and 1, though the angle of contact (a) may
become fairly small, say 30 °. Even then, the energy needed to remove a micelle
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from the interface would be about 40 x kT for a casein micelle of only 20 nm
diameter, and larger for larger micelles. (kT is the average heat energy of a
particle.) Casein micelles cannot normally penetrate a fat surface that is already
covered by a membrane or protein layer, due to steric or electrostatic repulsion.
In the homogenizing valve, a clean fat-serum interface is produced, and even if
there is a small repulsion, it can easily be overcome by the intense turbulent
motion. Hence, casein micelles move into the interface and are tightly held after
adsorption.
Casein micelles have now been clearly demonstrated at the surface of homog
enized fat globules by electron microscopy (4, 10, 19, 36). On the micrographs
it looks as if the surface is partly covered by subunits of casein micelles. Similar
pictures are obtained when milk fat is homogenized into a washed suspension of
casein micelles (36). It has been suggested that the casein micelles may be partly
disrupted in the homogenizer (19; Section 9.5). However, a casein micelle
touching a clean fat-serum interface tends to spread over the interface by con
siderably lessening surface free energy. The forces acting on the micelles in the
three-phase boundary line are difficult to calculate, but they must be very high;
a local tension of more than 107 dyne/cm2, and hence spreading of the casein, is
not inconceivable. In such a spreading process, the micelle must disintegrate.
The electron micrographs of Henstra & Schmidt (19) can be interpreted in
that way (see also Plates 5 and 6).
There appears to be no need for the concept 'fat-protein complex', as the
situation is sufficiently described by the adsorption of casein micelles, partly
disintegrated into sub-units after adsorption. The proportion of casein adsorbed
is, of course, variable, and increases with 1 /</VB and with micelle size. Random
variation is considerable (11), so that different globules may have a very different
casein load. The amount depends also on competition with other substances, such
as serum proteins, unless denatured. The decrease in adsorption at higher tem
peratures may be related to competition between surface-active substances, but
it is also possible that the spreading rate of casein in the interface increases with
temperature.
In any case, many homogenized fat globules, being covered with casein, are
effectively like large particles of casein (i.e. calcium caseinate/calcium phos
phate complex), when viewed from the outside.
Homogenization clusters. During homogenization of high-fat products, the
newly formed fat globules can be clustered into smaller or larger aggregates,
which are neither fat clumps, as they do not coalesce into big droplets, nor loose
floccules, as they cannot be disrupted by gentle agitation. The clusters are heat
stable. They are disintegrated into separate globules when both a calciumchelating agent and a suitable surfactant are added (17, 76), suggesting that the
globules are held together by casein micelles. See Figure 6.3 and Plates 3 and 4
for the difference between the different types of aggregates.
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Homogenization clusters are detectable primarily by increase in viscosity
(Section 10.2). They are observable too under the microscope and often even
to the naked eye as a kind of curdling. An exact method of assessing clustering
has not been developed.
Walstra (71) assumed casein micelles to be responsible for the clustering. If
surface-active material is relatively scarce, two fat globules may easily come to
share one or more casein micelles in their interface. According to the model of
the surface forces binding the casein micelles to the fat-serum interface, such
sharing would involve strong bonds between globules. This was confirmed by
experiments in which washed fat globules were homogenized with serum pro
teins, sodium caseinate, casein micelles or mixtures; only when micellar case in
was present during homogenization were clusters formed (76).
Several factors determine whether clustering takes place and, if so, to what
degree. Doan (8) in particular has studied this. The ratio of solids-not-fat to fat
has to be below a certain value for clustering to occur, as can be explained from
the mechanism of formation. The critical ratio is shown in Figure 9.10A,
together with the normal ratio for milk and cream. The critical ratio is seen to
diminish for low fat contents, perhaps because of the dilution with water, which
would tend to decrease micelle size. Larger micelles cause more copious cluster
ing (76). Clustering probably diminishes again below a certain ratio of solidsnot-fat to fat, perhaps about 0.3 (24, 74).
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Figure 9.10. Circumstances in which homogenization clusters form.
A. The critical ratio of solids-not-fat to fat (Q) below which clustering takes place; the
dotted line gives the normal ratio for milk and cream (after Ref. 8 and 74).
B. Approximate conditions of fat content, and temperature and pressure during
homogenization that are critical for formation of clusters (after Ref. 1, 8, 24, 25, 64,
67, 76 and 79).
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Clustering increases with homogenization pressure (new surface area created)
and with decreasing homogenization temperature. Several data can be derived
from the literature, and do not exactly agree, partly because the distinction
between clustered and unclustered samples is somewhat arbitrary. Neither were
other factors the same, such as type of homogenizer and casein micelle size.
Figure 9.10B suggests the average conditions that are critical for the formation of
clusters, but these results are only tentative. According to some authors (25,
79), tendency to cluster increases again with very high homogenization tempera
tures (around 90 °C), but preheating the milk so that serum proteins are de
natured also increases clustering considerably (74). The data on viscosity
(Section 10.2, especially Fig. 10.7) also indicate factors influencing clustering.
It should be stressed that homogenization clustering has virtually not been
studied in products other than cream. And it may well be that several other
factors play an important part. There are indications that clustering occurs easier
in evaporated milk. Some data from Koops (25) suggest that addition of sweetcream buttermilk before the homogenization diminishes tendency to cluster.
Clustering is much stronger when a slightly acidified cream is homogenized.
Clusters may be disrupted again by strong forces, as in a homogenizer. A
second homogenization therefore achieves this, if it happens at such a low pres
sure that the new surface area created is negligible ; otherwise new clusters would
be formed. A pressure of 30-50 atm is about optimum, but clusters are usually
not completely eliminated. The effect is clear from Table 9.4. A 'second-stage
effect' is partly obtained in some homogenizing valves, particularly corrugated
valves, that induce less clustering than flat valves. Clusters can also be disrupted
by vigorous agitation, as can occur in some turbomixers (Section 9.7).
Clustering may be desirable or detrimental. It increases creaming rate, which
is often unwanted. Slight clustering that hardly affects viscosity may consider
ably affect creaming. Formerly, copious creaming was desirable in market milk,
and milk has been partially or cream homogenized to achieve this by forming
large clusters. The production of this 'viscolized milk' has been extensively studied
by Doan (7). In some cream products, the increased viscosity or body caused by
Table 9.4. Effect of one and two stage homogenization on apparent viscosity and
clusters formed in cream with 20 % fat. Homogenization temperature 65 °C. After
Doan (8).
Homogenization

None
1-stage
1-stage
2-stage
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Pressure
(atm)

Relative 'viscosity'
of cream

Degree of
clustering

70
210
210/70

1
8.9
30.1
4.5

0

++
+ + ++
+

clustering is desirable and clusters may also be advantageous for the whipping
properties of cream.
9.4 Stability of homogenized milk
The different types of instability have been discussed in Chapter 6. Creaming,
flocculation and coalescence or clumping of fat globules are all influenced by
homogenization.
Creaming has been extensively discussed in Chapter 8. In summary, homogeniza
tion affects the following factors.
1. Globule size is diminished. This is the most important factor: the relevant
parameter is H (Eqn 8.2).
2. Protein adsorption may decrease effective buoyancy (Table 8.3); the effect is
only sometimes significant.
3. Homogenization clusters very much enhance creaming.
4. Agglutination of fat globules: the agglutinating factor is inactivated by homo
genization (Section 8.4).
It has been found (77) that the creaming parameter H correlates well with the
actual creaming rate when milk is homogenized in different machines at different
pressures, but only when creaming is low (say <40 % of the fat) and if Factors
2, 3 and 4 do not interfere. For concentrated milk diluted with water to normal
composition, creaming rate is slightly lower, e.g. by a factor 0.95, than for milk
of the same H value (74). The well known standard for homogenized market
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Figure 9.11. Creaming rate as affected by
homogenization temperature, for milk and
cream. The dotted lines refer to different
experiments. The homogenized cream was
diluted to 3 % fat before assessing creaming
rate. After Ref. 35, 43 and 64.
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milk : after 2 days standing at refrigerator temperature the fat content of the top
10 % layer should at most increase by 10 % (this corresponds to a creaming rate
of 0.5 %/day, Eqn 8.3), is met when H is about 1.1 (xm2 or less. The effect of
pressure on H is shown in Figure 9.3 and Table 9.2. Several authors have found
similar relations between creaming rate and pressure or other variables affecting
H (33, 35, 43, 49, 74). See Table 9.3 for other factors.
The effect of homogenization temperature is not straight-forward, as it may
affect Factors 1,2 and 3. Some data are given in Figure 9.11. Primarily increased
temperature means smaller globules (Figure 9.8), but also less protein adsorbed.
The latter aspect may play a part in milk, but the effect is variable. In homog
enizing cream, the formation of clusters, decreasing with increasing tempera
ture, is the main factor. In evaporated milk, creaming also diminishes with
increasing temperature of homogenization (32) (see further Section 8.2).
Flocculation: neither agglutination nor homogenization clustering is meant here,
but the flocculation of homogenized fat globules by other causes. As the glob
ules are partly covered with casein, they will flocculate under the same con
ditions as casein micelles, for instance with acid, salts, rennet or heat.
Three different aspects can be distinguished.
1. The homogenized globules tend to flocculate spontaneously more than casein
micelles. They may do so in a fresh cream homogenized at low temperature. The
floccules are held together only by weak forces, as gentle agitation suffices to
disperse them (76). This kind of flocculation may be caused by 'attraction in the
secondary minimum' (see Fig. 6.5); for casein micelles as such, this energy
minimum will be much smaller than kT (average heat energy) but, as its mag
nitude is roughly proportional to particle size, it may be sufficient to keep the large
casein-coated fat globules flocculated. Probably this flocculation is of little
importance. It is responsible for the slight 'curdling' observed in homogenized
cream (seen when draining cream from a glass vessel). It may also prevent
creaming in homogenized cream left standing, as the whole liquid contains
virtually one big loose floccule of fat globules resistant to compression.
2. Under conditions where casein micelles flocculate, the flocculation rate is
increased, because the effective casein concentration is much increased (Eqns
6.1 and 6.2).
3. This increase in flocculation rate is still larger when the liquid is agitated
(Eqn 6.2). This is increasingly so when large particles such as homogenization
clusters are present.
Factors 2 and 3 are particularly important when the product is subjected to
conditions strongly promoting flocculation but for a short time, such as heat
coagulation during sterilization. This aspect of heat stability is important for
cream, as discussed in Section 10.3. Some other aspects are briefly mentioned in
Section 9.5.
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Clearly the stability to flocculation will primarily depend on the amount of
casein micelles adsorbed (Section 9.3; Fig. 9.13). It is important to keep the
surface area of globules as small as possible for a given creaming rate (H);
that implies a narrow distribution width (cs) (Section 9.2, 'Type of valve').
The addition, before homogenization, of a suitable surfactant, for instance a
monoglyceride, may considerably decrease adsorption of casein.
Coalescence. Despite the beneficial effect on heat coagulation, addition of
surfactants impairs the stability of the homogenized globules to coalescence,
clumping or churning. Generally the newly formed membrane is inferior to the
natural one in this respect, even when no surfactants were added (Section 6.4).
However, homogenized fat globules are much smaller than the natural ones, and
this much increases their stability. Churning of homogenized milk is virtually
impossible. On balance, homogenization increases stability to coalescence in
most cases; this may be different for freeze-thaw stability (Section 7.5). See
Chapter 11 for aspects of fat-globule stability in whipping cream and ice
cream.
9.5 Effects on milk proteins
Homogenization effects milk proteins mostly through fat-protein interactions:
the migration of proteins to the new fat surface (Section 9.3). But other
effects cannot be ruled out, and these can be studied by homogenizing separated
milk. Even then, with a fat content of 0.1 % (as produced by a laboratory
separator), a new fat surface area of 200 cm2/ml can easily be produced, so
results must be interpreted with care.
Casein micelles. Several authors have assumed that homogenization directly
affects casein micelles (11,19,20,46,61). Some electron-micrographs of homog
enized separated milk suggest that the micelles partly lose their spherical shape
and tend to form small aggregates (20,46), but others do not show this (10,19).
When separated milk is homogenized more than once at high pressures, the
properties of the curd formed after renneting are affected (21).
It is not certain how the casein micelles can be affected. To see whether they
can be affected by local fluctuations in pressure, it is instructive to compare the
Kolmogorov scale (Table 9.1), 0.14-0.3 (im, with the size of the micelles, 0.0020.3 (j.m. The comparison suggests that only at high pressures and with large
micelles could disruption take place.
Isotropic pressure may possibly play a part. Schmidt (47) has shown that put
ting skim-milk under very high pressure for prolonged periods eventually leads to
complete disruption of the micelles into submicelles, presumably by breakage of
calcium linkages. Because of the short passage time it is, however, questionable
whether this happens in a homogenizer. In a preliminary experiment, Walstra
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(74) homogenized separated milk at 300 kg/cm2, and found only a slight change
in micelle size as judged from turbidity measurements. However more systematic
investigations would be necessary, allowing for several variables, such as pre
heating, and pressure, temperature and residence time in the homogenizer. Even
if micelle size is unaffected, the internal structure may be altered.
Agglutinin. As is discussed in Section 8.4, homogenization inactivates the
agglutinative properties of milk plasma, possibly by a reaction between the
active immoglobulin and «r-casein. Similarly, agglutinins for bacteria are in
activated by homogenization of milk.
Renneting. Curdling of homogenized milk by rennet is quite different from
that of unhomogenized milk. Peters (39) gives an extensive review of these
aspects in relation to cheesemaking. Generally, coagulation proceeds quicker in
homogenized milk. Webb (78) found the decrease in setting time to be more
pronounced for higher fat content, higher content of solids-not-fat, and higher
pressure during homogenization. The decrease parallels the decrease in heat
stability (Section 10.3, Fig. 10.8), and the considerations given in Section 9.4
under 'Flocculation' are applicable to the situation during renneting. Flocculation rate increases because of the increased 'effective' amount of casein.
Curd firmness is much less when the cheese milk is homogenized. This is often
attributed to an increase in the number of 'weak spots' in the gel, fat globules
being held responsible. Normally, homogenized skim-milk does not show a
significant decrease in curd firmness, unless homogenized repeatedly at high
pressure (21). Conceivably the migration of casein micelles to the fat surface
could be responsible for the effect; it considerably decreases the number of
sites available to link the micelles together. An experiment with skim-milk +
homogenized cream could well be decisive.
Soft-curd milk (66), in other words milk that would give a soft and fine curd on
coagulation in the stomach, has sometimes been considered desirable for
nutrition. One way of preparing it is by homogenization, as will be clear from
the data just mentioned.
Yoghurt. Galesloot (12) has studied the effect of homogenization of milk on
the rheological properties of the yoghurt prepared from it. The results are
probably similar for other cultured milks.
Homogenization impairs firmness (penetration rate of a steel ball). A slight
reduction is found for non-fat yoghurt. This is in agreement with the results on
rennet curd. The viscosity (measured after the product has been stirred) is
higher for yoghurt from homogenized milk (about doubled), but not for skimmilk. Probably, the casein micelles on the surface of the fat globules participate
in flocculation; hence, floccules may be larger in soured homogenized milk.
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Agitating the set yoghurt at high shear rates considerably impairs viscosity

(55).

9.6 Miscellaneous effects
Homogenization produces several side-effects. Some will be briefly discussed.
For more extensive reviews, see Trout (66) and Brunner (3). Effects on lipid
deterioration are discussed by Schwartz & Parks (48).
Appearance. Homogenization makes milk look a little whiter, probably be
cause the yellow colour of the fat is more masked by light scattering. Absence
of visible creaming after standing is, of course, an aspect of appearance.
Homogenization increases the viscosity of milk somewhat, e.g. 12 % at
175 atm (81). This will be partly due to increase in effective volume concentra
tion of the fat by protein adsorption, but systematic studies are lacking. The
effect on viscosity of cream is discussed in Section 10.2.
Homogenized milk often shows a dark sediment after prolonged standing;
the sediment consists mainly of leucocyte fragments (66). In fresh milk, most
leucocytes adhere to the fat globules (Section 8.4) but probably not after ho
mogenization. This may be the explanation of sediment formation (40). It can
be prevented by rigorous filtration before homogenization (66).
Homogenization consequently reduces the leucocyte count of milk, particu
larly of fresh milk (41).
Foaming. Separated milk foams copiously when air is beaten in. When
separated milk was homogenized at a high pressure (e.g. 300 atm) and sub
sequently concentrated before whipping, Tamsma et al. (61) showed that the
foaming properties even increased and that, in particular, a more stable foam
was obtained.
Taste and flavour. The mouthfeel of homogenized products will be different if
the viscosity is markedly increased. If milk is homogenized at very low tempera
ture, it may acquire a chalky taste, presumably from the clusters formed and
from excessive adsorption of protein onto fat globules.
Opinions differ on the 'richness' of flavour of homogenized milk in comparison
with the untreated milk. Thurston & Barnhart (65) have shown that richness is
primarly caused by substances from the natural fat-globule membrane but
whether the site of these materials has much influence is not known. Any slight
oxidized flavour in the milk fat may become just noticeable after homogeniza
tion (increased fat-serum interfacial area), and give the impression of a richer
flavour.
Anyhow, homogenization of good quality milk alters flavour hardly if at all.
It may have pronounced effects on the development of off-flavours, as is dis
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cussed below. Moreover, market milk is usually pasteurized at a somewhat
higher temperature if it is homogenized (e.g. 75 °C for 15 s), and this will
affect its flavour.
Lipolysis. The role of the fat globule membrane in the action of milk lipase
was discussed in Section 5.7. Homogenization of raw milk causes very rapid
lipolysis and hence a soapy, rancid flavour. (15, 38, 63). Figure 9.12A shows
that within 5 min of homogenization a rancid flavour is detectable; if the initial
acidity of the fat is higher, the critical time is proportionally shorter. The rate of
lipolysis is highest immediately after homogenization, then levels off. Nilsson
and Willart (38) showed that a second or third homogenization again triggers
a rapid increase in fat acidity.
In pasteurized milk, fat acidity does not increase after homogenization, since
the milk lipase system is inactivated by heat. With pasteurization at 72 °C, a
holding time of 15 s is, however, insufficient and at least a minute is needed (38).
Complete inactivation can also be achieved with 15 s at 75 °C. It must be noted
that some bacterial lipases are more heat-resistant (54).
Different explanations have been offered for the increase in fat hydrolysis
induced by homogenization:
1. activation of the lipase enzyme
2. migration of the enzyme to the fat-serum interface
3. increased accessibility of the substrate (fat), either by increased surface area
or by increased 'permeability' of the membrane.

(in mmol/100 g).
A. Raw milk homogenized at 37 °C; acidity against time after homogenization.
B. Pasteurized milk homogenized at 37 °C, mixed with raw unhomogenized milk and
stored for 24 h in a refrigerator.
After Thomas & Reineccius (63).
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Experiments in which pasteurized homogenized milk was mixed with raw
unhomogenized milk showed that mixing very much promoted lipolysis (38,
63) (Fig. 9.12B). Hence Mechanisms 1 and 2 cannot explain results, but this does
not exclude the possibility that a mechanism other than No 3 may act too;
migration of lipase to the new interface is very probable, as lipase is mostly
associated with casein micelles. Figure 9.12B shows that addition of only 2 %
raw milk to homogenized milk may be enough to produce detectable rancidity
within 24 h.
The increase in fat acidity also implies an increase in titratable acidity of the
milk. Gould & Trout (15) found a decrease in pW of a few 0.01 and an increase
in milk acidity of about 1 mmol/litre 30 min after homogenization of the milk.
In cream, these changes are greater the higher the fat content, and even a trace
of residual lipase may cause measurable changes after homogenization. No
change in acidity after homogenization has been found from causes other than
lipase action; hence, homogenization causes no change in pH in properly pas
teurized milk.
In conclusion, to avoid fat hydrolysis, the following rules should be obeyed:
pasteurize before homogenizing; never mix raw and homogenized milk; adjust
the time or temperature of pasteurization.
Oxidized flavour. The role of the globule membrane is briefly discussed in
Section 5.8. Off-flavours due to fat oxidation are in practice induced by copper or
by light (9).
It is well known (9, 62) that development of copper-induced oxidized flavour
is greatly retarded by homogenization. Tarassuk & Koops (62) found that
homogenization increases fat surface area, whereas the amounts of phospho
lipids and Cu on the fat surface hardly change. Hence, the ratio of Cu to phos
pholipids in the membrane remains almost constant, but the concentration of
either is roughly inversely proportional to fat surface area. They reasoned there
by that the number of 'points of contact' between Cu and phospholipids would
decrease, decreasing fat oxidation. They could restore the normal oxidation rate
by adding Cu before homogenization.
Development of light-induced oxidized flavour is also retarded by homogeniza
tion (Dunkley et al., Ref. 9), and this phenomenon cannot be explained in the
same way. It is unlikely that it has something to do with changes in light penetra
tion in homogenized milk (Section 4.5). Moreover, homogenization promotes
the development of sunlight flavour in milk (9); this takes place in the plasma
phase of milk and apparently bears no relation to lipid materials.
9.7 Other methods of homogenization
Homogenization is expensive: it consumes much energy and requires costly
machinery. Hence, attempts have been made to find more economical processes.
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Table 9.5. Homogenization of milk (3 % fat) in various machines. The results are only
meant to illustrate of the effect on globule size and power needed. Data from Walstra
(74).
Treatment

Normal homogenizer,
100 atm
Same, but partial
homogenization,
cream of 9 % fat
'Clarifixator'
Ultrasonic, 20.5 kHz,
continuous flow
Turbomixer, batchwise

Average
globule size
d Ya (am)

Distribution
width
cs

Creaming
parameter
H (um )

0.41

0.85

0.87

3.6

0.41

0.85

0.87

1.2

1.0
0.15

0.34
1.8

1.5
1.2

3.7
12

0.28

1.4

1.9

24

2

Energy
consumption
(Wh/litre)

But, though fat globules can be disrupted in many ways, success has been limited.
Some processes will be briefly discussed.
Homogenization's main effect is on globule size, but there are several sideeffects, as discussed earlier. Whether alternative processes affect milk and milk
products in a similar way has hardly been studied. Even the effect on size distri
bution of the globules can be markedly different (Fig. 9.2; Table 9.5).
Partial homogenization. As discussed in Section 9.1, a considerable saving in
cost of homogenization can in theory be achieved by treating a certain amount of
fat in a smaller volume of liquid, by separating the milk, homogenizing the cream
and mixing it again with the separated milk. This process has been studied by
Thomé et al. (64) and by Vaïtkus et al. (68).
The main problems to be considered are as follows.
1. Homogenization of cream should lead to about the same globule size as ho
mogenization of milk. Figure 9.7 shows that this aspect can be ignored because
cluster formation becomes significant at fat contents far below those leading to
impaired globule disruption.
2. Homogenization clusters should not be formed. Figure 9.10 gives the approxi
mate conditions, but it should be kept in mind that even slight clustering would
significantly increase creaming rate. Hence, fat content of the cream should be at
most 10 %, and homogenization temperature should be about 70 °C. Two-stage
homogenization is preferable. It is perhaps useful to add the separated milk
immediately after the homogenization valve (13).
3. Agglutination should not take place. Because the milk is mostly separated at
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temperatures above 40 °C, the separated milk contains 'agglutinin', which is
thus not inactivated by homogenization. Hence, fat globules may agglutinate
to some degree, though their small size curtails the process. Still, it may be ad
visable to pasteurize at such a temperature (e.g. 20 s, 75 °C) that most agglutinin
is inactivated.
Partial homogenization is certainly suitable for market milk ; it seems to find
few other applications.

Clarifixation (44, 51, 56, 57). In a Clarifixator, or similar machine of other make,
the process is partial homogenization. It is a modified separator in which the
cream is led to a homogenizing chamber where globules are disrupted, and sub
sequently returned to the milk stream. Hence, fat globules are recycled until
they are reduced to such a small size that they escape separation and are dis
charged in the separated-milk line. After operation for a few minutes, the fat
content of the discharged milk is up to the original level. The principle is very
attractive, as only fat globules that are still too large are homogenized.
In the homogenization chamber, the cream rotates at high velocity and im
pinges on protruberances of the stationary paring disk. Conditions of dis
ruption are comparable to those in the turbulent field of a rotary mixer. This
situation has been well studied (e.g. Ref. 50), and from the theory of isotropic
turbulence a maximum globule size of the order of 1-5 fim is calculated, depend
ing on the exact magnitude of some uncertain constants (74). This value agrees
closely with the maximum found of about 2 (xm (Fig. 9.2).
Noteworthy is that homogenization clusters are not formed, though the fat
content of the cream in the homogenization chamber is about 60 % (44). Even
cream of up to 10 % fat can be homogenized (44). Hence, the Clarifixator
itself can be used for partial homogenization.

Results on globule size are shown in Figure 9.2 and Table 9.5. The size dis
tribution is very narrow (as expected), implying very little protein adsorption
for a given creaming parameter H. The value for His 1.5-2 in different machines
(74), equivalent to classical homogenization at 50-75 atm. The same result is
found in actual creaming tests (44, 74).
Energy requirement is still higher than in classical homogenization. The
machine cannot be operated at different intensities: the result is fixed. Some
agglutination of fat globules can still occur, if milk is pasteurized at low tem
perature.

Mixers of many sorts are employed in emulsification (50), but they give glob
ules of the order of 10 [xm diameter. Though various machines have been tried
and even specifically designed for homogenizing milk, this has never been suc
cessful because of poor efficiency. Probably the high energy density needed is
obtained only at a few sites, and most of the energy is dissipated at such a level
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that no globules break up. Table 9.5 illustrates results obtained with a turbomixer that is claimed to produce cavitation as well as turbulence. A very wide
spread in globule size is obtained and the energy consumption is excessive. This
may become somewhat better in a flow-through apparatus but it is unlikely ever
to approach that of a normal homogenizer.
It is striking that the turbomixer, like the Clarifixator, does not produce homogenization clusters, even in high-fat cream (74). Presumably the clusters
are disrupted again immediately after formation, because of the high shear
rate prevailing near the sites where globules are disrupted.
Ultrasound. Sound waves of high frequencies (called ultrasonic waves if
>15 kHz), whether generated mechanically or electrically, can achieve emulsification if they have sufficient energy. The sound wave does not directly induce
vibration of the globules (its wavelength is much too large), but produces
intense cavitation and consequently globule disruption (Section 6.5). Coalescence
of globules may occur, as well as disruption, according to the local energy
density.
Several authors have investigated whether milk can be homogenized by ultra
sonic waves and particularly the studies of Surkov et al. (58) are noteworthy.
They found the homogenizing effect to increase with decreasing frequency.
Though very small globules can be produced, the energy consumption is very
high. Data given in Table 9.5 were obtained in a flow-through magneto-striction apparatus, operating at 20 kHz. The relation dva is proportional to QoA
was found, where Q is flow rate, if dv8 were no smaller than 0.15 um (72). The
spread in globule size is again wide, and the typical bimodal size distribution is
striking (Fig. 9.2). Presumably globules attacked by cavitation are broken
up into fine fragments, while other globules are not or hardly affected. If flow
rate is sufficiently low (or treatment sufficiently long), extremely fine dispersion
can be obtained but at the cost of very much energy.
The method cannot be considered useful, except as a laboratory tool. Com
mençai emulsifying equipment of the liquid whistle type has been developed,
but is not suitable for homogenizing milk. The principle is that a liquid jet
impinges on a knife, which is caused to vibrate at high frequency. A similar
machine has been described for milk (26), operating at frequencies of 1.5-5
kHz; though efficient homogenization was claimed, the method is not opera
tional.
Miscellaneous methods. Steam injection causes considerable disruption of fat
globules, presumably by cavitation, but the energy needed to produce a useful
degree of homogenization is excessive (23).
Machines operating on the principle of high shear rate, like a colloid mill,
are not effective for homogenizing milk (45) (see also Section 6.5).
Electric pulses of high voltage have been reported to achieve considerable
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homogenization in milk (59), but this method has apparently not been put into
practice.
9.8 Conclusions
Homogenization primarily effects the fat globules by disrupting them into smaller
ones.
The new fat surface area is covered mainly by proteins. The adsorbed protein
consists primarily of micellar casein, and this has some effects characteristic for
milk products. It induces profound changes, such as decreased casein stability
and formation of homogenization clusters. Further investigations are needed
on how and to what extent casein micelles as such are affected by homogeniza
tion. The effect of plasma composition on composition and properties of the
new surface layers of the fat globules is inadequately known.
Homogenization causes several side-effects, such as inactivation of 'agglu
tinin', induction of lipolysis and decreased tendency to develop oxidized flavour.
The effects of process variables on properties of the product are outlined in
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Figure 9.13; naturally this is only schematic and cannot replace the review in
this chapter. Table 9.3 is a summary too.
As casein stability decreases with increase in new surface area (smaller
globules) and unwanted creaming is due particularly to the largest remaining
globules, there is a need to develop a practical and economical method of
homogenization in which the resulting globules are almost equal in size.
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10 Cream

Properties of cream are mentioned in several places throughout this book. Here,
aspects associated with high fat content or peculiar to cream will be drawn
together.
10.1 Properties affected by fat content
Factors influenced by fat content are summarized in Fig. 10.1. This figure is
°nly schematic, as the exact shape of some of the curves depends on other con
ditions as well.
Generally, all characteristics that differ between milk fat and plasma vary with
fat content, e.g. taste, energy value, appearance. Changes in the fat appear more
pronounced in high fat products, e.g. oxidized flavour and acidity caused by
lipolysis. Since the ratio of fat globules to plasma components increases with fat
content, the amount of membrane material is higher in cream than in milk, and
also in buttermilk made from the cream. Hence, buttermilk made from high-fat
cream is very rich in phospholipids (Table 2.3).
Effects of fat content on homogenization are pronounced (Chapter 9;
Sections 10.2 and 10.3; summarized in Fig. 9.13).
Distance between globules. The mean free distance between globules has been
defined and discussed in Section 4.1 (Eqn 4.5; Fig. 4.5); see Figure 10.2. It
must be realised that the actual situation cannot be depicted in a two-dimensional
diagram, nor are all globules of equal size. Still, the figure serves to illustrate the
globule's freedom of motion in milk, and its very restricted freedom in cream.
For cream of about 40 % fat or higher, the slightest agitation causes the globules
to collide and rub together.
For <p = 0.74, which corresponds in cream to 72 % fat by weight, rigid equal
sized spheres attain their closest packing, and all spheres touch one another.
Troy & Sharp (24) centrifuged cooled milk (solid fat), which had been pas
teurized to destroy agglutinative properties, and found that the maximum fat
content attainable in the cream layer corresponded to <p = 0.72. This is close to
the theoretical value, and would correspond to a distance between globules of
30 nm; the fat globule membranes must be responsible for this apparent sepa
ration (Section 5.5), if the packing obtained was indeed the closest. When fat
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Figure 10.1. Approximate relation of some physical properties to fat content. The
values are relative to those for average milk,
a: mean free distance between globules (Section 4.1),
b: viscosity (Section 4.3),
c: globule size after homogenization (Section 9.2),
d: density,
e: electrical conductivity (Ref. 16),
f : heat stability after homogenization (Section 10.3),
g: churning time in a shear field (Section 6.2).
is liquid, higher fat contents are attainable (e.g. 85 %), since the fat globules can
be deformed if they are not too small, a little like air cells in a foam.
The free distance between globules is an important parameter in several prob
lems such as stability of the fat emulsion (Chap. 6, 7 and 12), creaming rate
(Chap. 8) and viscosity (Chap. 4 and 10).
Heat transfer. Problems of heat transfer in milk products have received es
pecial attention in a review (12) and research (13, 14) by Peeples. The results
depend on many conditions and should be interpreted with care.
Several factors influence heat transfer:
1. Heat capacity (or specific heat) of milk fat is lower than that of milk plasma
(about 0.55 as compared to 0.95 cal/g). Hence less heat would be needed to heat
a higher fat product to a particular temperature. But when the fat meltsor crystal
lizes during temperature treatment, heat of fusion is involved, so the heat
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representation cannot, however, be given in a two-dimensional diagram. The line
segments indicate the mean free distance (xjdVB) derived from Eqn 4.5.
capacity of cream at low temperatures may be much higher than shown in
Fig. 10.3A. Total heat of fusion of milk fat is about 20-25 cal/g.

2. Thermal conductivity of milk fat is much lower than that of milk plasma.
Hence heat transfer in cream is slower. The dispersed state of the fat must also
influence the thermal conductivity of the whole cream, but this has yet to be
studied. The typical shape of the curve in Fig. 10.3a remains unexplained. It
May be noted that exact determination of thermal conductivity is far from easy,
and data from the literature differ by as much as 40 %.
3. Due to the higher viscosity of cream, convection currents will be slower,
particularly forheavy cream and low temperature. This will lead to a much slower
heat transfer in free convection.
4. Due to the higher viscosity of cream, turbulence will be less in forced con
vection, which means a thicker boundary layer in which heat transfer must occur
by conduction. Hence, in forced convection too, heat transfer will be slower.
5. Cream has a tendency to show plug flow (see Section 10.3), which means still
less turbulence and an unfavourable spread in flow rate during forced convection.
Hence, heat transfer will, again, be slower, but this will very much depend on
conditions. Systematic studies are lacking.
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products with liquid fat. The rate of heat transfer (B) pertains to forced convection,
and is highly dependent on conditions: here, a flow rate of about 120 cm/s in a tubular
heater, at temperatures between 40 and 80 °C. (1 cal/g = 4.18 J g-1; 1 kcal/m h °C =
1.16 J rrr1 s_1 K_1; 1 kcal/cm2 h °C = 11.6 kJ m~2 s-1 K_1). Mainly after 6,12,13,14.

Some of Peeples' results given in Figure 10.3B illustrate trends. Heat transfer
is slower during cooling than during heating, particularly for higher fat con
tents. When cream is cooled to temperatures where the fat solidifies (e.g. below
30 °C), heat transfer coefficients can be even much lower (e.g. 200 kcal m-2
h-1 "C-1).
10.2 Rheological properties
If the fat content is below 40 %, shear rate not too low and temperature at
least 40 °C, cream shows Newtonian behaviour during flow; in other words, it
has a true viscosity (shearing stress is proportional to shear rate) as discussed in
Section 4.3. The Eqn 4.7 gives r\ as a function of fat content (see also Fig. 4.6).
Under other conditions, Scott Blair et al. (21) found all possible deviations from
Newtonian flow for different creams. Generally, there are greater anomalies
with higher fat content and lower temperature. Many data on 'viscosity' of
cream have been collected but have not been interpreted in terms of physicochemical behaviour, even though the theory of emulsion rheology has been
fairly well developed (e.g. Sherman, Ref. 22). Quantitative studies would be
needed of the effects of attraction and repulsion of globules, their free dis
tance, flocculation and clustering and globule deformability before we can
understand the complex behaviour of cream during flow.
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Heavy cream. In most concentrated disperse systems where the particles show
weak but definite interactions, the shearing stress during flow is less than pro
portional to shear rate (S); that is, shear thinning occurs. There is no true
viscosity tj, but an apparent viscosity r/ dependent on S. There is mostly no
yield value; in other words, even under very low stress, the dispersion flows, but
n' decreases with S until it reaches an almost constant value. For creams of
about 50 % fat, Prentice (17) found relations like r)' = 1.2 S"0 35, S < 10
sec-1 at room temperature (Fig. 10.4).
These complications make it very difficult to interpret viscosity data. Usually
shear rate is not mentioned and, in most equipment for measuring viscosity,
it depends on tj'. Moreover, shear rate is rarely uniform throughout the sample
during flow. In subjective observation, one assesses 'viscosity' or 'body' mostly
from flow, so that the higher the r\ , the lower the S. During evaluation of con
sistency in the mouth too, this is true. It also happens in many types of viscom
eters, but conditions may be quite different.
Often the situation is even more complicated :
1 • The apparent viscosity at a certain shear rate may be lower after the cream
has been subjected to a higher shear rate: the curve of rj against S shows
hysteresis. Mostly, shearing once at a certain rate decreases apparent viscosity
at that shear rate ; subsequent shearing at the same rate does not induce further
change (21).
u
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Figure 10.4. Examples of apparent viscosity in) of pasteurized cream (49 % fat) at
room temperature as a function of shear rate. The arrows indicate the sequence of shear
rates applied. Curve a after Prentice (17), b after Rothwell (20).
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2. Cream may show partial plug-flow during streaming. Generally, concentra
ted dispersions show this behaviour, particularly in narrow channels (5).
Hence part of the liquid is hardly subject to shear, whilst flow near the wall
shows very high shear. Also, an emulsion may become unhomogeneous during
flow. These effects have not been systematically studied for cream.
3. For a full description of cream flow, an elasticity component may be needed,
and this would affect apparent viscosity as measured in some instruments (17).
4. Often apparent viscosity increases with time (age thickening) particularly
during cold storage, but also at room temperature (see below).
5. When cream is subjected to high shear rates, shear thickening may occur, the
curve of r{ against S showing profound hysteresis (Fig. 10.4) through 'churning'
of the fat; in other words structures (solid networks) of fat clumps and partly
churned globules form. Rothwell (20) has studied this in detail. Shear thickening
occurs with partly solidified fat, and all conditions that decrease fat stability
against churning may lead to a higher rj'. In 50 % cream gentle stirring or even
pouring of the cream may profoundly alter consistency. The variability between
creams in sensitivity to shear thickening is considerable (17, 20): different cream
samples that were subject to the same treatment were found to differ by a factor of
seven in apparent viscosity (20).
These complicating factors and the effects discussed below should be borne
in mind in interpreting viscosity data. Figure 10.5 gives examples of apparent
viscosity for creams of different fat content. Under other conditions, the rela
tion may be different (compare Fig. 10.5 with Fig. 4.6). Such inconsistencies
and the spread in results remain largely unexplained.

A. Creams were separated from one lot of milk, after Henning (4).
B. All other conditions except milk source were equal, after Prentice (17).
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Temperature effects are manifold and confusing. Again, the literature often
shows inconsistencies. Although a systematic study including and interpreting
all factors is lacking, we may tentatively distinguish the following aspects:
!• Temperature itself affects viscosity. An example is given in Table 10.1.
Maybe the strong increase in r{ with decreasing temperature at high fat con
tent is partly due to the rigidity of the cold globules. At low temperatures, the
relation between r\' and concentration is more like that of a dispersion of solid
particles, at high temperature more like that of emulsions (22). But other effects,
such as those discussed below, must play an important role.
2. The churning effect mentioned above will be particularly strong when the
cream (or the original milk) is subject to churning conditions in the tempera
ture range where part of the fat is solid (Fig. 6.11). This is particularly important
in heavy cream, but also at lower fat contents if the cream is severely maltreated,
as happens in a non-hermetic separator. Hence, perhaps, the strong influence of
separation temperature on r\\ observed in the older literature (e.g. Ref. 10);
separation at 30 °C instead of 45 °C may cause a 7-fold increase in »/. It may
be that also in modern separators a slight effect exists (Table 10.2). Formation
°f churned fat structures may also be a cause of age thickening, since it occurs
particularly in heavy cream if part of the fat is solid (Table 10.2). Alternatively,
fat solidification in heavy cream while it is still, may possibly lead to fat struc
tures.
3. Generally r\' at low shear rates is much higher if active 'agglutinin' is present
in the cream (raw cream or cream pasteurized at low temperature; see Section
8.4). This effect (e.g. Table 10.2) must be due to flocculation of fat globules and
is nullified by subsequent heating and probably by agitation. If unpasteurized
milk is precooled for some time and then separated at a low temperature,
V' of the cream is higher than after warm separation of fresh milk; particularly
after holding the cream cold, r\ may increase as much as 10-fold (e.g. Ref. 23).
This treatment causes agglutinin to accumulate in the cream and favours floccu-

Table 10.1. Apparent viscosity relative to water of
fresh cream at various temperatures. Shear rate
>1000 s-1. Data from Babcock (2).
Temperature

Apparent viscosity in cream of
20

5

10
20

40
60

2.07
1.86

1.51
1.27
1.24

30

40 % fat

3.87
2.57
2.03
1.48
1.41

20.1

11.5
4.82
1.86
1.68
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Table 10.2. Apparent viscosity (?/) of heavy cream (~50 % fat). Cream was separated,
pasteurized (held for 20 s), cooled in line, and bottled. r\ was measured at 20 °C and
at shear rate 1 s-1, after 1 h (fresh) and after storage for 24 h at 7 °C. After Prentice &
Chapman (18).
Temperature (°C) of

r/ (poise)

separation

pasteurization

cooling

fresh

24 h

35
40
45
35
35
35
40
40
40

74
74
74
66
74
82
74
74
74

15
15
15
15
15
15
10
15
20

1.32
1.07
0.77
4.08
1.32
1.06
0.79
1.07
0.83

3.46
1.36
0.97
4.59
3.46
1.80
0.94
1.36
2.20

Increase
in 7) (%)

162
27
26
13
162
70
19
27
165

lation. The effect is smaller or absent if the milk is not precooled or if the cream
is separated at 40 °C or more.
4. Although the thickening effect just mentioned is much smaller if the milk has
been pasteurized at high temperatures, some increase in rj' is still observed after
cold separation of precooled milk (23) ; separation temperature also has some
influence. These effects remain unexplained. Similar and more pronounced
effects are found in the 'rebodying' of cream.
Rebodying. If cream is cooled to 4 °C and kept for 1.5 or 2 h, then warmed to
30 °C (with or without stirring) and cooled again to 4 °C, rj' increases strongly
with time. In cream with 20 % fat, rj' may double and for a fat content of 30 %
or more, the cream may become very thick and plastic ; it mostly shows some
syneresis (exudation of plasma).
This effect has been called rebodying, and it has been particularly studied by
Sommer (23). It is nullified by heating the cream but can be induced anew. There
is quite a variation in the extent of rebodying between creams. The effect is
stronger when the milk has been cooled before separation. It cannot be ex
plained by agglutination, since it also happens in heated creams (even 20 min
at 82 °C).
Washed cream too can be rebodied, but recombined cream (butterfat emulsi
fied in skim-milk) cannot. Rebodying was shown : in emulsions of butterfat in a
lecithin suspension (even if mixed with skim-milk); and in recombined cream
made from butterfat in which phospholipids were dissolved, with skim-milk
(23, 32). The presence of phospholipids in the membrane seems essential for the

202

rebodying process. There is no explanation.
The rebodying process is hardly put to use because of the large variations
between creams and the sensitivity of rebodied cream to temperature increases.
Homogenized cream. Homogenization is another way of giving cream a thicker
body. The much higher viscosity is due to homogenization clusters (Section 9.3).
The clusters immobilize part of the plasma, thereby considerably increasing the
effective <p. Moreover, clusters of irregular shape tend to interlock during
shearing, increasing resistance to flow.
Again, we must speak of apparent viscosity, as r\' strongly decreases as shear
rate increases (Fig. 10.6). This decrease will be due to the diminished effect of
mutual hindrance between the clusters but, at high shear rate, also to the dis
ruption of some of the larger clusters. As shown by Figure 10.6, rf at low shear
is much diminished after the cream has been subjected to high shear.
The clusters themselves may also flocculate, as they consist primarily of
casein micelle coated globules, which may rather easily flocculate (Section 9.4;
this should not be confused with the cold-agglutination). Such floccules would be
disrupted at low shear rate but may redevelop during standing. Furthermore,
effects as described for unhomogenized cream may also occur. These aspects
complicate the viscosity relations.
Variables determining rf will primarily be those that determine the extent of
clustering during homogenization. Several authors have published data; their
results are summarized in Figure 10.7; because of the complicating factors
mentioned, they should only be taken as trends. Other variables are preheating
and particularly two-stage homogenization, which amounts to disruption of
clusters by high shear (Table 9.4). Homogenization clusters in cream can be
avoided by homogenizing the milk before separating it.
A very thick (pseudo plastic) cream can be obtained by homogenizing it
20

IT]' ( p o i s e )

10

5

0

100

200

300

Figure 10.6. Apparent viscosity
(»?') of homogenized cream at
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Figure 10.7. Approximate relation between apparent viscosity (»/') of pasteurized
cream and conditions during homogenization. Mainly after Ref. 1, 2, 19, 26, 31.
under conditions where part of the fat is solid; such a process is used to manu
facture a dessert cream of 25 % fat. Besides clusters, true clumps of churned
fat globules are now formed (Fig. 6.3). The clumps are, however, unstable to
melting of the fat, so that warming the cream causes fat to separate and ap
parent viscosity to fall. The clusters in cream homogenized at 40 °C or more
remain intact after pasteurization or even sterilization.
During storage of homogenized cream,
often increases, particularly of
cream sterilized at ultra-high temperature, where rj' may increase up to 100fold. The increase is due to the clusters present further aggregating (9). The
cause of this is not known, but the process is probably similar to age thickening
of evaporated milk: irreversible flocculation of casein micelles.
Cultured cream. Homogenization clusters can be flocculated by souring homo
genized cream, as is done in the production of cultured cream (sour cream),
resulting in an almost solid consistency. It is usually made of high-pasteurized
cream with 18-20 % fat, that is homogenized in one stage at 150-200 atm.
Sommer (23) advises homogenization at a high temperature (82 °C) to
achieve optimum consistency. Tuckey (25) recommends the addition of 2%
non-fat dry milk and homogenization at a low temperature (43 °C). Sweet
cream also becomes very viscous when homogenized at low temperature (27,
29). Reference to Figure 9.10 then suggests that results are optimum with
homogenization conditions (including ratio of solids-not-fat to fat) that are not
to far beyond the critical region for formation of clusters. Possibly, some of the
casein micelles need to stay in the plasma to yield a smooth firm 'curd', in which
the clusters partake. With a low ratio of protein to fat or a low temperature
during homogenization, virtually all casein micelles may go to the fat-plasma
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interface, leaving nothing in the plasma (Section 9.3). Systematic studies are
lacking.
A little rennet is often added to the cream to improve firmness. Thickening
agents like vegetable gums can, of course, be used to increase viscosity of both
sweet and cultured creams.
10.3 Heat stability of protein in cream
Heat coagulation is mainly a problem in the production of sterilized 'coffee
cream' (about 20 % fat). Unhomogenized cream is insufficiently stable against
coalescence of fat globules, so that fat separates during or after sterilization.
Homogenization easily causes protein to coagulate during sterilization; the
protein coagulum includes the fat. Homogenization also impairs heat stability
of the cream in coffee (feathering).
Impaired heat stability of homogenized products was briefly discussed in
Section 9.4 and was ascribed to the presence of casein micelles in the fat-plasma
interface, primarily causing an increased 'apparent casein content' and a much
more rapid flocculation under conditions that favour flocculation. There is
thus a good correlation between heat instability and other kinds of protein
instability as influenced by homogenization. Figure 10.8 illustrates this for
renneting and heat coagulation, and similar results are found for instability
with ethanol and feathering in coffee (3). In feathering,/»H and salt composition
°f the coffee also play a part.
Probably the amount of casein transferred to the fat globules is the prime
factor determining heat stability after homogenization. But many other factors
Play a part as well. A summary of some trends is given in Figure 9.13. Extensive
studies were made by Webb (30, 31) and recently by Koops (7, 8).
The following aspects of heat stability of homogenized cream may be dis
tinguished:
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Figure 10.8. Correlation between times of
renneting and heat coagulation of homog
enized creams. Variables were pressure,
fat content, solids-not-fat content and
homogenization temperature. After Webb
(30).
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1. Conditions in plasma, such as pH and salt composition, play an important
role in homogenized cream (as in milk or evaporated milk), but this is not the
place to discuss these aspects at length. Probably the variation in stability
between creams processed in the same way is not to be sought in the fat glob
ules, but largely in variations in plasma. Stability optimum is usually in a
narrow region near pW 6.7 or 6.8. Use of sodium phosphate rather than sodium
hydroxide to obtain this pYL results in a more stable cream, probably because
of the binding of Caa+. Often, for instance, 40 g Na2HP04-12H20/100 kg
is added to cream to enhance stability.
2. Stability decreases with increasing fat content (Fig. 10.9). This is only to be
expected, as both the amount of casein transferred to the fat globules and the
concentration of casein-coated globules increase with fat content. A cream with
10 % fat hardly gives problems in sterilization, a 40 % sterilized cream can
virtually not be made without addition of an effective stabilizer. In unhomogenized cream, heat stability is apparently not dependent on fat content.
3. As homogenization pressure increases, stability decreases (Fig. 10.9).
Higher pressures lead to transfer of more casein micelles to the fat. A compromise
between demands on creaming and coalescence, and on heat stability is, for
instance, 120 atm pressure, but a suitable compromise depends on fat content
(higher pressure optimum with lower fat content) and the type of homogenizer
(Item 5). In milk, there is little effect and in skim-milk no effect of pressure on
heat coagulation.
4. A second or a 2-stage homogenization mostly improves stability, unless it is
at too high a pressure (Fig. 10.9). Doan (3) ascribed this to the disruption of
homogenization clusters (Section 9.3), which he considered crucial in heat
coagulation. In the clusters, coagulation has already taken place, as one could
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Figure 10.9. Heat stability (coagulation time in cans at 120 °C) of cream as related to
conditions during homogenization. Px is pressure in the first stage, P2 in the second
(atm). After Webb (30, 31).
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say, hence a shorter time to complete coagulation. Hence clusters play a part,
but the good negative correlation between clustering and heat stability (Fig.
9.13) is not necessarily causative. The effect of a second homogenization of 20 %
cream is not so pronounced, as the effect on viscosity. Too high a second pres
sure produces new globule disruption and hence casein adsorption; 25 atm is a
good compromise. Often one wants cream with a certain 'body'. If other con
ditions are favourable, some degree of clustering is then acceptable (the cream
can be sterilized), though there may be some feathering in coffee.
To obtain a cream with minimum creaming tendency together with a mini
mum increase in fat surface area, a narrow globule-size distribution is needed
(Section 9.2, Type of valve). It depends on the type of homogenizer. The Clarifixator is particularly suitable and can be used to homogenize 20 % cream (15);
heat stability is reputedly not affected by the treatment but the adequacy of
homogenization is doubtful.
Another way is to homogenize milk or light cream and then separate it to the
desired fat content. It is claimed that creams with up to 45 % fat are stable
against sterilization this way; moreover no serum separates on standing (11)
6. As concentration of solids-not-fat increases, heat stability decreases. Just as
ifr concentrated milk, more protein and higher ionic strength cause quicker
coagulation. Moreover, it may cause more efficient globule break-up, hence
more casein transferred to the fat surface. The addition of a few per cent of non
fat dry milk to 20 % cream may decrease heat coagulation time to a fraction.
7 • The effect of homogenization temperature is complicated and different from
that in concentrated milk. An example is given in Figure 10.10; the influence
°f temperature increases with fat content and pressure. With increasing tem
perature, the amount of protein transferred to the fat surface decreases (Section
9-3) and this is probably the main factor up to 75 °C. The sharp fall in stability
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Figure 10.10. Effect of homogenization tem
perature on heat stability of 20 % cream.
Coagulation time (min) in rotating tubes at
115 C. After Koops (7).
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beyond this temperature apparently correlates with denaturation of serum
proteins, which probably influences the composition of the newly formed sur
face layers of the fat globules (29). Perhaps the amount of casein increases
again beyond 75 °C, but this has not been studied. Preheating of cream (or of
the milk before separation) thus has also a detrimental effect on heat stability
in contrast to evaporated milk, where preheating (before evaporation) for half
a minute at 120 °C has a marked beneficial effect on stability of the concentrated
product. Heating the cream between homogenization and sterilization has little
effect. The cream (or milk) has of course to be pasteurized before homogeniza
tion (e.g. 20 s, 74 °C) to destroy lipase activity; otherwise fat hydrolysis may
increase acidity and decrease heat stability.
8. Addition of sweet-cream buttermilk, for example to dilute cream with 50 %
fat to 20 % before homogenization, considerably increases heat stability.
Koops (7) found, for instance, a coagulation time of 15 min at 115 °C, against
3 min when separated milk had been added to the 50 % cream. The presence of
large amounts of phospholipids (or more generally membrane lipoproteins)
must diminish the amount of casein transferred to the fat surface. A similar
effect is obtained by adding monoglycerides (7), dried buttermilk or dried whey
(28) to the cream before homogenization.
A stable, sterilized 20 % cream that does not feather in normal coffee can
certainly be made.
To prevent a severe cooked flavour, continuous-flow sterilization and aseptic
packaging are desirable. But a homogenized cream with 20 % fat cannot with
stand the sterilization: presumably the turbulent motion and the high tempera
ture (135 °C) cause heat coagulation even in the short passage time in the steri
lizer. (Likewise during heating in containers, heat coagulation is quicker if the
containers are rotated or shaken.) Hence it is necessary to sterilize the cream
first and then homogenize it under aseptic conditions. A remaining problem is
feathering in coffee, as the cream has been subject to a very intense heat treat
ment before homogenization but, when other, conditions are optimum, an
acceptable product can be made (8). But the cream cannot be kept very long
because it thickens with age, especially in winter (9).
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11 Fat globules in foam products

Presence of fat globules and their properties have considerable influence on the
foaming of milk products and on the properties of whipped products. In Sec
tion 6.6, the interactions between fat globules and the air-plasma interface were
described. Here their role in foaming and foam stability, and some aspects of
whipped cream and ice cream will be discussed.
Though foaming as such is outside our scope, a short introductory discussion
on general aspects is useful to understand the phenomena in milk products.
Foaming and whipping are closely related to flotation churning (Section 12.2).
11.1 Foam in general
In many respects, a foam is similar to an oil-in-water emulsion, as both are
dispersions of a hydrophobic fluid in an aqueous phase, stabilized by suitable,
surface-active substances. The general treatise of Chapter 6, particularly Sec
tions 6.3, 6.4 and 6.5 has therefore a bearing on foams as well. Nevertheless,
there are pronounced differences in degree.
Differences offoams from oil-in-water emulsions
1. The interfacial tension y between disperse and continuous phase is much
higher: y (air-water) = 73, y(oil-water) about 40 dyne/cm. As the presence of
surfactants causes a similar decrease in y, we find for emulsions an effective
value of about 5, for foams of about 40. Hence the-Laplace pressure (Eqn 6.5)
inside a foam bubble is high; even for a 10 [z.m bubble it is some 0.16 atm.
2. The high pressure makes it difficult to produce very small air bubbles by
agitation. The overcoming of surface forces predominates in the making of
foams, also because viscosity of the disperse phase is very low.
3. The solubility of the disperse phase in the continuous phase cannot be
ignored, particularly at low temperature; as gas molecules are small, their
diffusion rate in water is rapid. (Also for some emulsions the oil phase may be
soluble in water but this is not so for natural fats.)
4. The solubility of a gas is proportional to pressure. Hence, from Item 1, gas
in small bubbles is more soluble in the liquid phase. It can be calculated that the
air in 10 [xm bubbles is approximately 17 % more soluble than free air, for 100
[xm bubbles 1.5 %. Moreover, there is according to Item 3, a rapid transport of
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dissolved air, so that the smallest air bubbles dissolve and the larger ones will
grow at the expense of the smaller.
5. The density of the disperse phase is very low, much lower than that of the
liquid, so there is a strong upward force acting on the bubble.
6. From Item 5 and the largeness of the bubbles (Items 2 and 4), the bubbles
rise very rapidly, at a rate of millimetres per second. Hence, a layer consisting
mainly of air bubbles (a foam) quickly forms.
7. The strong upward force on the bubbles in the foam causes them to deform
each other, especially the larger ones; the 'bubble foam' changes into a 'poly
hedral foam'. In the flattened lamella between two air cells, the Laplace pressure
is higher than near the (sharper) curved, undeformed parts of the bubble. Hence
liquid is sucked away from between the bubbles. Along the 'line of contact
between three adjoining bubbles, channels remain (called Plateau borders) to
which liquid collects, and whence it can drain by gravity. Figure 11.1 illustrates
the geometric appearance.
8. Because of Items 4 and 7, a foam may eventually form in which all bubbles
are of roughly equal volume, and that deform each other to fairly regular polyhedra. Thickness of lamella (/) is much less than bubble size (D), implying a

Bubbles of various size are formed by beating air into the
liquid (a bubble foam).

Bubbles rise, start to deform each other; liquid drains away: a
polyhedral foam forms. Small bubbles dissolve.
Drainage continues and bubbles coalesce until the foam is
fairly homodisperse.
Plateau borders

With solid particles the final air content of the foam is much
lower.
Figure 11.1. Formation and structure of a foam. Schematic; magnification perhaps
x 5-500.
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very high volume fraction of the disperse phase (9?). If / = 0.01 D, cp m 0.95.
(The practical quantity % overrun is 100 <p[( 1 — 9?).)
9. Unless the surface-active substances are volatile, they are not soluble in the
disperse phase. In the thin lamellae, the Gibbs elasticity of the air-water inter
face is therefore high.
Stability. The considerations about stability of an emulsion against coal
escence given in Sections 6.3 and 6.4 apply to foams too. Generally conditions
in a foam are more severe. The bubbles are very close together and drainage
via the Plateau borders causes a considerable pressure difference, which in
creases with decreasing lamella thickness. On its surface, the foam is often sub
ject to evaporation, which may cause an even higher pressure gradient. More
over, the 'surface of contact' between two bubbles is large, giving a considerable
chance that a local disturbance may rupture the lamella (= coalescence of
adjoining bubbles).
On the other hand, the Gibbs elasticity in a lamella is very high, providing
a powerful stabilizing action by Gibbs Marangoni effects. When a volatile
surface-active substance like ether or ethanol is added to a foam, it usually
replaces at least part of the surface-active substances at the air-water interface,
considerably reducing Gibbs elasticity so that stability against coalescence is
much impaired. Often addition of some ether vapour is sufficient to cause im
mediate collapse of a foam.
Generally the lifetime of a foam, unlike most emulsions, is measured in
hours, rather than months. The contents of smaller bubbles always tend to
dissolve, the surfactant molecules desorbing again into the aqueous phase;
large bubbles easily coalesce.
Only with polymer substances acting as surfactants may this be different.
While air from a bubble is dissolving into water, the interfacial area decreases,
hence the surface pressure 7r increases (Fig. 6.7). This is equivalent to a decrease
in y. If the decrease in y is sufficiently strong, it causes a decrease in Laplace
pressure instead of an increase during further -shrinkage of the bubble (10).
Hence, a self-stabilizing mechanism exists, unless the surfactant molecules can
easily desorb into the aqueous phase. Most polymers hardly desorb from the
interface, if at all.
Hence, proteins are excellent for stabilizing foams. After contact with the
air-water interface, they often partly unfold their peptide chains and molecules
interact with one another to give a two-dimensional network; this makes
desorption extra difficult (9). Most proteins are partly denatured in this process
and to a higher degree than in an oil-water interface. The interfacial layer may
even possess considerable mechanical strength, and in extremes a foam lamella
may be pierced without subsequent coalescence of the foam bubbles.
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Foaming of a liquid can be achieved in various ways: by expansion of a gas
dissolved under pressure; or by bubbling finely divided air through the liquid,
°r usually by beating in air. Large bubbles are easily formed, and these are dis
rupted again into smaller ones, when the beating is vigorous. Meanwhile, bubbles
collide and may coalesce; if coalescence rate is high, foam is not formed at all.
Only with a suitable surface-active material is it possible to produce a foam by
beating.
Even if the foam is sufficiently stable to withstand drainage, a rather stable
situation is reached only after the smaller bubbles have dissolved, leaving
Polyhedral cells with very thin lamellae. Such a foam contains very little liquid,
which may make it unsuitable as a food. To obtain a more 'substantial' foam,
the viscosity of the liquid can be raised, but this only delays drainage. One may
try to make the liquid solidify shortly after foam formation, e.g. by adding
gelatin and cooling after beating, or by using a thixotropic liquid. Another -way
is to use a liquid with many solid particles, that are trapped in the foam and
block excessive drainage (see Fig. 11.1). The now much thicker lamellae are
often more stable as well, unless the particles can pierce the air-water interface
(this may be true for hydrophobic particles).
11.2 Foaming of milk products
Many milk products foam easily, though this tendency is closely dependent on
composition and properties of the product, and on conditions during foaming,
which should all be taken into account when comparing experimental results.
Many experimental studies have been made, but the foaming behaviour of
various milk products is not fully understood. Mulder (40) has earlier reviewed
the subject in detail.
Foaming is often desirable: in many household uses of milk products, and in
oiilk shakes, whipping cream and ice cream. But foaming is sometimes a nuis
ance. Much early research was directed towards the very copious foaming of
separated milk at the moment of leaving an open-discharge separator. This
problem has been eliminated by the invention of the hermetic separator, but
others remain. In fast packaging machines for liquid milk products, foaming
may be a nuisance, particularly at low filling temperature (58). Deposit forma
tion from milk at heated surfaces is much enhanced by air bubbles.
Separated milk may foam copiously, particularly if it has a low fat content. The
is stable too. When separated milk is beaten into a foam, 'overrun' is
Wgh, implying a foam with mostly over 80 % air by volume (60). Proteins are
the responsible agents, and the major milk proteins accumulate in the foam,
r°ughly (but not exactly) in the same proportions as in milk (49).
In separated milk and, to some degree, also in milk that have previously
undergone considerable foaming, a number of 'ghost membranes', i.e. empty
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and mostly flat membranes that originally surrounded air bubbles, are to be
found. Hekma & Brouwer (22) originally found these elements. Van Dam &
Holwerda (17) concluded from a series of experiments that they occurred only
in natural or synthetic milk products containing casein as casein micelles. From
electron-microscopic evidence, it follows that they consist of casein micelles
(41) (Plate 8).
Amount and stability of foam on separated milk depend on temperature
(Fig. 11.2); others find a somewhat different dependence (58). Other factors,
such as various pretreatments may well influence foaming. It is striking that
foaming tendency is quite high at below 15 °C, but not the stability of the foam.
It is noteworthy that 'ghost membranes' are not found in milk that is foamed at
refrigerator temperature (41). Hence casein micelles apparently coagulate into
a two-dimensional network in the air-water interface. (It is known that casein
micelles cannot be made to coagulate at 5 °C.) Possibly, this is a prerequisite for
producing a really stable foam from separated milk. The instability at high
temperatures (>60 °C) may be due to excessive denaturation of the proteins in
the interface, leading to a brittleness of the foam lamellae, which cannot with
stand even slight mechanical disturbance (40).
Different milk proteins differ in behaviour in the air-water interface (18, 23).
Purified caseins spread rapidly and apparently unfold their peptide chains. Most

Figure 11.2. Effect of temperature on foaming of milk and separated milk.
A. The amount of foam (F) when beating air into milk products.
B. The amount of foam after separating milk in an open-discharge separator.
After (38) and (45).
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serum proteins spread more slowly and they do not completely unfold, so giving
highly visco-elastic films. Denatured serum proteins are more like caseins. Solu
tions of true globulins cannot be made to foam.
But most of the casein in milk is present as micelles containing calcium phos
phates, and it is not known whether casein molecules from the micelles spread
over an air-water interface. Spreading of material from casein micelles over an
air-water interface has been observed but may well be in the form of 'sub
micelles', not as molecules (41). When milk is heated so that serum proteins are
denatured, these proteins are deposited mainly on the casein micelles. After
such a heating, separated milk beaten at room temperature develops a more
copious foam of much greater stability (60). The same was found in the foaming
°f milk (13). Possibly, undenatured serum proteins compete with casein
(micelles) to adsorb onto air bubbles, giving a less stable foam.
Heating of milk, if severe (e.g. sterilization), again decreases foam stability
(60). Slightly acidifying separated milk increases foaming capacity until the
casein starts to precipitate, which causes a decrease (45).
Concentrating of separated milk in relation to foaming was studied by Webb
(60). Up to 30 % dry matter, it strongly increases foam stability; the foam has a
lower air content. The increased viscosity of the liquid may play a part here, but
also the greater concentration of solid particles (casein micelles), which may be
larger in size as well.
In most of the older literature, the effect of homogenizing separated milk on
foaming capacity is considered slight. Tamsma et al. (57) found, however, that
homogenization at high pressure may increase amount of foam (air content)
and particularly stability. This is most pronounced when the separated milk is
heated (e.g. 15 s at 90 °C) before homogenization and concentrated afterwards.
Then a product is obtained that can be whipped into a very stable foam of about
400 % 'overrun', showing virtually no drainage of liquid.
Apparently the casein micelles are essential for the stability of foam on
separated milk. High-pressure homogenization possibly attacks the micelles
(Section 9.5) and concentrating of milk causes larger micelles. Their behaviour
during foaming is, however, far from clear.
Effect of milk fat. Fats tend to spread over an air-water interface, partly dis
placing proteins because spreading lowers the interfacial free energy. When
this happens in a foam, the new lamellae are less stable, and the foam often
collapses. The cause of impaired stability is not entirely clear but must be related
to changes in the dynamic properties of the adsorbed layer. Milk fat globules
may also spread part of their contents over the surface of an air bubble, if they
can penetrate the interface (see Section 6.6 and Fig. 6.12). During foaming or
whipping, there is a considerable chance that fat globules penetrate any mo
mentarily clean air-water interface and stick to it; in an already established
foam lamella this is more difficult. When a fat-containing milk product is

215

A

B
nothing

F
I

0

added

2 '/. milk , uncooled

after 20min
'/.

7 ' / milk, cooled to 2°C

added

2

— • min

0

5

TO

Figure 11.3. Foam depression by milk fat.
A. Effect of adding whole or homogenized milk on foam volume (F) after shaking
separated milk at 20 °C.
B. Effect of adding cooled or uncooled milk on foam stability.
After Ref. (16) with new supplementary data.
whipped, the foam is indeed enriched in fat (Section 12.2).
Even very small amounts of fat impair volume and stability of the foam (Fig11.3). Van Dam (16) has studied this in detail. Because so little fat is needed, the
foaming of separated milk is closely dependent on its fat content; hence the
effect of separation temperature. As is shown in Figure 8.3, a higher tempera
ture leads to a lower fat content in the separated milk, hence there will be more
foaming.
Van Dam concluded from an ingenious series of experiments that the detri
mental effect on foam stability was pronounced when part of the fat was solid.
We confirmed this (e.g. Fig. 11.3B). Liquid fat globules trapped in a foam lam
ella can presumably be deformed by the Laplace pressure of the lamella. A
partly solid globule is not so easily deformed and, by the considerable pressure,
it may now penetrate the air-water interface and spread part of its liquid fat over
the interface. By the same hypothesis, large globules more readily penetrate the
lamellae, than small ones, so that homogenized milk would indeed show far less
tendency to impair foam stability than whole milk (Fig. 11.3). Dispersions of
substances that are completely solid or that do not spread on the air-water
interface do not usually impair foaming.
Consequently, milk would foam less than skim-milk, particularly at low tem
perature (Fig. 11.2); the foam is far less stable. Homogenized milk would foam
better than milk. In cream, the situation is more complicated because of the
churning of the fat globules (Section 11.3).
Other factors may considerably affect foaming. Not only fat but also fatty sub
stances like phospholipids impair foaming. Buttermilk does not foam and acts
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a foam depressant, perhaps because of its high phospholipid content. Centrifuging off the globular fat does not alter these properties (40).
Substances like monoglycerides and diglycerides strongly depress foaming too
(12, 13). This explains why fat hydrolysis in a milk product leads to impaired
foaming. Rancid fat is a foam depressant.
Certain silicones are well known agents to destroy foams, and they do so in
most milk products, but not at 0 °C (25). They do not act on a whipped cream,
in accordance with the explanation given below.
as

11.3 Whipping of cream
Whipped cream is primarily appreciated for its taste. The milk fat itself is
critical; it should be free from any rancid or oxidized flavour. The physical
structure of the product is also important. Problems are often encountered in
ease of whipping. The main marks of quality are speed of whipping, overrun
obtained, firmness of the whipped product, and its stability (shape retention,
no leakage of liquid). Keeping quality of whipping cream is of increasing im
portance, but microbiological and chemical aspects are outside the scope of this
book, and we will consider only physical stability.
The interactions between fat globules, air bubbles and plasma components
are crucial in the whipping of cream. But not only pure cream, other products
behave similarly. We will concentrate on cream but only because it is most
extensively studied.
The whipping process. When skim-milk is beaten, a foam rich in air is rapidly
formed on top of the liquid. When cream is beaten, air cells form more slowly
and they stay longer in the liquid. This is partly because of the higher viscosity,
but also because fat globules directly penetrate the air-water interface, attach
ing themselves to the bubbles, and spreading part of their fat onto the bubble
surface. Hence many of the larger bubbles immediately collapse on reaching the
surface of the liquid. Others are disrupted into smaller bubbles, but considerable
coalescence takes place too. The fat globules are close together and the con
ditions are ideal for clumping. Thus, a kind of flotation churning takes place,
similar to that in a classical churn (Section 12.2). Clumps of fat globules become
attached to bubbles (Plate 4B) and to other clumps, so that a structure or
network of air bubbles and fat clumps and globules forms, ultimately entrapping
all the liquid and conferring rigidity on the foam. To achieve this, air cells and
fat clumps should be of similar size; air cells are mostly 10-100 (xm in diam
eter. Graf & Müller (20) give micrographs of whipped products. Changes
taking place during whipping are illustrated in Figure 11.4.
On prolonged beating, the foam rapidly increases in firmness, but it also
becomes coarser, yellower and less glossy (43, 53). This is because the clumps
rapidly increase in size. Consequently, they become too large and too few in
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Figure 11.4. Processes taking place during whipping of
cream. The parameter of firmness could be the time
needed to lower a weight into the product; leakage
means the amount of liquid drained from a certain
volume in a certain time. Between the broken lines the
product is acceptable. Curves are only approximate.
Partly after Smellie (53).

number to enclose the air cells. Hence the bubbles start to coalesce, and collapse
at the surface; overrun decreases (43). Ultimately butter granules and butter
milk remain.
The balance between whipping and churning depends on the rate and efficiency
of beating. If air is beaten in too slowly, the cream-may churn before a satis
factory foam has been formed. Vigorous beating leads to a high overrun, and a
fine structure of the foam. With smaller air cells, less clumping is needed to
produce a firm stable foam. The stability of the fat globules against clumping
(Chapter 6) is crucial. If they are too stable, there is no clumping. If they are
very unstable, the product churns before it whips up.
Probably, the proteins also influence the early stages of whipping by helping
to stabilize the air bubbles, but this has not been studied. The amount of protein
needed to cover all the bubbles is relatively small, a few tenths of a per cent.
Fat content has a pronounced effect on whipping characteristics of cream
(5, 15, 43, 58). A stable foam cannot be obtained if there is insufficient fat to
form a network enclosing the air cells. With increasing fat content, clumping
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Figure 11.5. Properties of whipped cream. Whipping time (min), overrun (%),
firmness (approximately a yield stress) and leakage of liquid (ml) as a function of fat
content for conventional whipping cream (
) and for a product with surfactants
added (
). Data are approximate; actual values much depend on conditions.
Mainly after Ref. 5, 15, 37, 58.
becomes easier, increasing firmness and stability of the foam, but decreasing
overrun (Fig. 11.5).
A certain fat content may be considered to give optimum properties, but this
depends on conditions during whipping. With a poor beater, satisfactory results
°an only be obtained with high-fat cream, but with an efficient whipping ap
paratus and properly pretreated cream, 30 % fat suffices to give a stable foam.
As such a cream also gives a higher overrun, this may imply halving of the fat
content in the whipped product. Compare for instance, a 40 % cream with an
overrun of 90 % and a 30 % cream with 160 % overrun. The results also depend
on factors discussed below.
Solidification of the fat is essential for clumping of the fat globules (Section 6.6).
The content of liquid fat in the globules must be even rather low. Otherwise
churning is too rapid during whipping, and the excessive spreading of liquid fat
over the air bubbles prevents sufficient small air cells from forming. Hence,
optimum conditions for whipping do not coincide with the optimum for churn
ing given in Figure 6.11; lower temperature and longer cooling are needed.
Chapter 3 discusses fat solidification.
Examples of the effect of cooling time and temperature on foam firmness are
shown in Figure 11.6; likewise, whipping time decreases and overrun increases
with increase in fat solidification (5, 53). It is sometimes found that prolonged
(over 24 h) ageing at low temperature again decreases whippability a little (59).
Presumably too high a content of solid fat impairs clumping of the fat globules.
For low fat contents, fat solidification is more critical than in heavier cream.
There are slight inconsistencies in the literature on the effects of ageing and
temperature. With ageing, acidity of the cream increases too, which in turn
promotes whippability (5). Fat composition must play a part too, and variation
in it may explain seasonal differences some authors found (33, 59).
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Figure 11.6. Fat solidification and whipping cream. Effect of ageing (h) cooled cream
and of whipping temperature (°C) of aged cream, on the firmness (yield stress, g/cm2) of
whipped cream of different fat contents ( %). After Babcock (5).
Other factors may be associated with the effects of season. Besides increased
acidity, increased calcium ion concentration seems to enhance whippability
(5, 61).
Temperature of cream separation apparently has little effect above 35 °C,
but separation at 5 or 10 °C leads to quicker whipping, higher overrun, and
perhaps a firmer foam (21,44). Similar effects are found when the cream is
rebodied (39), and cold separation may be considered as having a rebodying
effect (Section 10.2). The aggregation of fat globules caused by these processes
may well enhance whippability.
It is often assumed that whipping is easier in a product of high viscosity.
But it must be conceded that higher fat content, lower temperature, increased
acidity and rebodying all lead to a higher viscosity as well as to increased
whipping rate. In homogenized cream, viscosity will much depend on homogenization clusters, which also profoundly influence whipping properties (see
below). Addition of thickening agents (except gelatin, see below) has little
effect on whipping; leakage is considerably impeded,-but firmness is not affected.
Viscosity of the product probably has little influence on whippability. Vis
cosity of the plasma phase affects leakage.
Homogenization. Whipping cream can be sterilized, particularly at ultrahigh
temperatures, and still have good whipping properties. But to prevent creaming
and cream-plug formation on prolonged storage, the cream should be homogen
ized. It has long been known (e.g. Ref. 5) that homogenization considerably
impairs whipping properties, particularly for a low-fat cream: whipping time
is much longer and the foam is not firm enough. The clumping tendency of the
homogenized fat globules is probably too low; anyway, many more fat globules
are needed to form a clump of suitable size.
Graf & Müller (20) found that homogenized cream can still have good whip
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ping properties only if there are homogenization clusters of suitable size (15-20
t^m). Very little clumping is then needed to produce networks of fat globules
able to enclose air cells. Smaller clusters still need too much clumping; larger
clusters cause too coarse a foam structure. The clustered state of the fat glob
ules also retards creaming or serum separation on storage of the unwhipped
cream.
Homogenization of cream and its effect on clustering are discussed in Section
'0-2. A good compromise must be reached between globule size and cluster
s'ze. Homogenization temperature should not be too low; otherwise clumping
takes place in the homogenizer: this impairs stability in storage and foam
structure (61). Two-stage homogenization is preferable to keep the clusters
small enough. One way is homogenizing at 20 and 7 atm at 35 °C (61), but there
May well be other ways of obtaining a good product.
Surface-active substances added to the cream have considerable effect on whip
ping properties. If these substances are present in the surface layers of the fat
globules, they may severely impair stability against clumping (Section 6.4).
Hence, surfactants added before homogenization can produce an easily whipped
cream, even with a low fat content (Fig. 11.5). The surfactant may be a Tween
°r similar substance (37), or a monoglyceride (14). A recombined cream of
similar composition can be made, and has excellent whippability.
The addition of surfactants permits stronger homogenization, yielding smaller
globules, so that a finer foam and higher overrun are possible, and, moreover,
at a lower fat content. This is particularly so for some recombined sterilized
products. Considerable effects can be obtained with surface-active milk com
ponents.- This may be achieved by adding products high in phospholipids, such
as sweet-cream buttermilk or butter serum (11, 14). Besides improving whipping
properties, it may enhance flavour.
Globule stability may also be impaired, and hence whipping properties
enhanced, when the protein composition of the liquid during homogenization
is such that relatively little casein goes into the newly formed membranes of the
fat globules ; this is discussed in Section 6.4. A high ratio of serum proteins to
casein is favourable, but gelatin is even more active than serum proteins (42).
Casein or separated milk can be added again after homogenization.
In homogenized products, the fat globules have a smaller tendency to stabilize
the foam by building networks. Hence proteins or other surfactants added play
a greater role in stabilizing the air cells.
In extremo, a product can be made low in fat (20-30 %), rich in added sur
factants and homogenized at very high pressure, e.g. 500 atm (34). The com
position of the surfactants (Tweens, etc.) and proteins is essential in obtaining
a stable foam; probably, interactions between these substances in the air-water
interface are determinant; the product must also be stable after sterilization.
The fat globules now primarily act as solid particles needed to keep the air con
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tent of the foam sufficiently low (Fig. 11.1), not to produce a solid network. The
product is beaten into a fine smooth foam with very small air cells. A thickening
agent (gum) must be added to prevent leakage of liquid from the foam.
Whipped toppings. A product like that just discussed is stable against freezing
and prolonged storage after shipping (34). Hence, products can be made ready
for use, with sugar and flavouring substances added. The manufacturer there
fore has considerable freedom in choosing composition and properties.
Creams with surfactants added can also be made to produce a foam from an
aerosol can. When the pressure of a gas like N20 dissolved under some atmos
pheres pressure is released, a foam of high overrun and small air cells forms
almost instantaneously. If the foam lamellae are sufficiently stable, and the
size and concentration of the globules are suitable to meet the overrun, a prod
uct like that just described is obtained. A somewhat higher fat content (e.g.
30 %), a considerable degree of homogenization clusters, and small fat globules
sufficiently unstable to clumping, yield a more conventional whipped cream:
the whole whipping process, as described before, apparently takes place in a very
short time on leaving the aerosol can.
Another way of producing a ready-made whipped product with a low fat
content would be to mix a whipped protein foam with whipped cream; such a
mixture is normally unstable, but addition of starch is claimed to produce a
stable mixture (46). It also seems possible to whip a low-fat cream at low tem
perature after rennet has been added; the subsequent setting of the plasma phase
would confer stability on the foam (47).
We hope that the general discussion given here may be of help in further
development of whipping cream and related foods, probably in the direction of
recombined products, sold in the whipped state or in aerosol cans, and with
long keeping quality.
11.4 Ice cream
In a way, the structure of ice cream is like that of whipped cream, as some of the
structural elements are similar : air cells and partly clumped globules. But im
portant differences exist: large amounts of ice, often lactose crystals, and much
higher viscosity of the aqueous phase (because of high concentration of sugar,
presence of gums, and low temperature). The foam usually has a lower air con
tent, and its stability depends on solid particles and high viscosity.
Many factors affect structure and properties of ice cream, and we will discuss
only those that are directly related to the fat globules. Note that a lot of 'ice
cream' contains fat that may differ from milk fat in properties (mostly partially
hydrogenated vegetable fats).
As a general term of reference, an ice cream mix may contain 12 % fat,
11 % solids-not-fat from milk, 15 % added sugar and a few tenths of a per cent
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'stabilizer' (gums) and 'emulsifyer' (surfactants). The ice cream may contain
about 50 % air by volume; about half of the water may be frozen; part of the
lactose may be crystallized.
Freezing and whipping. The mix is normally kept cold (say 4 °C) for long enough
to cause considerable crystallization of fat. Then it is rapidly cooled to below
the freezing point (usually -4 to -6 °C), while air is vigorously beaten in.
As in whipping of cream, flotation churning now seems to set in. The foam that
is collected after melting the ice cream is indeed enriched in fat (and in protein);
this fat has a relatively low melting point (35), but this is no proof for flotation.
Though clumping of fat globules doubtless occurs, it is questionable whether
flotation churning is the main mechanism. The fat globules contain little liquid
fat. Hence, spreading of liquid fat over air bubbles can, at most, be slight
(Section 11.2), particularly if the mix is frozen at low temperatures. But fat
dumping increases with lower freezing temperature (30,55). Mechanical
clumping is probably more important. Viscosity is very high, ice crystals are
Present, and beating is vigorous. Hence, fat globules will collide with great
force and at a high rate. Moreover, their surface layers will easily be damaged
and 'repair' by adsorption of surface-active materials will be relatively slow. All
these factors will increase with decreasing temperature.
The mix must be homogenized to obtain a fine structure in the ice cream (52).
Unhomogenized mix gives an ice cream with large air cells and large ice crystals.
Usually, the structural elements have roughly the following size (4, 6, 29, 52).
- ice crystals: 50 (im, but smaller when freezing is very rapid,
- lactose crystals (if present): 20 [xm,
~ air cells: 60-150 um,
~ thickness of foam lamella: 10-15 (xm, if unhindered by crystals,
~ fat globules: below 2 (in>,
fat globule clumps: 5-10 (xm.
Studies on the quantitative effect and the explanation of various factors on
roicrostructure are scarce. But rheological properties of ice cream have been wellinvestigated, particularly by Sherman (48, 51). However, so many factors in
fluence texture, that its discussion here would lead us too far.
Churned fat. A considerable proportion of the fat globules clump during
freezing. The important role of this 'churned fat', as it is often called, was made
dear by Keeney and associates (27,28, 30). During freezing, clumping proceeds
rapidly (Fig. 11.7). It has been determined by turbidimetric techniques (28,
31, 55), by fat-extraction methods (55), by microscopy (3, 7, 55) and by creamiQg tests on the melted ice cream (2). The ice cream contains a network of
clumped (and clustered) fat globules and many fat globules too are situated at the
air-water interface (3, 6, 51).
The degree of fat clumping correlates with several properties of the ice cream.
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Figure 11.7. Fat dumping in ice cream. Churned fat index (CF), expressed as %
decrease in turbidity, as a function of freezing time (min), presence and concentration
of glycerol monostearate (M) or Tween 80 (T), and homogenizing pressure (P, atm)The relation between shape retention and churned fat is also shown. Results are only
approximate as they depend on several factors. After Ref. 24, 30, 31, 55.

Too much clumping leads to a coarse grainy texture. But a network of fat clumps
and air cells, similar to that of whipped cream, appears necessary to give the
ice cream a certain rigidity during and after melting (Fig. 11.7). Often, param
eters like shape retention, melting resistance, and rate of subsidence are used,
determined in various ways. These properties are particularly important for
'mouthfeel', the texture of the product as felt by the palate. High resistance to
melting can also be obtained by using large amounts of gum, but this gives a
slimy texture. Clumped fat is also responsible for shape retention in soft-serve
ice cream, which contains only a few ice crystals.
'Dryness' is another desired property. It implies especially the absence of
surface gloss, but also a short non-sticky texture. There is a correlation between
dryness and melting resistance, because a certain (though not too high) degree
of 'churned fat' proves necessary to obtain a dry texture; but other factors play
a part too (19). The various relationships are not yet fully understood.
The rate of clumping of the fat globules during freezing depends on various
factors as in other types of clumping: it increases with fat content (30); it
depends on the manner and vigour of agitation; it is slower when the state of the
casein is modified by adding substances like phosphates (26, 32); it decreases
with decreasing globule size. Homogenization has a strong effect, whether sur
factants are added or not (31, 32; Fig. 11.7). Usually, homogenization is
two-stage; large homogenization clusters may make the texture coarse, just as in
whipped cream.
Surfactants. Usually an 'emulsifier', that is a small-molecule surfactant, is
added to the ice cream mix before homogenization. Though such an addition
may sometimes slightly decrease globule size in the mix (52, 56), the amount of
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Protein present is far higher than needed to provide the homogenized fat globules
surface layers. The surfactant's main function is to promote fat clumping
during freezing (e.g. Ref. 30; Fig. 11.7). It may also somewhat increase the
foaming tendency and hence the overrun (28 , 56).
So the surfactant does not act as an emulsifier but it lessens the stability of the
fet globules to clumping, probably by impairing membrane cohesion (Section
6*4). Surfactants differ in effectiveness as destabilizers, which generally increases
with increasing HLB number (preponderance of hydrophylic over hydrophobic
nature of the surfactant molecule) (19). This is seen in Fig. 11.7. Glycerol
ttionostearate (HLB number about 4) is mostly added at about 0.2 %, which
would be sufficient to cover about half the fat surface (if everything went to the
surface). Of Tween 80 (HLB number about 15) 0.01 % is often added, in other
Words sufficient to cover only a few per cent of the fat surface. This may explain
the sharp decrease in fat clumping with increasing homogenization pressure with
Tween 80: since globule size decreases with increase in pressure, so does the
concentration of surfactant in the fat-plasma interface.
The surfactants need not be 'emulsifiers'. Phospholipids, added in the form of
sweet-cp-eam buttermilk or particularly of egg yolk, effectively promote clump
ing (30). As in whipping cream, a high amount of serum proteins or gelatin
relative to casein during homogenization leads to a much increased rate of clump
ing (42). It has been shown that some types of sweetening agents derived from
jnaize contain carbohydrates that react with casein in such a way as to impair
its effectiveness as a stabilizer of fat globules; this leads to excessive clumping
during freezing (36).
It may finally be stressed that there are other aspects and factors too in the
structure and texture of ice cream.
with
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12 Isolation of milk fat

It has long been known that milk creams, and that vigorous shaking of the
cream can yield butter grains. In temperate climates, butter was developed by
working the collected grains. In tropical countries, where it is too warm to use
butter, the butter grains or often the cream as such, were heated till all water
was boiled away to yield ghee. Butter is discussed in Chapter 13 ; ghee in Section
12.4.
Ghee may already be a fairly pure milk fat, and butter can be melted and
separated to yield pure fat. But there are other ways of collecting and isolating
the fat from milk. Milk contains only some 4 % fat, dispersed in small globules
that are each protected by a membrane. As discussed in Chapter 6, these globules
are markedly stable against clumping or coalescence, and this stability has to be
overcome.
An obvious start is to concentrate the fat globules by creaming (Chapter 8).
'Natural' cream usually contains about 20 % fat; by centrifuging cream up to
80 % or more fat can be obtained, if separated twice while the fat is liquid.
Separation decreases fat losses, since separated milk can have a very low fat
content (Section 8.3) and since the loss of fat in the subsequent isolation pro
cedure is over a much smaller volume. Furthermore, separated milk is usually
a more valuable product than (ripened-cream) buttermilk or other byproducts.
Most processes for isolating milk fat are quicker and more economic when
applied to cream than to milk.
12.1 Mechanical clumping and phase inversion
Mechanical treatment (agitation) of cream can cause fat globules to coalesce
or clump. Chapter 6 (especially Sections 6.2 and 6.6) discusses stability of fat
globules against mechanical clumping. Clumping rate primarily depends on a
group of factors: collision rate, which is a function of velocity gradient and fat
content; collision energy, a function of the same variables (and of globule
size) ; tendency of colliding globules to stick (and remain stuck) to one another,
hence to presence of sufficient liquid fat; resistance of the globules to disruption
by the velocity gradients, hence the presence of sufficient solid fat. Other factors
are: globule size, larger globules or aggregates clumping easier and quicker;
membrane properties; suitability of substances (usually proteins) for 'repair'
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of damaged membranes; relative abundance of such substances, hence ratio of
fat to protein. In practice, mechanical clumping is possible only in cream with
intense agitation and with fat that is partly solid.
Besides the rate of clumping, its efficiency is important : the fat should accu
mulate in the clumps as completely as possible. In other words, the fat content
of the remaining buttermilk should be as low as possible. The buttermilk will
also contain much polar lipid, mainly phospholipid, since the clumping dimin
ishes surface area of the fat and so causes membrane substances to be released
(Sections 2.3 and 5.6).
Clumping is a stochastic process, hence clumps of appreciable size can be
formed while numerous individual globules still remain. The more uniform the
conditions of agitation and properties of globules, the better. If globules of
liquid or almost liquid fat are present, they are easily disrupted into very small
ones, which subsequently escape the clumping process, raising the fat content
of the buttermilk. The higher the fat content of the cream, the less critical are
conditions.
Churning in the absence of air, in other words the formation of butter grains in
milk or cream by agitation without the mixing in of air or gas, was originally
held to be impossible (51). Mulder and coworkers (25, 40, 41) showed that
butter can easily be formed if conditions are suitable. Labuschagne (25) studied
this in detail. Others have had similar results (14, 17, 18). Plate 4A shows an
ear'y stage of clumping.
Best results are obtained when streaming pattern is simple, as by bringing the
cream between coaxial cylinders, one cylinder revolving. At suitable fat content,
turning speed and temperature, globules aggregate into clumps. Initially clump
ing is comparatively slow, but it increases in rate and eventually clump size
steeply increases with time, so that it looks as if visible grains are momentarily
formed throughout the liquid. This increase in clumping rate when clumps in
crease in size is probably not so much due to a change in collision rate (Eqn 6.2),
hut to an increase in the chance that colliding clumps stick together (caused
hy increase in collision energy). A small proportion of the fat escapes clumping.
Fig. 12.1 gives some of the conditions needed to obtain good results. If glob
ules have little solid fat, a high shear rate causes both aggregation and dis
ruption of aggregates until a certain stage at which on balance no grains are
formed ; if shear rate is still higher and fat content high enough a water-in-oil
emuIsion is locally formed. (If flow is turbulent, vigorous agitation causes dis
ruption to predominate at high temperature: Section 6.5.) If fat is more solid,
aggregation always prevails, but at low shear rate, clumping is slow and un
even, and fat content of buttermilk is high; optimum conditions for churning
efficiency depend closely on flow conditions. At high shear rates churning rate
and efficiency are good, but if there is too little solid fat, clumps tend to be soft,
containing more plasma.
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Figure 12.1. Churning of sweet
cream with 40 % fat in the absence of
air; creams were kept at 5 °C for
18 h, then at churning temperature
for 1 h. 'Churning' time (t) as func
tion of shear rate (S) at different tem
peratures; solid lines refer to churn
ing, heavy lines to formation of
regular butter grains; the dotted line
indicates phase inversion, a: churning
at 20-25 °C, b: at 14-18 °C. After
Labuschagne (25).
Figure 12.2 shows the effect of temperature on churning time and fat loss in
the buttermilk, that tend to parallel each otherunder conditions of even churning;
if clumping is rapid, it is usually also efficient. Churning time strongly de
creases with increasing fat content, shear rate and globule size (Fig. 6.4).
Ripened cream churns much faster: 30 % fat cream of pH about 4.5 could be
churned in 20 s or less, giving a fat content in the buttermilk of 1 %; churning
speed was less dependent on fat content (25). It is uncertain how far the presence
of solid particles (precipitated casein) or the decreased tendency of the casein
to 'repair' damaged membranes (Fig. 6.13) are responsible for the improved
churning rate; in flotation churning the same relations may hold (Section 12.2).
The influence of plasma viscosity on churning depends on conditions: at not
too high fat content, increase in viscosity usually causes first a decrease, then an
increase in churning rate and efficiency.
Although it is certainly feasible to churn cream by subjecting it to a shear field,
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Figure 12.2. Churning of sweet cream with 40 % fat in the absence of air; creams were
kept at 5 °C for 18 h, then at churning temperature for 1 h; shear rate was about
1900 s-1. Churning time (/) and % fat in buttermilk as function of churning temperature
(T). After Labuschagne (25).
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and, though a continuously working machine has been in use on pilot scale (40),
the method has apparently not been used commercially. This is not surprising,
since churning with air in a similar apparatus is faster, particularly in a low fat
cream (40). Nevertheless, in many churning processes, simple clumping of
globules or clumps as caused by velocity gradients plays a part, even in flotation
churning (in the later stages).
In a process devised by the Kraft company (24), collision of globules in the
absence of air may be a main factor. Cream is brought to a />H of 4.2 by adding
acid and is then stirred while being heated to 80 °C. Under these conditions, fat
globules coalesce and a layer of butter oil separates from the aqueous phase.
Heavy cream (or 'plastic cream') may contain 80 % fat, or even more; hence
it may be similar in composition to butter. Some properties of heavy cream are
discussed in Section 10.1, whence follows that even little agitation causes break'ng or inversion of the emulsion (see also Fig. 6.2).
^
Cream with 80 % fat can be obtained by separating twice at about 60 °C.
Its fat globules touch and even deform one another (Fig 10.2). If such a cream is
intensely agitated while its fat is liquid, fat globules coalesce and the phases
separate. In the Creamery Package process (49), this is achieved by homogeniz
ing the cream at 70-80 °C; butter oil (about 98 % pure) and aqueous phase
(buttermilk) are separated in a centrifuge.
o
Fjaervoll (15) describes a process in which cream (about 35 % fat) at 55 C
passes through a modified Clarifixator. In the cream paring-chamber, fat
content is 80-85 % and the fat globules impinging on the protuberances of the
Paring disk causes coalescence, and the phases separate. The Clarifixator
delivers buttermilk with about 1 % fat (which is subsequently reseparated) and
a crude butter oil containing 15-20 % aqueous phase; the mixture passes
through a centrifuge to yield pure butter oil (99.6 % fat).
If the fat in a heavy cream is partially solid, the cream has a plastic con
sistency; working such cream causes damage to most of its fat globules and
phase inversion, which is most effective when a fairly large proportion of the
fat is solid. The structure of products obtained from such continuous butter
making processes closely resembles classical butter; moisture is very finely dis
persed and its content of solids-not-fat is high. Warming the product to above
the final melting point of the fat causes phase separation. Such a butter can be
obtained by the New Way (31), Alpha (34), Meleshin (44) and Alfa-Laval
machines (64), that are much alike. Cream of 82 % fat is forced through^ a
cylindrical heat-exchanger with scraped surface where it is cooled to 10-13 C
while being worked, so causing phase inversion. The butter may subsequently be
worked in an extruder. The machine may contain 2 or 3 cylinders in series, often
operating at different temperatures. Cream may be sweet or ripened.
In another method (43), a mixture of heavy cream and butter is agitated at a
higher temperature, 21-25 °C, and part (e.g. 25 %) of the butter is fed back into
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the cream line. The presence of a considerable proportion of material that is
already aggregated (the added butter) seems very much to enhance the rate of
aggregation.
Washing cream, i.e. diluting it with water and reseparating it, facilitates the
production of cream with a very high fat content (59). It also makes the cream
less stable against clumping or coalescence. From* this a method of producting
butter has been devised (28, 59) but never put into operation.
12.2 Flotation churning
A multitude of different churns have been devised and used (30, 32); they are
all alike in that milk or cream is intensely agitated and mixed with air. This
simple process is remarkably efficient. Some 1014 fat globules must be brought
together to produce one kg butter and only about 1 % of the fat is left in the
buttermilk; the churning takes roughly half an hour.
Beating in of air is essential; the interactions between fat globules and the
air-water interface have to be considered as was done in Section 6.6 (partic
ularly Fig. 6.12). Fat globules can easily be attached to a clean air-water
interface, hence to newly formed air bubbles. When air is bubbled through cream,
fat collects in the foam layer (38), and such a process is called flotation. A method
of buttermaking based on this principle has been devised (12), but such methods
cannot be very successful, since flotation primarily concerns individual globules
and, in churning, fat globules must also clump to form butter grains. Hence,
churning with air is more complicated than just flotation.
Description of the process. Several churning theories have been postulated
(Ref. 39 gives a discussion), but the flotation theory is now generally accepted
in one form or another. We will follow the theory as successively elaborated by
Pockels (47), van Dam and Holwerda (8), King (22, 23) and Mulder (39).
The presence of both solid and liquid fat in virtually all globules is essential.
Air is beaten into the cream and dispersed as small bubbles. Fat globules
touch these bubbles, spread some liquid fat over the air-water interface and
become attached to the bubbles; every bubble collects several globules (Plate
4B). But true flotation does not occur since a foam layer does not form because
of the continuously changing position of each element of liquid and foam. When
bubbles collide and coalesce, or vanish by coming to the surface, the air-water
interface diminishes in area and the fat globules attached are driven towards
one another, so that they form small clumps. The liquid fat spread over the
bubble may act as a sticking agent, though most of it will already be covered by
an adsorbed layer of protein. In this stage, fat globules in the clumps do not
adhere too firmly to one another, since the clumps can to some extent be redispersed in warm water (60).
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Figure 12.3. Traditional churning. Amount of air in the
churn; rate of flotation (rate at which fat globules and
small clumps attach to air bubbles); rate of mechanical
clumping; size of clumps orgrains; and amount of fat in
colloidal state (i.e. not recoverable by centrifugation)
during the course of churning. The broken line indicates
the point of 'breaking'. The figure is meant as an
illustration only and is not exact.
The situation is dynamic. Bubbles continuously form, disrupt, coalesce and
vanish, and velocity gradients (shear rates) in the cream are erratic and locally
large. Bubbles collide and any small clumps they have collected ^y be pressed
together to form larger clumps. Clumps become detached from theRubbles, by
shearing or by the bubbles disappearing. Also liquid fat and membrane u stances spread over the bubbles are dispersed into the plasma in a very finely
dispersed state (colloidal fat).
.
,
,n
The surface area of the air bubbles has been estimated to be a least SO
mVkg cream, the bubbles being mostly 40 pm or larger m ^meter (62). Such
a surface could collect about 50 g fat/kg cream from^ «dmdua
globules,
e
but if present as clumps much more. Indeed, up to 97 /0 o
the foam, when churning was stopped half-way through to collect the foam

(60).

,

.

The volume of air in the cream rapidly increases during churning then
remains almost constant for some time and finally
12.3). The disappearance of the foam is not caused by mactivation of foam ng
»biSsS^rproce«, as once assumed (50) but by fe:=g
amount of colloidal fat (lipid outside the fat globules), which
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foam-depressant (Section 11.2). If fat content of the cream is high, the foam
can be rather persistent and a process more like whipping of cream takes place
(Section 11.3).
As the amount of foam decreases and foam bubbles become larger, more and
more clumps become detached from the bubbles. Mechanical clumping, which
starts with small clumps still attached to air bubbles, becomes predominant
when fewer bubbles remain. The shear rates in the cream are not excessive, say
10 s_1 and less. Although such shear rates are sufficient to cause numerous glob
ule-globule collisions, collision energy will be insufficient to cause touching
globules to stick together (unless some liquid fat has been expelled and has not
yet been covered with an adsorption layer). But the clumps are larger, acquiring
much more kinetic energy during agitation and, when they collide, they easily
stick together. The presence of much foam would impede this clumping process.
Of course, clumps can also be disrupted by the shearing forces but the liquid
fat that is expelled from the globules will mostly provide the clumps with suffici
ent coherence to withstand disruption.
In summary, accumulation of fat globules on air bubbles and formation of
clumps at the air-water interface predominates in the first stages of churning;
later, plain mechanical clumping predominates. Figure 12.3 illustrates the change
in conditions during the process.
Factors in flotation churning. Numerous factors influence churning time and
efficiency (fat content in buttermilk). Most effects can be understood from the
theory outlined above; remember that some conditions may influence flotation
and clumping in different ways.
The following factors may be mentioned.
1. Type and construction of the churn. Churning is fast when air is beaten in
efficiently and when shear rate in the cream is high, but these conditions may also
cause high fat in the buttermilk (39). Filling the churn with too much cream
increases churning time.
2. With increase in turning speed, churning time decreases and fat in butter
milk increases (Fig. 12.4). Within limits, churning rate is roughly proportional
to turning speed in a rotating churn, but is proportional to the square of turning
speed in a churn with a rotary agitator (Holstein churn) (7). The latter relation
roughly holds for churning without air too (25, 40).
3. With increase in fat content (39), churning time decreases (Fig. 12.4) but
not as steeply as with churning without air (Fig. 6.4); even milk can be churned
within a reasonable time if other conditions are favourable. Obviously, the
flotation process is very efficient. Fat content of buttermilk depends only a little
on fat content of cream; hence total fat loss in buttermilk is proportionally
lower for high-fat cream.
4. Cream with smaller globules (39, 61) churns more slowly and gives more fat
in buttermilk than cream with large globules (Fig. 12.4). Hence, treatments of
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Figure 12.4. Effect of some variables on churning time (t) and efficiency (/„ fat in
buttermilk, Gb) in traditional churning. Factors are turning rate of churn or agitator,
pH, fat content and average globule size in cream, and churning temperature, r: churn
with rotary agitator; 1: low (~11 °C) and h: high temperature (~19 C) of keeping
and churning; c: cream kept cool (several hours at about 5 °C) and w: subsequently
warmed to 40 °C before bringing to churning temperature. The figure is schematic, not
exact.

cream that affect globule size (Chapter 7) may well affect churning. Most
homogenized creams cannot be churned, but see also Factor 6.
5- The proportion of solid fat is crucial (6, 7, 20, 39, 51). If globules are liquid,
churning causes disruption only. If cream has not been precooled but only kept
for a short while at churning temperature, fat content in the buttermilk tends to
be higher (compare Curves c and w in Fig. 12.4), since some globules still lack
solid fat (Section 3.6). Generally, fat loss in buttermilk is higher when propor
tion of liquid fat is higher. If globules contain very little liquid fat, churning is
slow, primarily because of slow clumping, rather than impedance of the flota
tion process. If a cream does not 'churn', raising the temperature by a few
degrees is often a rapid remedy; the small clumps formed during flotation can
rapidly aggregate into bigger clumps, once sufficient liquid fat is present as a
sticking agent.
*>• Membrane properties may affect churning through clumping rate (Section
6-6) or through ease of flotation. Natural variation in membrane properties
may be important but has not been systematically investigated. Careful com
parison of published data on the effect of cooling treatment of cream (e.g.
Ref. 3, 6, 20, 39) leads to the conclusion that precooling (e.g. to 5 °C) would
impair stability of the fat globule against churning, apart from its effect on
proportion of solid fat; Section 6.6 gives additional evidence. Homogenization
considerably impairs churning rate; undoubtedly, fat globule size has a large
effect (Factor 4). But since recombined cream also churns very slowly, if at all,
even when globules are similar in size to natural ones (54), the altered membrane
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may be an important factor (see also Section 6.4). The action of pH (Factor 8)
may be partly via membrane properties.
7. Increase in viscosity of the cream plasma may cause a slight increase in
churning time and a somewhat lower fat content in the buttermilk (39), but
for practical purposes differences are probably negligible.
8. The effect of pW on churning is complicated and not well understood, and
published data do not fully agree. As seen in Figure 12.4 (mainly based on
Mulder, Ref. 39), the effect strongly depends on temperature; experimental
conditions should thus be carefully controlled. Figure 6.8 shows that washed
globules are most stable against churning near pW 3.7 because of a presumed
maximum in membrane cohesion (Section 6.4). But normal cream shows a
different dependence on />H. One difference from washed cream is the presence
of plasma proteins, and it was concluded from Figure 6.13 that between />H 6
and 8, a decrease in/>H causes a decrease in the ability of these proteins to 'repair'
damaged membranes. Hence, a decreased stability against churning would be
expected, but this is not always true (Fig. 12.4, Curve 1). Several other factors
must play a part. If pW is lowered, viscosity increases and finally casein pre
cipitates; it is known (25, 39) that small solid particles enhance churning rate and
efficiency. Part of the casein precipitates onto the fat globules and this may well
impair their ability to float the fat. Excessive foaming may tend to retard churn
ing, and it is noteworthy that time needed for churning correlates to some extent
with the ability of milk to foam: with decreasing pH, foaming first increases
then decreases, with decreasing temperature foaming increases (Section 11.2).
9. Plasma properties may well influence churning, particularly flotation. We
mentioned pH, viscosity, solid particles and abundance and efficiency of sub
stances for 'repairing' damaged membranes. Clayton and Morse (5) assumed
that certain surfactants may so effectively adsorb onto the air-water interface
that flotation of fat globules is greatly impeded; they named saponin (added),
soluble protein (serum protein, or added) and free fatty acids (from lipolysis).
Mulder (39), however, found only a small effect-for saponin on churning and
none for fatty acids.
Note that churning rate and efficiency are often inversely related: rapid
churning often coincides with high fat in buttermilk. (This is unlike the situation
in churning without air: Section 12.1.) Fat loss in buttermilk is partly due to
disruption of liquid fat spread over the air bubbles; hence proportion of liquid
fat, rate of flotation and intense disruption of air bubbles enhance it. The same
factors promote rapid churning. Moreover, if churning is very rapid, many
globules may escape the churning process. Efficiency of churning hardly de
pends on efficiency of mechanical clumping, and even small globules are
mostly incorporated into the butter grains; even so, the proportion of fat glob
ules that escape churning increases with decreasing globule size.
Several factors interact, so that one must seek an optimum. Season may affect
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Factors 4, 5,6 and 9, and this makes it difficult to assess the importance of each.
Temperature and temperature history (precooling) particularly influence
Factor 5, but also influence 6, 7 and possibly 9.
Continuous flotation
churning. Several methods for continuous buttermaking
have been devised, and a few employ a process of continuous flotation-churning
for the conversion of cream into butter-grains and buttermilk.
In the Fritz process (2, 32, 36, 48), cream is introduced into a horizontal
cylinder with a rotating paddle that almost scrapes the wall. Turning speed is,
for instance, 2000 rev/min, and effective shear rate may be some 100 s~\- beating
in of air is copious. Churning takes only a few seconds. Fat content of butter
milk tends to be high; hence churning temperature (proportion of liquid fat)
should be low, e.g. 8-12 °C. A high-fat cream, e.g. 50 % is then required for
fapid

churning.
In the Cherry-Burrell (or Gold'n Flow) process (2, 11, 32, 68), cream of
30-40 % fat and 7-13 °C passes through a 'destabilizing pump'. The pump has
perforated rotor blades turning at 3000 rev/min, and excessive air is beaten in.
Complete churning is difficult to achieve, and the use of two pumps in series
gives better results (11). The mixture of buttermilk and butter grains is then heated
to 55-60 °C and separated in a centrifuge; this treatment apparently causes
further coalescence of fat clumps and globules.

12.3 Other methods of isolating fat
Evaporation of water. If a milk product contains only a little solids-not-fat
relative to fat, evaporation of the water at temperatures where the fat is liquid
leads to a continuous mass of oil, while the dried non-fat solids are dispersed in
the oil ; most of the solids settle out and only a small part dissolves in the butter
oil.
Well known is the production of ghee (e.g. Ref. 32). Traditionally sour
cream is churned and the butter grains are collected and heated over an open
fire until the water has boiled off. Butter, cream or even a partly churned milk
^ay likewise be heated to make ghee. Temperature rises to at least 110 C, and
considerable browning of non-fat solids occurs. A product similar to ghee used
to be made in Europe by heating butter ('Butterschmalz', 'eingesottene Butter ).
Ghee or a similar butterfat can also be made in modern machinery from buiter,
heavy cream (> 80 % fat) or washed cream by melting the product and evaporat
ing the water in a vacuum pan, preferably a circulating evaporator; however,
the vacuum does not prevent the temperature from rising (9, 32). In a simpler
Process (1,56,57), heavy cream (>80 % fat) or melted butter is sprayed through
a nozzle into a drier. Anhydrous butter oil with finely dispersed non-fat solids
is directly collected from the spray drier.
If cream or other milk products with an increased proportion of solids-not-fat
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(e.g. fat content in dry matter 85 %) are spray-dried, a 'butter powder' can be
obtained (19, 36); the product is preferably homogenized before drying. Such
a butter powder is not greasy or sticky, and free-flowing powders can even be
made in this way (26).

Use of surfactants. If surfactants lower the interfacial tension between fat and
water to below the 'natural' value, they tend to replace the natural membrane;
if they are moreover unsuitable as stabilizers for an oil-in-water emulsion, the
emulsion tends to break (Section 6.4). Patton (46) has shown that several sur
factants can demulsify cream in that way.
On semitechnical scale, cream of 40 % fat was demulsified by adding about
1 % sodium alkylsulphonate (Tergitol) and stirring for 15 min; optimum tem
perature was 70-80 °C (65). The milk fat separated almost completely but had
to be washed twice with hot water to remove surfactant. The method has not
found industrial application (for instance because of the cost of surfactant and
unsuitability of the 'buttermilk' for consumption). In the laboratory, milk
products are, however, demulsified with surfactants to isolate fat for analytical
purposes.
Extraction with organic solvents is a common method of isolating oils from
natural materials but has never been used commercially for milk fat. Besides
problems posed by the removal of solvents, milk fat globules are very resistant
to extraction of their contents, and to allow extraction the membranes must be
damaged or removed (67). Several ways of attacking the membranes have been
devised and used in methods of determining fat content, such as treatment with
ammonia, ethanol and ether, mixing with concentrated sulphuric acid, or boiling
with hydrochloric acid.
Separation. If fat is a continuous phase and liquid, it tends to separate, since
most milk products do not contain substances that'stabilize water-in-oil emul
sions. Only the presence of crystalline fat can prevent fat separating. Hence
melting of butter causes it to separate, though usually incompletely, and simple
decanting yields an intermediate layer containing globular fat as well as butter
oil and buttermilk.
Centrifugal separation is more effective, and is applied in the Cherry-Burrell
(68), Creamery-Package (49), Kraft (24) and Alfa-Laval (15) processes, and in
the production of butter oil from butter (32). Special separators are useful, since
the relatively small amount of aqueous phase and the excessive amount of
sludge pose problems. Often, two separators are used in series; in the second one,
hot water can be added to the oil to purify the product.
Ghee, dried cream, and similar products contain dehydrated non-fat solids
('curd') that may be removed by decanting, or more effectively by filtration or
centrifugal separation.
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12.4 Properties and use of milk fat
Chapter 2 gives properties of milk fat, considered as a constituent of milk and
milk products. Here, properties of milk fat as a product in itself are discussed.
What properties are desirable depends on the use of the fat.
Important uses are in the household (as a spread or in cooking). Comparable
use is by food manufacturers (in baking goods, chocolate or sweets). Increas
ingly important are recombined products; liquid products (oil-in-water emul
sions) are discussed in Section 14.1, recombined butter (water-in-oil emulsion)
in this section.
Flavour, consistency, keeping quality and presence and composition of non
fat substances are the most important properties of a milk fat. For recombined
products, a milk fat as pure as possible is usually preferred. Often a fat is
selected for its properties, particularly solidification behaviour.

Anhydrous milk fat. Butter oil obtained, for instance, by melting and separat
ing butter usually contains some 0.4 % of water; cooling then causes separation
of water into small droplets (Table 2.4). Hence, microbial deterioration is
possible. Since the oil contains a few per cent by volume of oxygen, it may also
be prone to autoxidation.
Drying butter oil in vacuo gives a product permitted the name 'anhydrous
milk fat' if it contains at least 99.6 % fat and at most 0.2 % water. But water
content can easily be below 0.04 % if the oil is dried at low temperature and
high vacuum; oxygen content is then very low too. Content of solids-not-fat
can be negligible with proper production methods. If so, copper is absent
(unless the addition before separation of a Cu-complexing antioxidant has
rendered the copper fat-soluble). If, also, the fat is well protected by proper
packaging, the keeping quality is excellent. Of course, this is only worthwhile
if the fat is produced in such a way that it has good flavour from the beginning;
even slight oxidation, not yet perceptible organoleptically, tends to increase
during storage.
Consistency of a fat depends on composition and treatment. Usually an even
plastic texture at room temperature is desired. Since number and size of crystals
and the degree to which solid networks form are much more variable than in
butter, treatment of the fat has far more effect on consistency than in butter
(Sections 13.6 to 13.9). The underlying principles and factors have been discussed
in Chapter 3, particularly Section 3.7. Suffice here to give a few examples, taken
from Möhr (33, 35).
A milk fat cooled at 17 °C gave a firmness (by sectilometer) of 35 (arbitrary
units); solidification at -10 °C gave at 17 °C a firmness of 100; rapid precooling to -10°C and subsequent solidification at 10 °C gave 175 (at 17 °C);
seeding with fat crystals and stirring for 2 h at 32 °C, then keeping at 17 °C gave
215. In other examples, milk fats had a firmness of 100-115 at 16 °C; stirring
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the samples led to firmness 'zero'; subsequent setting (2 days at 16 °C) gave
35-45.
The extensive solid networks may give a very firm fat at low temperatures;
to soften such a fat it may have to be worked in a machine suitable for very firm
fat or butter, such as a butter homogenizer (Mikrofix).

Recombined butter is made in the same way as margarine; the Gold'n Flow
process was the first in practical use (68), but various machines can now be used.
Milk fat is melted and the desired aqueous phase added: mostly skim-milk
(sweet or cultured), sometimes with additions (salt, sweet-cream dried butter
milk or colouring substances). Continuous stirring is needed to keep the aqueous
phase coarsely dispersed throughout the oil, since the emulsion is unstable. The
mixture is then fed into a heat exchanger with scraped surface, where it is quickly
cooled while being worked vigorously. By this means, small crystals form and
moisture droplets are finely divided. The emulsion is then stabilized by fat crystals
at the oil-water interface (Fig. 6.6), which impede coalescence of water droplets.
Other crystals form networks that restrict movement and hence coalescence of
the water droplets. The product then flows through a holding tube, where crystal
lization continues and extensive solid networks form; the product is softened
by forcing it through a perforated plate at the end of the holding tube. Structure
and texture can to some extent be controlled by varying cooling temperature,
flow rate, intensity of agitation, holding time and intensity of final working.
Texture is different from that of classical butter (Sections 13.6 and 13.9).
A satisfactory product can be made by suitable choice of conditions (52). An
advantage of recombined butter is that selected or fractionated fats can be used
(13). The colour is paler than of classical butter, owing to the more numerous
crystals and water droplets. Recombined butterlike products witha high moisture
content can easily be made (Section 13.3).
Ghee, dried cream, dried butter. Products obtained by boiling off the water
from butter or cream (Section 12.3) differ from anhydrous milk fat, even when
the non-fat solids (curd) have been removed by filtering or centrifugation.
Several substances remain in the fat, such as flavour substances and phospho
lipids. Phospholipids are dehydrated during the drying process, and part re
mains dissolved in the fat in this state; the dissolved fraction strongly increases
with decreasing water content of the fat (42). Phospholipids dissolved in fat
have distinct antioxidant properties (63), quite unlike those in butter, which
promote fat oxidation (Section 5.8). 'Natural' antioxidants can also be formed
by heating butter, or milk fat together with dried milk, to extreme temperatures
(e.g. 200 °C) (21), but the procedure may give off-flavours (66).
Heating also causes browning (desirable in ghee) (27) and the cephalin
fraction of the phospholipids in particular is responsible (4). Protein may turn
brown too, and the serum proteins of dried whey seem preferable in a cooking
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fat of desirable properties (66).
Ghee should have a distinctive flavour and different production methods cause
their own characteristic flavours ; culturing of the cream (to 'dahi'), some lipolysis
and the heating seem essential factors (36). Texture of ghee should be soft and
granular, hence slow cooling is desirable. Consistency is, however, often too
soft at tropical temperatures ; ghee from buffaloes milk is firmer.
Butter oil made by spray-drying cream, if centrifuged immediately afterwards
to remove solids, is remarkably pure. But it contains phospholipids, causing
browning and foaming when used in frying, and giving it emulsifying properties
when used for making doughs. Its keeping quality is excellent and it can be
kept for years at room temperature if stored and packaged well.
'Dried butter' is made from butter or cream with added non-fat milk solids
in a wide variety of compositions: up to 20 % solids-not-fat and with various
additives. It is mainly meant as a cooking fat (or shortening), particularly for
baking; the non-fat components may be useful as emulsifying substances.

Fractionation of milk fat can be achieved by first melting and then cooling it to a
temperature where part of the fat solidifies, and by subsequent separation of
liquid from solid fat after sufficient time. Cooling should be slow, to obtain
r°ughly spherical crystal aggregates. If crystals are too small, separation of
liquid fat from the crystal mass is too inefficient. Separation can be achieved by
filtering or centrifugation (53, 55). Even under optimum conditions, the pro
portion of the liquid fat present that can be separated is disappointing (Fig.
12.5).
In a newer process (16), based on an old principle (29), milk fat is separated
by mixing and washing the partly solid fat with water containing a suitable
surfactant. The adhesion coefficient, as defined in Figure 6.6 and as measured
in the water phase, of the surfactant-covered fat crystals at the oil-water bound-
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Figure 12.5. Fractionation of milk fat,
slowly cooled to various temperatures, a:
liquid fat that could be separated, after
Schulz & Voss (55); b: average liquid fat
content of slowly cooled milk fat.
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ary may now exceed unity (contact angle zero), so that the crystals tend to dis
perse in the water phase. Subsequent centrifuging and washing yields fractions
solid and liquid at the original crystallization temperature. Unfortunately, the
yield of liquid fat seems to be little better than in Figure 12.5: 40-55 % liquid
fat for crystallization at 25 °C (45). Apparently, the crystals enclose liquid fat
or liquid fat tends to emulsify in the water phase.
Results of fractionation by this process are illustrated in Figure 12.6 by
melting curves. The differences are significant but still rather disappointing.
Fractionating twice does not materially alter the result (58). The smallness of
differences will be partly due to incomplete separation, partly to extensive
formation of mixed crystals. Better fractionation can be achieved by crystalliza
tion from acetone, but this is not practicable.
Carotenoids, vitamin A and, to a lesser extent, cholesterol concentrate in the
liquid fat (45). The same is true for flavour substances. Hence, the solid frac
tion tends to have a flat flavour; and the liquid fraction an intensified offflavour, if the original fat had flaws (13).
Fractionated anhydrous milk fat could be used in several ways (54). 'Firm'
fat in recombined whipping cream would obviate the need for long and deep
cooling in summer. A high-melting fat in cheese would diminish oiling-off,
particularly in tropical countries. Butter with a 'soft' fat may be spreadable at
refrigerator temperature but, as judged from Figure 12.6, amount of solid fat
in the 'soft' fraction is only decreased by a quarter at 5 °C and that is not enough;
fractionation at low temperature gives a better result, but the yield is very low
(Fig. 12.5). Dried whole milk with low-melting fat has considerably better
instant solubility at room temperature (54). Fat used for baking often needs a
bit more solid fat at higher temperatures in the melting range ; besides it is use
ful to minimize variations in melting range; these goals can apparently be
reached (54).
People have also tried to increase the proportion of 'essential' fatty acid
residues (i.e. linoleic and arachidonic) by fractionation (55). Though their
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Figure 12.6. Melting range of fractionated
milk fat. a: original fat, b: fraction solid at
25 °C, c: fraction liquid at 25 °C. Average of 3
samples. After Norris et al. (45).

content is indeed increased in the liquid fraction, the increase is not large, at
most by some 20-40 % (45, 53, 55). The difference in melting behaviour be
tween fractions seems to be at least equally due to position of fatty acid residue
in the triglyceride molecules, as to fatty acid pattern (Section 3.1).

Chemical modification may considerably alter properties of milk fat, which then,
however, ceases to be milk fat.
Inter-esterification (randomization) causes random distribution of the fatty
acid residues in triglyceride molecules. After such treatment milk fat has a
flatter melting range, partly shifted to higher temperature; the fat is usually
firmer at a certain temperature, and crystal habit is quite differen ( ).
Cis-trans isomerization may increase the number of trans double bonds in
the fat, by a factor 4 or more; its effects on melting range and firmness resemble

those of inter-esterification, but even more pronounced (I )•
Hydrogénation decreases the number of double bon s, it a so causes is
placement of double bonds in the molecule and cis-trans isomerization. Hydro
génation of milk fat considerable increases final melting point and firmness a
most temperatures (37, 69).
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13 Structure and texture of butter

Butter was first made in regions of temperate climate. This determines its
composition (80 % fat, 15-20 % water), structure (a compact mass of partly
solid fat and fat globules, interspersed with water droplets) and several prop
erties (e.g. spreadable at room temperature).
In a sense, butter is still much the same as it was, but considerable change has
taken place in the technique of manufacture, and this has left its mark on the
product. Keeping qualities are much enhanced now, and serious flavour de
fects are rare, but the butter often is rather dull, greasy, dry and of flat taste,
as compared with the former glossy, springy, often somewhat wet product with
a distinct flavour.
Future trends will undoubtedly cause further changes. Butter-like products
can be made from the constituents: milk fat (possibly modified), water and
dried skim-milk. Products can be made with low fat content or with high air
content, mixtures with other fats, and even spreads with water as the contin
uous phase. In this chapter traditional butter will be the main subject, because
most is known about it, but we will discuss other products where it is ap
propriate. Production methods have been mentioned in Chapter 12.
13.1 Butter structure
Figure 13.1 briefly illustrates what happens during traditional butter-making at
temperatures around 15 °C. Partly solid fat globules clump to form small grains
that grow into larger ones, often of a fairly loose structure. The grains are
collected while excessive moisture is drained from them. They are then worked
into a continuous mass, consisting largely of fat globules and their remnants;
and of enclosed moisture droplets, originating from interstitial plasma between

milk

cream

small grains

large grains

butter

Figure 13.1. Stages in the formation of butter. Very much simplified, not to scale. Black
is the aqueous phase; white is fat.
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fat globules and between butter grains.
In milk, water is the continuous and fat the disperse phase. During churning,
fat contacts fat in places where the fat globule membrane is damaged (spreading
over the air-water interface, mechanical effects), so that the continuous water
phase is partly interrupted. During further churning and working, the fat phase
becomes more continuous. Liquid fat is squeezed out of the globules, partic
ularly where pressure is high and where adjacent air bubbles or water droplets
permit the movement of the more viscous milk fat. Membranes are damaged
during working but, at the usual temperatures, many fat globules contain suffici
ent solid fat to retain their identity. Even so, more and more fat globules are
damaged and destroyed, the continuous fat phase becoming predominant,
while the water phase becomes less and less continuous. A phase inversion has
taken place, though it seems improbable that inversion will be complete.
The process just described leads almost naturally to a theory of butter struc
ture, as was given by Mulder (67, 68):
1- Butter consists mainly of fat globules and globule fragments, interspersed
with moisture droplets. At a first approximation the numbers of fat globules and
water droplets are equal, the latter being smaller in size.
2. Butter has a continuous fat phase, consisting of fat globules pressed together
(the membranes will be partly absent), fragments of fat globules and fat squeezed
out of the globules. But this does not mean globules suspended in a pool of
liquid fat. Local patches of liquid fat may be present.
3. Remnants of a continuous water phase are still present: buttermilk droplets
and globule membranes, and possibly pieces of coagulated protein. It may be
noted that phospholipids (which are mainly in the membrane) and proteins are
fully hydrated, since the fat is completely devoid of these substances after melt
ing and separating.
. , .
,
•
,
.
4. Air cells and water droplets can be incorporated during churning and working.
5. Particularly after lowering the temperature, fat crystals form in the liquid fat.
Older theories considered a continuous mass of fat with aqueous droplets
(20,96) or a collection of fat globules each surrounded by a membrane (86).
King (37) envisaged a continuous mass of fat with both fat globules and water
droplets. Storch (97) was the first to observe the fat globules, and many micro
scopic studies have since been made. These do not conflict with the theory out
lined above, and particularly Gavel's work (24,25) confirms it. There is httle
doubt about the structural elements, but the continuity of the phases needs corro
boration.

The continuous fat phase.

Experimental evidence for its existence is as follows.
1. Butter cannot be diluted with water, unlike heavy cream, which disperses
easily in water.
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2. Butter can be diluted by or dispersed in an oil, but only by careful mechani
cal agitation (37). (Butter does not dissolve spontaneously in oil, even after
several weeks of contact.)
3. Fat-soluble dyes rapidly diffuse into butter (37, 79, 97) but not into heavy
cream.
4. Water-soluble dyes diffuse very slowly, if at all, into butter (79, 97), but
rapidly dissolve in heavy cream.
5. Mild pressure on a little lump of butter causes expulsion of liquid fat as is
seen at the edge of specimens prepared for microscopy; fat globules can be
observed suspended in liquid fat.
6. Filter paper pressed onto butter absorbs fat; if brought into contact with
heavy cream, the paper absorbs water.
The existence of a continuous fat phase in butter has its consequences for
properties, handling and use. Butter ought to be wrapped in material that ab
sorbs no fat and contains no fat-soluble substances (e.g. printing ink). Butter
sticks to hydrophobic surfaces, unless they are covered with a water film. (To
avoid butter sticking, wood can be saturated with water and stainless steel can
be sandblasted to hold a water film on its surface.)
Of course, not all the fat is continuous, as fat globules and fat crystals are dis
persed in it, but the distinction between continuous and disperse fat is vague,
since fat globules are partly damaged or fragmented, and because both liquid
fat and crystals are inside and outside the globules. There is no unambiguous
method of determining the proportions of continuous and disperse fat.
It would also be interesting to know the homogeneity of the disperse fat, as
local segregation can occur. The degree of segregation depends on mechanical
treatment (working) of the butter and on the degree of crystallization during and
after treatment; it will, for instance, be pronounced in butter produced by
Method Via of Table 13.10. The presence of air bubbles may enhance local
segregation, and this apparently happens during working in vacuum; release of
the vacuum then leads to visible droplets of liquid fat (99).
Salting of butter may cause local separation of liquid fat, since the moisture
of salt-free droplets diffuses towards salt crystals, and the space now available
is taken up by liquid fat (72).
The homogeneity of the disperse fat certainly affects butter properties, such
as spreadability (Section 13.6). If separation of liquid fat is so considerable that
the segregation is visible, it is called 'oiling off'; in that case, a filter paper
pressed to the butter absorbs much fat. Oiling off may become a serious de
fect, when the liquid-fat content is high too. Hence it is more pronounced at
higher temperatures (13,28, 54), and if the fat melts at lower temperatures (35).
Oiling off and firmness are indeed correlated (36, 40). Butter structure would
also have effect; one would expect less oiling off when the surface area of the
structural elements is larger and when the mesh of the network they form is
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smaller. The same factors would increase firmness (Section 3.7). But experi
mental evidence for such correlations is lacking. Several tests to estimate the
degree of oiling off have been described (36).
The continuous water phase. Butter cannot be diluted with water, but that does
not necessarily mean that it has no continuous aqueous phase. There is some
experimental evidence for the presence of continuous water.
1. Electric conductivity decreases as butter is more intensively worked but stays
much higher than that of butterfat. Prentice (82) found for butter fat < 10 ,
for poorly worked butter 10~5 to 10~4, and for well worked butter 10- to 10"
mho/cm (S/cm).
. „
2. Dielectric properties of butter may possibly give «formation about the way
in which water is dispersed in butter, but relations are intricate ( ),an t eon y
conclusion that can be drawn is that butter behaves not quite like an ideal
emulsion of aqueous droplets in butterfat (45, 84). Incidentally, measurement of
dielectric loss (permittivity) may be employed to estimate water content of
butter (accuracy about 0.2 % water) if composition and moisture distribution are
sufficiently constant (16, 95).

3. That the diffusion of salt into butter is definite though slow, offers a strong

argument for the existence of a continuous water phase, since diffusion must be
through t h e w a t e r p h a s e . T a b l e 13.1 s h o w s a n experiment w i t h c o m m o n s a l .
Others have studied diffusion of-SO.- (49), Ca- (Ht) and lactic acid (102 .
The counterflow of water must be considerable and considerably depress d ffu
sion rate. Diffusion of substances in butter has not been studied to the extent of
yielding quantitative information about continuous moisture.

4. Displacement of water through butter cannot be taken as evidence for a con
tinuous aqueous phase because some water, approximately 0.2 / v/v) at
room temperature" can dissolve in butterfat. Water can als» be^ displaced m
margarine, which is commonly a true emulsion of water in fat'
the evaporation of water when the margarine is expose oair.
if
transported should be proportional to the square root o ime o
transport is due to simple diffusion through the fat phase. Knoop &Wortmann
(44) observed this, and they also found that water evaporation f jom butter '
quicker and less regular (Fig. 13.2). This is strong evidence for a continuous water

Table 13.1. Diffusion of NaCl into a piece of butter kept in brine. After Rahn (87).
Distance from the outside of the butter (mm)

Salt content after 3 months (%)

0-5

5-10

10-15

15-17.5

0.874

0.391

0 160

0 095
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Figure 13.2. Evaporation of water from the surface
of margarine (a) and various classical butters
(b, c, d). m = g water evaporated/cm2 surface area,
t = time in h. After Knoop & Wortmann (44).

phase. Incidentally, evaporation of water is well known in practice, and has to
be prevented (e.g. by wrapping the butter in aluminium foil) because of weight
loss and because of the formation of a highly coloured almost transparent layer
on the outside of the butter.
Displacement of water also occurs when salt crystals are worked into butter.
Under the microscope, salt crystals can be seen changing into brine droplets, and
nearby water droplets disappear (3, 72). The brine droplets can easily become so
large as to lead to free moisture and to an unhomogeneous (variegated) appear
ance.
Although most butter contains a continuous aqueous phase, this represents
only a minor portion of the water, and often only local patches of the butter.
The 'amount of continuous water' certainly diminishes when butter is vigorously
worked, but quantitative relationships are unknown.
A picture of butter structure can now be given, but only qualitatively. Sections
13.2 to 13.4 yield more quantitative information.. The outcome is summarized
in Figure 13.3 and Table 13.2.
13.2

The fat globules of butter

Storch (97) was the first to recognize fat globules in butter. They can easily be
observed with a microscope, particularly in polarized light with crossed Niçois
(Plate 7A).
Properties of the fat globules in butter are partly different from those in milk.
The image under the polarizing microscope is enough to show this. As discussed
in Section 3.7, most fat globules in butter have a biréfringent, partly crystalline,
outer layer, unlike most fat globules in milk at the same temperature, which
usually have small crystals throughout the globule (106). See also Figure 13.3
for the probable arrangement of fat crystals.
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faTglobules

membrane

fat crystals

aqueous droplet

air cell

Figure 13.3. Diagram of butter structure at room temperature. Liquid fat is white;
membrane thickness is much exaggerated.

Table 13.2. Structural elements of conventional butter.
Element

Approximate Proportion Dimensions Remarks
((xm)
number conc. of butter
(%. v/v)
(ml"1)

Fat globule

1010

10-50

2-8

Fat crystal

10"

10-40

0.01-2

15

1-25

Moisture droplet 1010
Air cell

107

5

differ in composition;
with complete or partial
membrane
amount depends on
temp. ; at higher temp.
mainly in globules; at low
temp, solid networks
differ in composition

>20
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Not all fat globules in butter are original milk fat globules, as would follow
from the way butter forms (Section 12.2; Fig. 13.1). During churning and work
ing, membranes are damaged, liquid fat is extruded from the globules, some
globules are disrupted and many clump or coalesce. But though most globules
are expected to have damaged membranes, they are usually fairly resistant to
temperature changes, and some even remain after their contents have melted.
Some globules may be considered original milk fat globules, though their abun
dance will depend on the method and intensity of churning and working. This
also agrees with data on size of the globules. King (38) found volume-average
diameters of 3.6 to 4.2 jim. Gavé! (25) calculated a modal diameter of 4.4 (j.m.
An example of a size distribution is given in Table 13.3; the smaller globules are
hard to observe and were probably underestimated, and those below 1.6 (j.m
diam. were even neglected.
Some of the larger globules are undoubtedly formed by coalescence of
original globules. Cream that had been frozen, and so contained very large
globules (Section 7.5), gave butter with very large globules (74). Dolby (12)
found many large globules in butter made from flash-pasteurized cream, and
many small ones in butter from cream treated in a Vacreator (cf. Fig. 7.2).
Generally, number and size of the globules vary considerably, and will depend
on manufacturing methods (25).
'Recombined butter', which like margarine is made by emulsifying an aqueous
phase into a solidfying fat, does not contain fat globules, and this profoundly
affects its properties (Section 13.6). But it may contain rather large roughly
spherical bodies of clustered fat crystals ; these can be formed when solidifying
butterfat is vigorously stirred (42, 58, 107).
Fat globules in milk differ in composition (Section 4.4), and, as would be
expected, this is found in butter too. Probably, differences between globules are
even larger, as judged from the considerable spread in final melting point of the
globules: from 35 °C to 55 °C (106). The extrusion, of liquid fat from partly
solid globules, would indeed cause considerable change in the composition of
the remaining fat. It also follows that composition of globular and continuous
Table 13.3. Size distribution of fat globules in a butter. After
King (38).
Diameter
(}j.m)

Number
counted

Number
per ml

Volume of these
globules (ml)

1.6-3.2
3.2-4.8
4.8-6.4
6.4-8.0
>8
Total

185
196
16
3
0
400

91
98
7.8
1.5

0.07
0.33
0.07
0.03
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x
x
x
x

108
10s
10«
108

217 x 10«

0.50

fat must differ and that most crystalline fat is inside the globules at the buttermaking temperature. This has important consequences for butter consistency.
Amount of 'globular' fat. It is difficult to define the amount of globular fat
since butter is not simply a liquid with free fat-globules and water-droplets dis
persed in it. Many of the fat globules are damaged or even fragmented, and
crystalline fat exists inside and outside the globules. Continuous fat, liquid fat
and non-globular fat are by no means identical. Hence, estimation of content
of globular fat can never be exact.
Several methods have been tried. Storgârds (98) centrifuged butter in
an attempt to separate continuous liquid fat, but separation will never be
complete and globules can be destroyed in the process. Fritz (23) calculated
from phospholipid content of butter, cream and buttermilk, that 60 % of the
°riginal fat globules are destroyed during churning; but on the one hand phos
pholipids may be removed without destroying the globules, and on the other
hand globules are destroyed after the removal of buttermilk during working
(Fig. 13.4).
King (38) employed microscopic counting and sizing after dilution of the
butter with liquid fat. An example is given in Table 13.3. He calculated the pro
portion of total fat in globules to be 4-62 % ; but globules may have been de
stroyed during dilution and mounting, causing underestimation of globular fat.
His data agree well with those of others, using the same technique: 18-28 %
(55), and 26-35 % (18). It is widely assumed, as is logical, that the proportion
of globular fat depends on manufacturing methods but there is no clear evid
ence. Möhr & Bauer (55) found no significant difference between butters made
by the traditional, Fritz, and Alfa processes, respectively.
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Figure 13.4. Number of fat globules per ml (AO, their mean-volume diameter
and the proportion of the fat present in globules ig, % v/v) m a sample of traditional
butter, as a function of working time. After King (38).
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King found a pronounced influence of the duration of working (Fig. 13.4).
Many globules are destroyed, the larger ones to a slightly greater extent. Glob
ules do not apparently coalesce. It is striking that almost all the fat is still in
globular form when working starts. Prolonged intensive working leaves almost
no globular fat and this must considerably influence consistency (Section 13.6);
note that prolonged working also increases air content, again affecting con
sistency (Section 13.4).
13.3

Moisture

Different kinds of moisture can be distinguished, according to origin.
1. Inside grains: milk plasma that is entrapped between globules during the
formation of small grains; it cannot be removed by working or washing;
the droplets are smaller than fat globules.
2. Between grains : buttermilk or wash water, adhering to the grains ; a part is
worked into the butter; working determines droplet size.
3. Dissolved water: butterfat contains about 0.2 % water.
4. Water in fat-globule membranes and their remnants: roughly 0.1 %; in
contact with several 'active' substances (enzymes, phospholipids, metal cata
lysts).
5. Added water: tap water or brine worked into the butter to regulate moisture
or salt content; working determines droplet size.
6. Hydrated protein: this is usually in the moisture droplets but, after salting,
some droplets may disappear as such, leaving particles of protein which con
tain some water and salts.
The different kinds can be distinguished but not separated ; moreover, inter
mediary forms occur.
The properties of the fat globules play a basic role in determining amount and
properties of enclosed moisture. If globules were to gather into the closest
packing of hard spheres, small grains would contain 26 % (v/v) of moisture. If
small grains were to build up in a similar way into large grains, the latter would
then contain some 45 % (v/v) of moisture. Though this description is over
simplified, hard small grains were found to contain some 20 % moisture after
removal of outside moisture (8) ; and the moisture content of a mass of finished
grains is mostly around 40 or 50 % after drainage (68, 78).
Fat globules are more or less deformableduring churning according to firmness.
This affects the shape and volume of interstices, which contain the moisture. The
same applies to small grains growing into large ones, but here very rapid growth
(much liquid fat, high fat content) may lead to loose irregular aggregates con
taining much moisture. These considerations lead to the scheme of Table 13.4
Figure 13.5 illustrates the effect of churning temperature, which in turn deter
mines fat firmness, other things equal. Other factors play a part, such as size
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Table 13.4. Effect of firmness of the fat globules on enclosed moisture in butter.
Elements

Consistency Remarks
of these
elements

Fat globules soft
firm
Small grains very soft
normal
very firm
Large grains very soft

normal
very firm

a

Moisture
enclosed in

globules deformable, little
small grains
interstitial volume
globules stay round, much
interstitial volume
very rapid formation of uneven finished
large grains with large cavities, grains
particularly from high fat cream
swift formation of compact
grains (normal churning)
slow formation of smooth, rather
compact grains, particularly
from low fat cream
poor drainage during working butter
good drainage
excellent drainage

amount
low
higher
very high
low
rather
high
very high
low1
low2

Particularly in combination with normal small grains.

But lower in combination with normal small grains than with very firm small grains.

20
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Figure 13.5. Moisture content of tradi
tional butter as a function of churning
temperature, other conditions being equal.
After Ref. 53.

of the finished butter grains, viscosity of the moisture (sweet or sour cream
buttermilk, wash water), fat content of cream, and particularly the working
method (see below). Mulder (67, 68) verified the reasoning given above by ex
tensive experiments and review of the literature.
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Working or kneading of butter is mainly meant to make a continuous mass out
of the grains and to remove excessive moisture. It may also serve to improve
keeping quality, to regulate moisture content within narrow bounds, and to
influence spreadability.
Working affects fat globules (Section 13.2), networks of fat crystals (Section
13.7) and moisture droplets. Moisture inside grains is hardly affected as the drop
lets are too small, so that butter always contains much 'buttermilk' or cream
plasma. Most of the moisture between grains is removed during the first stage of
working, and the rest is disrupted into small droplets. During normal working,
additional water can be incorporated into the butter and becomes finely dis
persed (see Fig. 13.6); the water may be taken up from the wall of the working
equipment, or it may be added to regulate moisture content. Working is finished
when also the droplets are sufficiently small; the butter is now 'dry', i.e. it does
not contain visible water droplets. It is possible to make the butter 'wet' again,
for instance by working at low speed (Fig. 13.6).
To explain these phenomena, at least qualitatively, it is useful to envisage the
working simply as laminar flow of an emulsion of water droplets in a viscous
medium, with simultaneous coalescence and disruption of droplets. Collision

16
K12
10-

15-

10-

5

0
Figure 13.6. Moisture content (%) and free moisture number (arbitrary scale) of
classical butter as influenced by number of times the butter has been worked with a
roller. The butter was first worked at high (about normal) speed while the working
table was kept wet, and subsequently at low speed. After Mulder et al. (71).
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kinetics is discussed in Section 6.2. By rearranging Eqn 6.2, we find that the
number of collisions per unit time (ƒ,), encountered by a 'central' droplet of
diameter
is given by
k = HRi + RÙW2S

[13.1]

where R2 and N2 are radius and number concentration, respectively, of the
droplets that may collide with the 'central' droplet, and S is the shear rate
(velocity gradient). It follows that collision rate is determined by
moisture content, which is proportional to R3N (see also Section 6.2);
2. size of droplets, so that larger droplets encounter many more collisions than
smaller ones;
3- the shear rate developed in the butter by the working apparatus.
Not all collisions necessarily lead to coalescence, for instance because of
possible repulsion (Section 6.2); if, as in butter, the continuous phase is quite
viscous, the time droplets take to coalesce may not be negligible, so that duration
°f contact between droplets may be important.
Deformation and disruption of droplets is discussed in Section 6.5. It follows,
mainly from Eqn 6.6, that the conditions for disruption are roughly
SRrj/y > 1

[13.2]

where rj is the viscosity of the fat phase and y the interfacial tension fat-water.
Hence, high viscosity and high shear rate increase disruption, and large droplets
are more susceptible than small ones.
It would follow that there is a maximum droplet size possible after particular
working conditions, and the higher S or Tj, the smaller this maximum. De
creasing working speed (hence S) after some time, should lead to a predomin
ance of coalescence, until a new equilibrium is obtained.
The theory as outlined here was used and experimentally verified by Mulder
et al. (71). Besides studying moisture content and free moisture (e g- Fig. 13.6),
they counted and sized droplets in butter worked in different ways, and found
average and maximum droplet size inversely related to working speed. Rapid
working increased the number of small droplets and decreased that of large
droplets, while slow working had the opposite effect; the limit between small
and large was about 4 [im diam.
The theory is of course too simple. The flow of butter during working will be
far from homogeneous and shear rate varies considerably from place to place,
locally, plug flow may occur (71). If the butter is hard and brittle, the flow will
be even less homogeneous, and cracks may form and close again, and local
patches of butter may escape deformation. All the same, the theory explains the
actual situation in several types of working apparatus quite well. A somewhat
simplified summary is given in Table 13.5.
Efficient working is of great importance to butter quality, particularly keeping

257

Table 13.5. The effect of various working equipment on the moisture dispersion in
butter. S is shear rate.
Type of machine

Important
variables

Rollers

turning speed, S high
hence S

Condition

S low

butter
temperature

temp, high
temp, low

Beaters, blenders

turning speed,
beater shape,
butter temp.

Result
disruption predominant -• small
globules and 'dry' butter; butter
takes up moisture from the wall
of the machine
more coalescence -»• 'wet' butter
and moisture loss
low -+ working ineffective,
mostly maximum turning speed
too low to achieve good results
rj' high ->- plug flow, butter
unhomogeneous
approximately as with rollers,
but with high rf less plug flow;
maximum 5 usually higher than
with rollers

Butter homogenizer turning speed,
construction

approximately as with rollers,
but no plug flow (thin layers of
butter); 5 very high so very small
droplets

Worm screw
(printing machine)

pitch,
turning rate,
butter temp.

approximately as in 1, but S
mostly very low, so coalescence,
hence wet butter, unless droplets
were very small initially

Perforated plate

flow rate

rate low
rate high

perforation

large holes
small holes

butter temp.
Rollerless churn

1

impact1
(weight and
height of fall)

impact heavy -*• y'S high (lower n gives
higher S) effective disruption,
unless T}' so high that no flow
occurs
impact light does not occur in commonly used
machines

Note that temperature has little effect.
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-»• S low, coalescence pre
dominant
-»• S high, disruption pre
dominant
-»• S low and plug flow, coal
escence predominant
-» S high, strong disruption,
very small droplets
see under rollers, but more dis
ruption at low temp

quality (see below); and if droplets are large, printing of the butter may cause
moisture loss, since the slow working in the printing machine causes coalescence.
On the other hand, overworking leads to a dull, greasy and often flat-tasting
product. An insight into the processes may therefore help in choosing optimum
conditions.
Properties of moisture droplets. The number of droplets has been reported to
be 1010 to 3 x 1010/ml by various authors (38, 71, 88). Though it will vary
between samples, the variability is small since the great majority consists of the
small droplets 'inside grains' that result from interstitial moisture between fat
globules.
An example of the size distribution of a well worked butter is given in Figure
13.7. The size range shown is very broad, and is even more extreme when differ
ent butters are considered. Globules smaller than 1 [im and larger than 1 mm in
diameter occur. The amount of moisture present in large globules varies con
siderably; the indicator paper of Knudsen & Serensen (15) gives a rough esti
mate in terms of a 'free moisture number'.
In microscopic preparations the droplets usually look spherical, certainly the
smaller ones, but below room temperature some droplets may be irregular in
shape (25). When a firm butter is worked, particularly after 'setting', cracks are
formed that may be filled with moisture (15). Keeping butter below 0 °C causes
the water to freeze and almost all the fat to crystallize, considerably altering
moisture dispersion: cracks develop, water droplets may coalesce and free
moisture' may result (51).
Droplets containing milk plasma will have adsorbed surface layers, as is

Figure 13.7. Size frequency distribution of moisture droplets in a well worked butter
number frequency (per ml per
class width, lögarithm^ scal^, % »percen by
volume of the moisture per um class width ; D = droplet diameter. After Mulder et al.
N is

(71).
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clearly shown in electron micrographs (43). These layers probably consist
mainly of protein, and may be similar to the surface layers of fat globules in
recombined milk (Section 14.1).
It follows from the process of butter formation that droplets can vary widely
in composition. Moisture inside grains remains predominantly as cream plasma
or buttermilk, even after washing. To give an example for a classical butter
(ripened cream, well washed, well worked): moisture content was 15.5 %,
lactose content of the butter 0.25 % and lactose content in the buttermilk 3.9 %;
it follows that almost 40 % of the moisture was buttermilk (68). The inclusion
of cream plasma (buttermilk) depends on grain size (Table 13.6), which, in
turn, is influenced, for instance, by fat content of cream and proportion of solid
fat.
Table 13.6 also shows that relatively more of the protein than of the lactose is
entrapped, at least in ripened-cream butter, because of straining of the relatively
coarse casein aggregates by the mesh of butter grains. By fluorescence micros
copy, droplets with and without protein can be distinguished; the majority
contain protein, particularly after long working (47, 57). In unwashed butter to
which no water has been added, all droplets contain cream plasma or butter
milk.
Working salt or brine into butter yields brine droplets and droplets of mixed
composition. Owing to diffusion of water towards the salt crystals or brine
droplets, differences in composition slowly diminish, but do not vanish. This
process may lead to a considerable increase in the proportion of moisture pre
sent in large droplets, and many small droplets disappear.
The moisture droplets contain many of the flavour substances of butter (e.g.
diacetyl and organic acids). Though systematic investigations are lacking, prac
tical experience indicates that flavour is much better perceived when the droplets
are larger. Overworked butter (very small droplets) has little flavour (besides a
greasy mouthfeel). Relation between microstructure and flavour perception needs
experimental study.

Table 13.6. Effect of grain size on average composition of moisture in ripened-cream
washed butter. After Mulder (68).
Approximate
grain size
(mm)

Water in
butter
(%)

Lactose in
water
(%)

Protein in
water
(%)

Buttermilk
in butter1
(%)

0.2
1.5
10

14.2
13.4
13.9

1.18
2.75
2.82

3.95
4.40
5.03

4.4
9.5
10.2

1 Calculated
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from lactose and water contents.

10

20

Figure 13.8. pH in butter serum kept at
17 °C. Just before churning, 10 % starter
was added to the cream. Part of the butter
was worked until completely 'dry' (Curve
a); part was worked less well (average free
moisture number about 1; Curve b).
Average of 4 experiments. The dotted line
indicates final pH expected if all droplets
were to acidify. After Ref. 73.

Keeping quality of butter depends largely on moisture distribution. The aqueous
phase (i.e. moisture droplets and fat globule membranes) contains most of the
chemically active substances. Though it is logical to assume that the area of
contact between water and fat (hence the fineness of dispersion) would influence
the rate of fat deterioration (oxidation, lipolysis), there is no experimental
evidence.
Microbial deterioration strongly correlates with droplet size. Usually the
droplets far outnumber the microorganisms in butter, mostly by a factor of 1000
or much more. But the large spread in droplet size may cause a considerable
proportion by volume of the moisture to contain microorganisms. From Figure
13.7, a bacterial count of 10«/cm3 would mean that most droplets over 10 pm
diameter would contain bacteria. At first approximation, the volume fraction
of the moisture that contains micro-organisms is proportional to the volumeaverage volume of the moisture droplets (or to 2 "A*!2, nA this means that
the presence of large droplets is particularly detrimental. Only substances in
droplets that contain at least one microorganism can be fermented, because
transport of bacteria or dissolved substances from droplet to droplet will be
infinitesimally slow if occurring at all. The absence of large droplets is therefore
essential to the reduction of microbial fermentation (Fig. 13.8). In a well worked
butter, mircobial deterioration is virtually absent.
Salting of butter may further improve keeping quality. A content of 1 %
salt in the butter means about 5 % in the aqueous phase. But this is only an
average; most of the large droplets will have more salt. The concentration of
dissolved substances in the salt-free droplets increases by diffusion of water
towards the brine droplets. Systematic investigations are lacking.

High-moisture butter. Many attempts have been made to manufacture butter
like spreads with low fat content. This is very difficult if one wants a microstruc-
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ture similar to butter, because a suspension with a disperse phase of, for in
stance, 80 % of the volume (55 % moisture, 25 % globular fat, not counting
further fat crystals) is very difficult to make. But simple water-in-oil emulsions
(e.g. recombined butter) with fat contents as low as 40 % (w/w) have successfully
been made (4, 34). It is even possible to make the moisture dispersion so fine that
virtually no micro-organisms grow (4). But since there is no globular fat, the
product may be too firm at low temperatures, owing to excessive solid networks
of fat crystals (Section 3.7).
Spreads of the oil-in-water type have also been made (26, 93), but these are
more like heavy cream, though fat globules are usually clustered or clumped to
some degree (Section 10.2). Solid networks of fat crystals cannot form, so the
product is quite soft, even at refrigerator temperatures. Thickening agents have
to be added to give the spread sufficient body and to prevent moisture from leak
ing out. Since water is the continuous phase, microbial keeping quality is poor
(4), unless a preservative is added.
Colour of butter is primarily a function of the colour of the butterfat, but is
much paler. The difference is caused by the various dispersed elements that
scatter light. Fat crystals and fat globules are numerous but do not scatter
much light because of the small differences in refractive index. Still, partly
solid butterfat is turbid and paler than liquid fat. Air cells and water droplets are
effective scatterers, and droplets are particularly numerous.
Butter is paler when moisture content is higher (19), but particularly when the
droplets are finer, so that reflectance measurements may yield information
about droplet size (90). All the factors affecting droplet size, particularly the
number of small droplets, affect paleness (64, 66); hence deep cooling of cream,
low fat content of cream and washing of the grains favour a pale butter. Salting,
which leads to disappearance of many small droplets, gives a less pale butter.
Overworked butter or butter treated in a butter homogenizer may be very pale
(19), but perhaps partly because of incorporation of air cells.
Evaporation of moisture at the surface of butter yields a deep-coloured layer
(primrose colour), because the outer layer becomes almost transparent. A
similar effect occurs when butter is kept in brine. It need not be stressed that
reworking of such butter may lead to variegated appearance.
13.4 Air cells
Fresh butter mostly contains more than 5 % air by volume. The solubility
is probably about 4 % by volume (Section 2.4), so that most butters must con
tain air cells (50). Gavél (25) studied this microscopically and found an average
of about 4 % (v/v) of visible air cells. The cells were large, mostly over 20 [xm
in diameter; this is not surprising, since the increased solubility of small air
cells favours their solution (Section 11.1). Much air is incorporated during long
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Table 13.7. Firmness (arbitrary units) of butter into which
various amounts of air had been incorporated by whipping.
From Fisker et al. (22).
Volume increase
by whipping

Firmness at

(%)

5 °C

13 °C

20 °C

Control
35
75
125

>100
63
46
30

55
20
14
9

6
3
2
1

intense working, particularly in a roller-worker (27, 89). Printing decreases
both visible air content and average cell size (25). Working in vacuum reduces
air content by 50-80 % (1). Number and size of air cells vary considerably, but
few quantitative investigations have been made.
The content of dispersed air may influence some of butter's properties, such
as colour (Section 13.3). Though air content would affect fat autoxidation
there is no correlation under usual conditions (57). Air content may influence
texture but, under normal conditions, the air content is low and clear effects
have not been established. Working in vacuum gives butter with a much lower
degree of shortness than does normal working (1), but the process affects homo
geneity of the fat phase as well as air content.
In whipped butter, the air (or gas) content is increased very much, profoundly
affecting firmness (Table 13.7); the difference between the unwhipped butter and
that with 35 % 'overrun' may be primarily caused by work-softening (Section
13.6), but the further decrease on increasing the overrun must be mainly caused
by air cells. Fisker et al. (22) found, however, that the decrease in hardness is
not necessarily associated with improved spreadability: the whipped butter is
often crumbly and is difficult to spread. Note that improvement in spreadability
at a low temperature can only be expected when air is whipped in at that same
temperature or even lower; otherwise solid networks of fat crystals form in the
lamellae between air cells, giving the butter a crumbly or brittle consistency.
13.5 Texture
The texture of butter is essential to its quality; it determines spreadability and
strongly affects appearance, taste, mouthfeel and its suitability for many uses.
Butter should have sufficient 'standing up' and be neither too firm nor too soft;
it should not be sticky, greasy, flaky or crumbly; it should not be extensible
0°ng or tough); a certain springiness is wanted to prevent a dead' appearance.
Texture is a function of composition and structure (Table 13.2), in particular
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of the solid constituents; hence it depends profoundly on temperature. Without
solid fat, butter is liquid, without liquid fat it is hard and brittle as china: if
butter cooled in liquid air is dropped, it fragments. The structural arrangement
of the constituents plays a key role. If butter is almost melted and then cooled
again so that its chemical composition is the same as before, its texture is very
much altered, becoming very firm and brittle. Recombined butter is usually
somewhat flaky, much firmer and less springy than 'classical' butter of the same
composition.
Rheologicalparameters. Texture now generally means the total set of Theologi
cal and macro-structural properties of a material, particularly of a material
with complex rheological behaviour. Consistency has a narrower sense, and is
defined as 'that property of a material by which it resist permanent change of
shape and is defined by the complete flow-force relation' (Society of Rheology).
One usually tries to measure consistency in butter. Other measurable properties
are elastic modulus (31, 32) and hesion (5). The relation between these pa
rameters and practical terms like firmness, spreadability, stickiness or crumbliness
is often unclear.
Even consistency is a loose term. In practice, unless stress is very low, the
elastic deformation of butter appears to be so low that it is negligible relative to
viscous deformation (68) and this makes the problem simpler. (Nevertheless,
the fairly large elastic recovery of butter during spreading is important for
appearance.)
Within certain limits of stress and time scale, margarine and fats seem to
behave as non-Newtonian shear thinning liquids of high viscosity (30), hence
S Ht) KTm

[13.3]

where S is shear rate, r the stress applied, and k a constant; the power m is
greater than unity. (The apparent viscosity r{ = f/S.)
Butter shows a similar relation (68) but under practical conditions it almost
behaves as a pseudo-plastic body. At very low stress, deformation is purely
elastic unless one waits very long. For higher stress, the internal structure of the
butter begins to break up and the system shows shear thinning. For still higher
stress, structure is not further broken up and the butter flows like a liquid;
hence
S en

(t - T0)/??*

[13.4]

where t„ is the apparent yield stress, and rj* the (pseudo)viscosity.
These relations are illustrated in Figure 13.9. Similar curves are obtained when
deformation, rate of extrusion, penetration depth or comparable parameters
are plotted against r. The actual values found for the yield stress and the slope
of the curves very much depend on conditions (68), for instance stress applied,
time scale of the experiment, and the way in which the butter is stressed.
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Figure 13.9. Deformation rate
(shear rate 5) of butter brought
under different stress (r). The
broken line is according to
Eqn 13.3, the solid lines are
approximate results for dif
ferent samples. The straight
parts are in agreement with
Eqn 13.4. r0: apparent yield
stress, y* '• pseudoviscosity.

Several investigators (30, 41, 48, 63) have found that under identical con
ditions, the quotient r0 to tj* is almost constant for samples of butter of very
different consistency (Fig. 13.9). This implies that in many conditions one meas
urement may suffice to characterize consistency. But it is uncertain whether such
a relationship would also apply to butters made in a different way, e.g. recombined' butter compared with traditional butter. Butter and margarine, for
example, show a noticeable difference in spreadability when their yield stresses
are the same (31).
Measurement of consistency can be in several ways (70), and most of these are
empirical. A piece (e.g. a cylinder) of butter may be stressed and the deforma
tion measured after some time, as was done, for instance, by Mulder (63).
Kruisheer et al. (48) measured the force needed to push a probe through the
butter at a certain speed, and this correlates well with the thumb firmness.
Similar results are obtained with a cone penetrometer, as both results (force and
Penetration depth) correlate with yield stress (30). Prentice (83) developed an
extruder that measures the force needed to extrude butter through an orifice ;
10
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it was devised to assess spreadability. Several sectilometers measure the rate at
which a wire is pulled through butter for a certain stress, and this particularly
correlates with viscosity at high shear rate (41).
These measurements give data in arbitrary units, not absolute values, but they
correlate well with one another when applied to samples of conventional butter
of different consistency. It is not at all certain that this would be the same with
'recombined butter' and other products. Care should be taken that the structure
of the samples is not altered by preparation for measurement (work-softening
may profoundly affect consistency: Section 13.7), and that the stress applied is
well above the yield stress. Under these conditions the outcome may be held to
be a measure of firmness or spreadability.
Elasticity becomes important at low stresses and small deformations (e.g.
< 1 %). Analysis of visco-elastic behaviour may yield important information on
the nature of the bonds between structural elements of a material. Haighton
(31, 32) found that the Young's elastic modulus of conventional butter is small,
<106 dyne/cma, while that of margarine is much higher, around 10' dyne/cm2.
Shama & Sherman (94) made a more sophisticated analysis and concluded that
butter contains a wide range of bond strengths, and that the number of weak
reversible bonds in particular is high. But margarine contains particularly strong
irreversible bonds. This agrees with information on butter structure (Fig. 13.3;
Section 13.6), and with the behaviour during setting and work-softening (Sec
tion 13.7). The difference also accounts for the springier appearance of butter
than margarine during spreading.
13.6 Factors affecting consistency
Generally the rheological properties of a dispersion depend on:
1. volume fraction of disperse phase,
2. viscosity of the continuous phase,
3. consistency of dispersed particles,
4. size and shape of dispersed particles,
5. arrangement of dispersed particles,
6. attraction and repulsion between dispersed particles.
The simpler case of fat crystals in oil is discussed in Section 3.7. The main
determinants are number and strength of bonds between particles, mainly de
pending on Items 1, 5 and 6 and for bonds in solid networks also on 3 and 4.
The role of the structural elements and some complications are discussed
below.
Solid fat. The amount of solid fat plays a key role. Directly after working
(before solid networks have formed), it is the main factor in firmness (Fig.

266

firmness

melting

dilatation {'/.)

0.5

-

y

Figure 13.10. Firmness (arbitrary units)
of butters made with different cream
treatments, and churned and measured
at different temperatures, as a function
of the melting dilatation of the fat in the
cream just before churning. (Melting
dilatation is roughly proportional to
solid fat content.) After Mulder (68).

13.10). Note the steep increase in firmness with solid fat content.
Since fat composition varies widely (between cows and with differences in
feed, time of year and environment; Section 2.1), great differences occur in the
amount of solid fat after identical handling (Section 3.1). Not surprisingly
correlations are found between butter firmness at a certain temperature and
'analytical parameters' of the fat (e.g. Ref. 108). The correlation is, however,
not perfect and discrepancies of a factor of three in firmness between butter
samples of equal value of the parameter may easily occur. This can be due to the
following :
1. Usually either iodine value or refractive index is taken as the analytical
parameter. Iodine value is proportional to content of double bonds in un
saturated fatty acid residues; refractive index increases with unsaturation and
with average chain length. Melting point of fatty acids increases with increasing
saturation and chain length (Table 2.1). Hence, the correlation with average
melting point of the fatty acids of the fat is far from perfect. Moreover, the
arrangement of the fatty acid residues in the triglycerides profoundly affects
melting range of the fat (Section 3.1).
2. Several factors besides solid fat content influence firmness of butter often by
as much as a factor of 2.
Differences in hardness of crystals are unlikely to influence butter consistency.
As discussed in Section 3.7, size and shape of the crystals have a profound effect
in fats, and it is often assumed (since Wode, 108) that this is also true in butter.
In normal butter, however, the differences in crystal size are small, and a clear
effect, has never been established. Quite different is 'recombined butter', where
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crystal size can be varied considerably, and larger crystals give much softer
butter and cause more oiling off (52). If most fat globules are destroyed in a con
ventional butter, by excessive working or by almost melting, large fat crystals
form, but other changes (solid networks, air inclusion) may then be more im
portant.
The continuous (liquid) fat has a viscosity of about 1 Poise, but depends on
temperature (Table 2.4). As the apparent viscosity of whole butter is about
107 P at 15 °C (92), it is unlikely that the small variations that may occur in the
viscosity of the liquid fat will appreciably influence butter consistency. In
cidentally, the effective viscosity experienced by a particle in flowing butter will
be somewhere between that of liquid fat and that of whole butter, according to
conditions.
Globular fat. At temperatures at which the butter was made or higher, the
greater part of the solid fat is inside the globules. These are therefore rather
rigid, so that they increase firmness, also because of their large volume fraction
(Table 13.2). But the fat crystals inside intact globules cannot form solid net
works with crystals outside; or expressed in another way, the continuous water
phase formed by (remnants of) membranes partly prevents large networks from
forming. Consequently the presence of fat globules should make butter softer.
This is in agreement with the general observation on the difference in con
sistency of butter and margarine, which has far less solid fat when they are
equally firm. (Hence, butter feels much cooler in the mouth.) It also agrees with
the relative scarceness of strong bonds in butter, as deduced from its viscoelastic behaviour (94). 'Recombined butter', which lacks fat globules, is roughly
twice as firm as conventional butter at 5-15 °C; its work-softening and setting
characteristics are also more like margarine than butter (105).
Good investigations on the effect of the quantity of globular fat on firmness in
butter are lacking. Knoop (40) showed qualitatively that a butter with many fat
globules spreads better than one with little globular fat.
The aqueous phase has probably little effect on consistency, except indirectly,
since it curtails continuity of the fat phase. Sweet- and ripened-cream butter
do not differ in firmness (64). Effect of moisture content on firmness has never
been clearly established (68). The viscosity of the water droplets being much
lower than that of the fat phase, small droplets could increase viscosity of the
butter and large droplets decrease it, as would be so in a simple water-in-oil
emulsion. This may explain why salting decreases butter firmness (67, 72), as
salting increases droplet size (Section 13.3); however, the displacement of water
makes the butter less homogeneous (72), perhaps decreasing firmness as well.
The water droplets together with the fat globules (with their partly aqueous
membrane) form a network (Fig. 13.3). Though the bonds are weak and prob
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ably insignificant at room temperature, they may well give butter a certain con
sistency when almost all the fat is melted, since butter does not completely
liquefy or separate into two phases under these conditions.
Air cells may significantly affect texture, particularly crumbhness and stickiness
(Section 13.4).
Networks, formed by flocculation or growing together of fat crystals, are essen
tial to firmness. This is discussed in Section 13.7 (see also Section 3.7).
Inhomogeneity of butter structure implies that networks are locally absent, or at
least weaker and easily broken down. This causes (partia ) P u8 °w w en 'e
butter is stressed, as the presence of liquid fat permits easy sliding of partsofïhe
butter over one another. Hence, butter can be spread at much lower stresses
than it would be if completely homogeneous. This makes firmness of butter very
difficult to analyse theoretically.
13.7 Setting and work-softening
Freshly made butter is very soft, but firmness
increases considerably during
storage, sometimes by as much as 20 times (62); this is ca e s
goften assumed that setting was caused by increase in so i
.
w.
showed (62, 69) butter to set even if there was no further
butter is vigorously worked (kneaded) at constant temperature it losemuch of
its firmness, this being called work-softening. On subsequent standing,
sets again (Fig. 13.11).
12
1

margarine"")

10

before working
butter

8

2
0

1

days

0

2

after

U

working

6

'

Figure 13.11. Effect of work-soften
ing and setting on firmness (apparent
yield stress in 10s dyne/cm2) of butter
and margarine at 15 °C. Mainly after
Haighton (30).
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Theoretical considerations, as worked out by Mulder (68) and Haighton (30),
lead to the following picture (see also Section 3.7).
Fat crystals in the liquid fat are in Brownian motion and may thus flocculate.
Since they attract each other by van der Waals forces, and since repulsive forces
are absent (101), the crystals form a lasting network. Though the bonds formed
are weak, they are numerous and hence they impart considerable firmness to
the system. In butter, flocculation is retarded and curtailed by the many water
droplets and fat globules present, whereas these particles themselves may be
involved in the network. Networks of fat crystals are also formed inside the fat
globules, making them somewhat rigid (106).
The flocculated and hence touching crystals may now slowly grow together by
further crystallization, giving a strong solid network, whose bonds are broken
only with considerable force. The solid networks can form only after floccula
tion of the crystals under one or more of the following conditions :
1. Crystallization is not yet complete (Section 3.2 and 3.5).
2. There are polymorphic changes, leading to recrystallization (Section 3.3).
3. Mixed crystals are reconforming (Section 3.4).
4. Large crystals are growing at the expense of very small ones ('Ostwald
ripening').
5. Temperature fluctuates, causing melting and recrystallization.

If temperature is constant, these changes are probably small after the first
few days. Hence, the strong bonds probably do not so easily form again once
they have been broken. If they are formed again, the process will be very slow.
Formation of van der Waals bonds, however, would be completely reversible,
making the butter thixotropic. They would be formed in a relatively short time.
Model calculations indicate a flocculation time (time needed to complete the
formation of the network) from several minutes fo~a few hours, according to the
assumptions made, for instance, about number of crystals and viscosity. The
model agrees with the retardation spectrum derived from the complete viscoelastic behaviour of butter: the time that bonds take to form after being com
pletely disrupted ranges from about 10 s to 3 h (94).
Data such as in Figure 13.11 and visco-elastic behaviour at small stresses, as
investigated by Shama & Sherman (94), suggest that, in butter, weak bonds are
particularly important, whereas in margarine, more solid networks develop.
Work-softening in butter (defined as proportional loss in firmness) is mostly
50-70 % in butter, in margarine 70-80 %. This difference may be due to differ
ences in structure (globular fat).
Thixotropic behaviour of butter has been described by several groups (10, 48,
62, 92, 100); it is also found in butterfat with very small crystals (56), and in
margarine (30, 94). An example is given in Table 13.8. Most of the firmness lost
by work-softening is recovered, but not all. A second reworking again dimin-
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Table 13.8. Thixotropy of butter. Firmness of butter
(determined with a penetrometer, arbitrary units) at 15 C
after keeping and working at 15 °C. After Mulder (68).
Treatment
. ,
Original
butter
After reworking
After 1 week standing
After reworking again
After 1 week standing

Sample 1

215
171

Sample 2
430
10ç
3gQ
^
^06

ishes firmness after setting, perhaps because of breaking of solid networks that
escaped the first reworking, or that had reformed.
If butter is made from cream cooled sufficiently before churning, so that no
additional fat can crystallize during setting, firmness does indeed increase. This
was studied by Mulder (62) who found no increase in melting dilatation (hence
no crystallization), while firmness increased from 8 to 40 units after 1 week at
16 °C; if, however, the cream was not deep-cooled before churning, melting
dilatation increased by 25 %, and firmness from 3 to 48 units under the same
conditions. Hence, setting can occur without additional crystallization, which,
however, further increases firmness; and shortness. When both types of butter
were reworked and left again for some time, the differences disappeared (62).
Factors in setting. Time of standing is a main factor, and the increase in firmness
is at first very quick and then slower (Fig. 13.11). The increase occurs for the
most part during the first day but is usually not complete, even after a week (62),
in agreement with theoretical considerations. The effect of lack of a crystalliza

tion equilibrium is discussed above.

Temperature is an important variable. It was often assumed that setting is

quicker at low temperatures, but this holds only for crystallization of super
cooled fat; it does not hold for thixotropic setting or formation of solid net
works since flocculation time and the degree to which recrystallization can occur
will both be lower at lower temperature. Figure 13.12 shows clearly that higher
temperatures favour setting, though there is an optimum just below the tem
perature at which firmness was estimated. If butter was kept very cold immedi
ately after manufacture even for prolonged times (e.g. 3 months at 0 C) little
setting occurred, but subsequent storage at a higher temperature led to a normal
increase in firmness (62). Hence setting is incomplete when butter is kept in cold
store.
Texture. Setting not only affects firmness but also other rheological properties.
Fresh butter and butter that has just been reworked lacks the normal butter
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firmness

a t 16 °C

> temp.('C)
0

5

10

15

Figure 13.12. Effect of time and tempera
ture of storage on firmness (penetrometer,
arbitrary units) of butter estimated at 16 °C.
The point indicates firmness of the fresh
butter made at 16 °C. After Mulder (62).

texture: it is soft and greasy and lacks shortness. After setting, it has a much
shorter consistency or even a certain crumbliness, and gives the impression of
being more springy. If the cream has not been cooled to low temperatures
before churning, so that extensive solid networks are formed during setting, the
butter is distinctly brittle, even at temperatures where it is quite soft (68).
13.8 Temperature effects
Temperature influences the rates of chemical reactions, microbial deterioration
and diffusion of substances in foods. In butter it also affects fat crystallization
(Section 3.1), which is crucial for butter's structure and texture. If butter is
warmed so that most of the fat crystals melt, many of the fat globules disappear
and aqueous droplets coalesce because they are no longer held apart by networks
of crystals and globules. After cooling to the original temperature the structure is
very different from the original, crystals being much larger, fat globules fewer
and larger, and the texture more like that of butterfat (65, 68); the water phase
is less continuous.
Temperature has considerable effect on firmness (Fig. 13.13). Firmness
doubles for a decrease in temperature of 1-6 °C, according to conditions; at
high temperatures, temperature sensitivity is greatest. Large differences occur in
firmness at the same temperature, even when butters have exactly the same
chemical composition (as in Fig. 13.13). These are caused by differences in
temperature history, and there are three main effects:
1. Temperature affects the rate of setting (Section 13.7).
2. The amount of solid fat at a certain temperature depends on temperature
history, mainly because of mixed-crystal formation (Section 3.4). For example,
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Figure 13.13. Firmness (pene
trometer, arbitrary units, loga
rithmic scale) of butter as a
function of temperature. Butters
were made from the same cream,
churned and left to set at 14 °C;
temperature treatment of the
cream was as indicated (°C).
After Mulder (61).
cooling in steps (e.g. 8 °C/19 °C/2 °C, or 19/19/2) leads to relatively little solid
fat at high temperatures.
3. If the cream has not been precooled at a low temperature (e.g. 16/16/14),
äll the crystallizable fat is not yet crystallized before churning, so that setting
includes the formation of solid networks (Section 13.7); hence the butter is
firmer at low temperatures, but this extra firmness does not persist at higher
temperatures, because the solid networks melt.
Firmness at a low temperature can therefore not be taken as indicative of

firmness at high temperature, and vice versa.
Under practical conditions (in the creamery, during transport and sale, m the
household) butter is often subject to temperature fluctuations. Temporary
cooling of set butter would have little effect: though solid networks are formed,
they would remelt after return to the original temperature. Temporary warming
of set butter may have pronounced effects (Table 13.9). On heating, solid fat
melts but, because of the existence of mixed crystals, a recrystallization must take
place and equilibrium may be slowly attained (Section 3.4), so that some time
elapses before the process of softening is complete. On subsequent cooling to
the original temperature, crystallization causes the formation of solid networks,
so that firmness will increase beyond the original level. A noteworthy example is
winter butter that had been so made as to give maximum spreadability (tem273

Table 13.9. Effect of temperature fluctuations on firmness of butters assessed with a
penetrometer (arbitrary units). From Mulder (65)
Temperature treatment after manufacture
4 days 13°C/l|h 19 °C
4 days 13 °C/1 day 19 °C
4 days 13 °C/2 days 19 °C
4 days 13 °C/7 days 19 °C

Temperature of
measurement
19 °C
19 °C
19 °C
19 °C

Firmness
7.5
6.5
5.5
5.5

10 days 13 °C
4 days 13 °C/1 day 16 °C/5 days 13 °C
4 days 13 °C/1 day 19 °C/5 days 13 °C
4 days 13 °C/1 day 22 °C/5 days 13 °C

13 °C
13 °C
13 °C
13 °C

22
24
27
29

12 days 11 °C
2 days 11 °C/2 days 22 °C/8 days 11 °C

11 °C
11 °C

10
19

perature treatment of cream e.g. 8/19/14: due to precooling no solid networks,
due to cooling in steps a minimum of solid fat); a temporary rise in tempera
ture may double firmness (lower part of Table 13.9).
13.9 Practical methods of controlling consistency
In practice, butter texture at a given temperature, particularly firmness, de
pends on fat composition and method of manufacture.
Fat composition has the greatest effect and is often difficult to influence signifi
cantly. The following methods may be considered.1. Change in feed. Composition, and to some extent the physical form of feedstuffs considerably influence fat composition of cows' milk, and, for instance,
iodine value may vary from <25 to >45. The difference between winter and
summer fat largely depends on feed. The differences are, however, far smaller
than those of the fats in the feed, since most double bonds are hydrogenated in
the rumen. Hydrogénation can be limited by feeding cows on an oil emulsified
in a solution of casein, which is then denatured with formaldehyde, so that the
emulsion droplets remain intact while passing through the rumen. Feeding cows
on such an emulsion of safflower oil led to a milk fat with an iodine value of 72,
and 35 % of polyunsaturated fatty acid residues ; butter made from it was spreadable at 2-5 °C (6). It remains to be considered whether such a change in feed
is economic, and whether flavour defects may occur.
2. Choice of milk from individual cows on the basis of fat composition (e.g.
by refractive index) is costly and ineffective. There is often a slight difference in
composition (1 to 2'units in iodine value) between morning and evening milk (85).
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3. Cream with fat of a certain composition (e.g. summer cream) can be kept
frozen and later mixed with cream of other composition (e.g. in winter). Frozen
cream has good keeping quality, but is not easy to work with. Often cream of
50 % fat is taken and deep-frozen. Care should be taken to avoid clumping and
coalescence of fat globules during freezing and thawing (Section 7.5), as the
presence of large globules and fat lumps would affect butter texture (Section
13.6); slight homogenization of the cream may help. It is also possible to store
'plastic' cream (>80 % fat); according to conditions of manufacture and stor
age, this product can be considered as cream (continuous water phase) or sweetcream butter (continuous fat phase).
4. Butter, especially sweet-cream butter, can likewise be kept in cold storage,
and later added to cream. By choosing suitable conditions during churning
(e.g. turning speed, temperature), the butter is dispersed in the cream and sub
sequently rechurned. In the butter so made, lumps of added butter can be dis
cerned microscopically (74); studies on its texture are lacking.
5. Different kinds of butter can be mixed. If the butter is sensitive to a lasting
work-softening, mixing will cause it to soften and increase spreadability.
Remember that mixing often involves temperature fluctuations with all their
consequences (Section 13.8).
6. Anhydrous milk fat has excellent keeping quality (Section 32.4), and can be
kept and used later. To a limited extent, it can be added to cream (as in Item 4).
Another use, as also of Items 7 and 8, is in recombined butter (see below).

7. Milk fat can be fractionated (Section 12.4) and suitable fractions used in
buttermaking.
8. Milk fat can be chemically modified (Section 12.4), but such a fat can no
longer be considered as milk fat.
Non-traditional products can have very different consistency, and were often
devised for that reason.
1. Butter can be made, as can margarine, by emulsifying an aqueous phase into
fat (Section 12.4); it may be called recombined butter. This product usually has
a texture quite different from that of butter obtained by traditional methods, and
is mostly much firmer (Section 13.6). But it also allows use of selected or modi
fied fats (Items 6 to 8 above). Note that recombined butters can in principle
also be made by first recombining cream, which is then made into butter, such
a product would have a structure more like classical butter.
2. Butterlike products with a high moisture content, at least when of the oilin-water type, may be easily spread at low temperature (Section 13.3).
3. Whipped butter is much softer, but also shorter than traditional butter
(Section 13.4).
4. By adding a certain quantity (e.g. 30 %) of an oil liquid at refrigerator
temperatures to cream (or by mixing oil into butter) one can obtain a product
that spreads much easier at low temperatures (104), if prepared by churning or
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blending at low temperature. If the product is temporarily kept at high tempera
ture, much of the original spreadability is lost.
Process variables have a distinct effect on consistency in the production of

traditional butter, but the differences so obtained can never offset large varia
tions in fat composition. It is possible to correct for them to some extent but more
important is that improper choice of process variables may cause detrimental
effects.
Temperature history has considerable effect on amount of solid fat (Sections
3.2 and 3.4) from the time the cream is treated. The degree to which solid net
works form is quite variable ; coalescence of fat globules into large lumps by
improper handling of cream, too intensive working, and temperature fluctuations
of the butter promote them.
Table 13.10 summarizes methods of manufacturing butter and their effects on
consistency. The scheme is largely based on theoretical considerations (Mulder,
68); the methods mentioned are all described in the literature and are or have
been actually used. An understanding of the principles is more useful than the
mere following of prescriptions, since the manufacturer should adjust processing
conditions to suit natural variations.
It should be borne in mind that several factors limit choice of temperature.
Churning should be fast enough and lead to a low enough fat content in the
buttermilk (Section 12.2). During working, the butter should be neither too soft
nor too firm to allow regulation of moisture content and dispersion. When
ripened-cream butter is made, culturing of the cream requires that it be kept for
a certain time at a certain temperature. When butter is made in a 'continuous
churn' (usually of the Fritz type; Section 12.2), there is in fact no choice of tem
perature for cream treatment for control of consistency, since control of mois
ture content, fat loss and output require careful manipulation of the solid fat
content at the moment of churning. Fundamental research into the factors
governing these variables would be useful.
Mostly the aim is either to produce butter as firm as possible at room tem
perature, or as spreadable as possible at refrigerator temperature. The first
aspect has been extensively studied. Measures to be taken should include forma
tion of extensive solid networks, hence crystallization of part of the fat after
printing and then keeping the butter undisturbed, or warming the butter above
room temperature and then cooling again. Methods I, II, IV or VII are used.
How to make butter of maximum spreadability at low temperature has been
less well examined. Measures to be taken may include: cooling the cream in
steps (e.g. 8/20/14) to obtain less solid fat; working the butter after all fat has
solidified, possibly a few times with temperature decreased for each step to a
final refrigerator temperature; never warming the butter until it is used, so that
small portions should be printed.
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14 Synthetic fat-globules

When liquid fat is emulsified into an aqueous phase containing sufficient of
suitable stabilizing materials, synthetic fat globules form. Such machine-made
globules are different from natural ones, even when pure milk fat is emulsified
into milk plasma. Though many recombined milk products are made, the syn
thetic fat globules in these products have received little attention. Even so, our
knowledge of natural fat-globules, emulsions in general and the processes
involved in recombination permit some tentative conclusions.
14.1 Recombined milks
To recombine milk, dried skim-milk is usually dissolved in water, and milk fat is
emulsified into the reconstituted skim-milk. Products of different composition
can be made in a similar way, and even purely synthetic milks. Manufacture and
properties of recombined milk products have many interesting aspects, but we
will only consider those of the fat globules.
To emulsify the fat, it should of course be liquid. It is usually first coarsely
emulsified with a high-speed stirrer (2), or, more often, by circulating the mix
ture of fat and skim-milk for some time through a centrifugal pump (6). This
leads to fat droplets some 10-50 [xm in diameter, sufficiently small to keep the
mixture homogeneous during agitation. The product is afterwards homogenized.
Many properties of the resulting fat globules, such as their size, can be inferred
from the discussion on homogenization in Chapter 9.
It is very difficult to produce fat globules similar in size distribution to natural
globules: if average globule size is about normal, part of the fat is present in
very large rapidly creaming globules; and if these are eliminated, average
globule size is much lower. If small globules are wanted, this is no problem. But
for some uses of recombined milk, for instance in cheesemaking, small globules
may be undesirable (8). A globule-size distribution somewhat like that of milk
can be obtained by spraying liquid fat through a nozzle directly into a stream of
skim-milk (12).
The recombined milk is thus similar to homogenized milk, but the composi
tion is not exactly the same: the substances of the natural globule membranes
are largely absent. These substances can be added, for instance as sweet-cream
buttermilk but, even then, their distribution over the phases of the recombined
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milk is not as in natural milk (Section 5.2). Generally, synthetic milk products
can be made of any composition, but that does not imply that their structure
and properties can be made to will.
Surface-active substances, like proteins and phospholipids, will be partly
adsorbed onto the fat globules, giving a protective surface layer (Sections 6.4
and 9.3). At first approximation, adsorption of substances is proportional to
their concentration. For skim-milk and pure fat, this would imply that the sur
face layers virtually consist of plasma proteins; see Section 5.6 for the relative
preponderance of casein over serum proteins. When the product contains butter
milk, considerable amounts of phospholipids may be adsorbed, either as mole
cules or in lipoprotein units. These aspects are illustrated in Figure 14.1.
The adsorption of most surface-active substances takes place only if they are
present before homogenization, though some surfactants may be able to dis
place substances like proteins from the fat surface afterwards. (Anyway,
surfactants like Tweens tend to diminish protein adsorption.) The situation is
also different when insufficient suitable material is present to cover the whole
initial interface. If so, all of the surface-active substances will be adsorbed.
The latter situation may arise if the fat is emulsified in only part of the aqueous
SYNTHETIC

HOMOGENIZED

NATURAL

sub-units

protein

phospho-

of micelles

molecules

lipids

(3)

(2)

U)

lipoprotein
particles

(5)

plasma
casein micelles

(i)
Rgure 14.1. Surface layers of natural, homog°jJ^ types^highly schematicand not
upper row shows the main differences between J? , i g]ements of a surface layer,
to scale. The lower row illustrates possibk stractura cQnfi
tions> e.g. between
Surface layers may involve: other materials, 1
n) over (4)(1) and (2) or (3); mixed layers; and overlaying, e.g. (3) over W
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phase, for instance in order to save homogenization energy. This implies also
that the ratio of protein to fat is low, hence it favours the formation of homog
enization clusters if casein micelles are present. These aspects are discussed
in Section 9.3. For recombined products, the tendency to form clusters is even
greater than while homogenizing natural cream, because the entire fat surface
is covered with plasma proteins, not just part of it. For the same reason the heat
stability of recombined fat-containing products tends to be somewhat less than
in 'natural' products (4), as can be inferred from the discussion in Section 10.3.
In all these problems, temperature and pressure of homogenization are impor
tant variables (Sections 9.4 and 10.3).
The properties of the dried skim-milk used may profoundly affect the re
combined milk, mainly by the heat treatment of the skim-milk. In a high-heat
powder most serum proteins are denatured, causing increased homogenization
clustering (Section 9.3), and probably increased casein adsorption during
homogenization.
For some recombined products, it may be advisable to emulsify the fat in
whey or other products rich in serum proteins. Fat globules coated or partly
coated with serum proteins are, for instance, less stable against clumping and
churning (Section 6.4) and more stable against heat coagulation (Section 10.3).
If no casein micelles are present during homogenization, homogenization clusters
may be less.
The composition of the fat will also influence product properties, certainly
when fats other than milk fat are used (filled milk). Even in the case of milk fat,
one may choose a sample with desirable properties. Differences between winter
and summer fat, fractionation or other modification of the fat may all be ea%employed (Section 12.4). In this way, flavour and crystallization behaviour can
be influenced.
Fat composition will also affect composition and properties of the surface
layers of the globules. If phospholipids are present in the fat, as when the fat is
obtained from a spray-dried cream (Section 12.3), these substances have a
greater tendency to go to the fat-plasma interface than if present in the plasma
(9). These aspects need further study. When monoglycerides and diglycerides
are present in significant quantities, whether added or resulting from lipolysis,
they also, like phospholipids, tend to replace proteins in the surface layer. Hence
less homogenization clustering, greater heat stability and smaller stability to
clumping or coalescence.
Lipolysis causes off-flavour, as does fat autoxidation. It should be realized
that very slight off-flavours in the fat tend to be more pronounced after emulsification if the flavour substances are water-soluble. The slight oxidation, which
easily occurs during preparation of anhydrous milk fat, will if due precautions
are not taken lead to an impaired flavour in the recombined milk. Though this
may be partly overcome by deodorization of the fat, such treatment also tends
to remove desirable flavours (10).
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Table 14.1. Comparison of properties of natural (N), homogenized (H) and synthetic
(S) fat globules, the last in a normal recombined milk (anhydrous milk fat, dried
skim-milk and water). For explanation see text.
H
N
Properties

Size distribution
average diameter, dVB (um)
distribution width (% of */V8)
surface area (m2/g fat)
creaming parameter, H (um2)
Composition
differences between globules
Fat crystallization
supercooling needed
Surface layers
main components
structure
natural membrane (% of area)
changes caused by processing
Flavour aspects
taste as such
lipase action
fat autoxidation
Changes in dispersion
disruption of globules
agglutination
heat coagulation
clumping
freeze-thaw coalescence

3-5
40-50
1.5-2.2
15-40

0.2-1
80-110
7-33
0.2-4

as H
as H
as H
as H

considerable

as N

none

considerable

>N

>H

lipoproteins

both

complex membrane
almost 100
considerable

both
5-30
<N

plasma
proteins
adsorbed
almost 0
small

little
prone

»N
<N

<N
asH?
<H?

possible
yes
no
possible
possible

«N
«N
possible
<N
>N

as H
as H?
>H
<H
<N

'rich'

14.2 Comparison of fat globules
In Table 14.1, some properties of natural
pared. As synthetic and homogenized glo u
summary, we discuss
Utter are also included. As a table cannot be more than a summary,
some aspects below.
Size distribution needs no daboratiön. after^
mUk may
Section 9.2. Note that creaming rate m hom |^^ recombined milk
be different, despite an idenùcalsjzei
•
creaming), and the

Composition of the fat can be varied
^^^oTcLTidmbTe differences
«cts. Individual fat globules of one natural mi
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(section 4.6), which will hardly change when the globules are homogenized into
smaller ones. The synthetic globules, however, will all have fat of the same com
position, unless special measures have been taken to emulsify different portions
of the fat separately into one skim-milk.
Fat crystallization is discussed in Chapter 3 and it is seen that the state of dis
persion of the fat has considerable effect on crystallization behaviour (Section
3.6). Differences between synthetic and homogenized globules are shown in
Figure 3.10. The following aspects are involved:
1. The uniform composition will cause less difference in crystallization be
haviour between globules. In a homogenized milk, some globules will start to
crystallize at a higher temperature than those of average composition; other
globules need more supercooling.
2. As the surface layers could perhaps act as nucleation centres for crystalliza
tion, differences depending on composition and structure of the surface layers
cannot be ruled out.
Surface layers. The natural membranes are discussed in Chapter 5 and also
some aspects of the adsorbed surface layers of synthetic globules (See also Sec
tion 14.1, and for homogenized globules Section 9.3). The main differences
between the three types are illustrated in Figure 14.1, upper row. We know little
about the structure of the surface layers of homogenized and synthetic globules,
and various possible structures are illustrated in Figure 14.1, lower row. Prob
ably, all the types given do exist (See also Plates 5 and 6).
Processing, such as heating and cooling of milk, may profoundly alter prop
erties of the fat globule membrane (Sections 5.6 and 6.6). This may pertain
to such aspects as formation of sulphydryl compounds, and stability to clumping
or coalescence. Though few investigations have been made, it seems that the
surface layers of synthetic fat globules show little sensitivity to processing
conditions other than those that influence globule size.
Flavour aspects of the fat itself are discussed in Section 14.1. Another aspect is the
'richness' of taste in milk products, usually associated with the milk fat. Thurston
& Barnhart (11) showed that this flavour aspect is probably associated with
materials of the natural fat-globule membrane, mainly the phospholipids. It is
now widespread practice to use some sweet-cream butter-milk, usually 10 %,
in recombined milk to improve flavour (3, 6, 7). Greater quantities seem to
impair flavour again. Nobody has studied whether the site of the responsible
substances (either in the plasma or on the fat globules) affects the flavour.
Homogenization very much enhances lipase action if active lipase is present
(Section 9.6). There is no reason to expect much difference between synthetic
and natural globules in this respect. Copper-induced or light-induced autoxidation of the fat occurs at a much lower rate after homogenization (Section 9.6).
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It may well be that synthetic fat globules, which are practically devoid of original
membrane substances, are even more resistant to autoxidation, but this has
apparently not been studied. Nevertheless, contamination with high concen
trations of copper may certainly cause fat oxidation in synthetic products (1).
Changes in fat dispersion.

Disruption of fat globules is dependent on their

size (Section 6.5).

..

.

,

Agglutination of homogenized globules, if any (that means if active agglu
tinin is still present) is usually much less than for natural go u es ( ec ion .
There are no indications that synethetic fat globules act very 1 eren y rom
homogenized ones.
.
.
,
Heat coagulation is primarily dependent on amount o casein a

,,

r

(Sections 9.4 and 10.3).
,
. . ,
Coalescence and clumping or churning are largely depen ent on g o u e: size.
Hence, homogenized globules are much more stable than

surface layers have also considerable influence (Section 6. ). n

P'

>

synthetic fat globules are probably most stable and homogenize g o
so. This is reflected in the freeze-thaw stability against

?

where globule size apparently has little effect. Anyway, the fat g ob^es of recombined milk or cream are very stable against clumping, unless surfactants
that cause a less coherent surface layer are added before ^ogenizatio^
As clumping and churning are also closely dependent on e r
liquid fat (Section 6.6), this may cause differences m stability il ^rcooHnê
peratures. As noted above, synthetic fat globules may need more suP^°h^
to initiate fat crystallization. However, systematic studies, for instance on
churning rate, have not been published.
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homogenization temperature 182
protein adsorption 142,143

effect of temperature 141,146

effect on globule collision 106,157
formation of cream layer 156-157
in cream 207
low-pasteurized milk, see raw milk
parameters for evaluation 139,141
rate of rising of floccules 147,148,157
rate of rising of globules 140,141,158
raw milk 147-156
buffaloes' milk 150
carabao's milk 150,154
effect of agitation 152
factors influencing 150
formation of cream layer 156-157
temperature effects 151-153,154,156
variability 147,150
Stokes' law 139-140,144
Creamingrate 140-141,146,156,158
Cryoglobulins 148-149,155
Crystallization
a, ß' and ß forms, see polymorphism
crystal growth 36,49-50,270
crystal networks 49-51,52,270-271
crystal shape 49-50,52
crystal size 39,49-51,52,267-268
effect of composition 34-35,48,52,241242
effect of fat dispersion 40,46-49,52,285,
286
effect of temperature fluctuations 40,

50,273-274
effect of temperature history 42-44,52,
271-274
effect on changes in fat dispersion 121—
123,134,174,219
effect on viscosity of milk products 63,
201

flocculation of crystals 49,50,270
heat of fusion 34,38,45
inside globules 46-49,51,52,122,250,
251,286
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Crystallization (continued)
melting dilatation 34,38,AS
melting range 33-35,43,51,52,242
mixed crystals 36,37,40-45,49,51
layer crystals 40
solid solution 40
nucleation 35-36,47-48
phase diagram 40,42,42-44
polymorphism 37-40,41,45,48,51
proportion of solid fat 43,45-48,52,
241,261

rate 35-36,37,48
reconformation 37,42,43,44,50,270
solid networks 49-51,52,270-271
supercooling 35-36,47-48,49,51,266267

triglycerides 33,34,38
vitreous modification 38
Cultured cream 204-205
Deformation of globules 114,117-119,123
Deformation of moisture droplets 257
Destabilization 105
Diffuse reflexion 62
Diglycerides
distribution in milk 27,27,79-80
properties 27,28
Disruption of floccules 107
Disruption of globules 702,112-113,117
121,121-128,131-135, see also
Homogenization
effect of agitation 131-134,189-190
effect of air 123-125,133-134
effect of evaporation 135
effect of fat content 121
effect of globule size 117,119,120
effect of heaters 132-135
effect of pH 126
effect of separation 146
effect of solid fat 121-122,125
effect of spray drying 135
effect of steam injection 121,135,190
effect of temperature 126
Disruption of moisture droplets 256257
Distance between globules
cream 55,84,195-196,797
effect on clumping 108
effect on viscosity 63
equation for 57,58
milk 55,195-196,797
DLVO theory 109-111
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Dried butter 240-241
Dried cream 240-241
Electrophoretic mobility of globules 77,91
Emulsifiers, see Surfactants
Enzymes
alkaline phosphatase 21,73,82,85
lipase 19,27,52,93-94
membrane 81-82
protease 19,27,81
xanthine oxidase 73,81,82,85
Evaporated milk
creaming 742,745,143-144,182
globule size 61
heat coagulation 144
Fat content
definition 25
effect on physical properties 195-197
Fat crystallization, see Crystallization
Fat globule, see specific headings
comparison of properties 285-287
Fat globule membrane, see Membrane
Fat-protein complex 177-178
Fat separation, see Creaming
Fatty acids
composition of
cerebrosides 27,78-79
cholesteryl esters 27,78
glycerides 26,27
phospholipids 26,27,IS,95
free
composition 26
distribution in milk 27,27,28,79-80
milk products 30
properties 25-26,28
Firmness
butter, see Butter, consistency
fat, see Milk fat, consistency
fat globules 51,268
whipped cream 218-220
Flocculation of crystals 50,270
Flocculation of globules, see also
Agglutination
attraction and repulsion 107,110,182
by electric current 147
by gums etc. 148
by leucocytes 156
different types 101,702,705,182
floccule size and shape 147-148,157
homogenized globules 182-183,205
kinetics 105-107
Flotation, see Churning

Foam
Globule size distribution (continued)
stability 210-217
creaming parameter (//) 141,742,169
effect of fat 215-216,218
milk 54-61,145,170
effect of surfactants 216-217
milk products 60,61; see also Homog
separated milk 214-215
enization and specific products
types 211-213
surface
area 57,58,61,165,170,172
Foaming
width 57,169
buttermilk 216-217
cream, see Whipping
Heat coagulation 144,182-183,191,205effect of homogenization 185,215-216
208
effect of milk fat 215-216
effect of continuous flow sterilization 208
effect on fat globules 88,124-125,215,
effect of fat content 205-206
233
effect of homogenization 205-208
ghost membranes 213-214
effect of membrane composition 208,
ice cream, see Ice cream
284
milk 214-216
effect of plasma properties 205-206
process 210-213,217
effect of surfactants 208
separated milk 185,213-216
recombined products 284
Free fat 105, see Churned fat
Heat transfer
Freeze-thaw stability 116,123,136-137
cream 196-198
fat 31,196-197,198
Ghee
milk 198
manufacture 237,238
Homogenization, see also Creaming
properties 240-241
by mixers 188, 189-190
Gibbs elasticity 112,114,117,212
conditions promoting clustering 178Gibbs Marangoni effect 112,114,212
181,203-204,206
Globules, compositional differences 48,
disruption of globules 168-169, see also
64-65,285-286
globule size resulting
Globule size
effect on casein micelles 177-178,183changes 22,60; see also Homogeniza
184
tion
effect on fat oxidation 97,187
caused by evaporation 135
effect on foaming 185,215-216
caused by foaming 134
effect on heat coagulation 144,182-183,
caused by freezing and thawing 136191,205-208
137
effect on lipolysis 94,186-187
caused by heaters 133-135
effect on membrane 91-92,94,175-181,
caused by milking machines 133
183,282-286
caused by pumping 132-133
effect on rennet coagulation 184,205
caused by separators 133,146
effect on viscosity 180-181,184,185,
caused by splashing 134
203-204
caused by spray drying 135
energy conversion 164-165,187,188
caused by steam injection 135
flow inside the valve 163-169
caused by streaming 131-132
cavitation 166 168
caused by Uperiser 134,135
inhomogeneity 168-169
caused by Vacreator 126,135
Kolmogorov scale 164,165-166,168
caused by vibration 132
globule size resulting 169-175,176,191
effect on creaming rate 139-142
creaming parameter 169,170,188
effect on stability 106,111,117,128
effect of fat content 173,174
effect on viscosity 63
effect of polymers 175
fat composition 65
effect of pressure 171-172
Globule size distribution
effect of repeated homogenization
averages 55-57,169,261
172,173
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Homogenization (continued)
effect of solid fat 174
effect of surfactants 175
effect of temperature 113,174
effect of two stages 112,173
effect of valve type 172
effect of viscosity 175
volume frequency 170,172
mechanism 166-169
non-traditional methods 187-191
partial 165,188-189
temperature rise 161
two-stage
166,112,173,m,191,206207
ultrasonic 170,188,190
valve 164,166,172,175
Homogenization clusters
disruption 157,180
effect on creaming 142—144,180,181—
182
effect on heat coagulation 206
effect on viscosity 180,203-204
effect on whipping cream 221
factors affecting formation 179-180,
189,191,204,.284
structure 103,178-179
Homogenized milk
appearance 185
creaming 142-143,181-182,191,285
globule size 67,169-175
sediment 185
taste and flavour 185,255,286
Ice cream
churned fat 223-225
dryness 224
freezing 223
overrun 223,225
role of surfactants 224-225
shape retention 224
stability of fat globules 116,117,225
structure 222-224
Ice cream mix
composition 222-223
globule size 67,224
stability of globules 110
Instability, see Clumping, Coalescence,
Creaming, Disruption, Flocculation
Interfacial tension, fat globules 70,84,91,
92,103,112,165,177
Kneading, see Working
Kolmogorov scale 120,165-166,168,183
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Lactenins 155
Laplace pressure 117,210-212
Lecithin 27
Leucocytes 16,20,27,156,185
Lipolysis 28,93-95,186-187,195,217
Lipoprotein 25,29,93,149
Lipoprotein particles 17,75,20,27,30,8586; see also Microsomes
Marangoni effect 112
Margarine
structure 249,250,266,268
texture 264,266,268,270
Membrane
adsorption of proteins 71-72,78,92,93,
126,175-178,181,182,183,191,283284
changes 68,70-72,87-88,88,93
acidification 93,96
agitation 88,59,94
centrifugation 92
churning 88-89
cooling 89-90,93,94,123,136,137
dilution 92-93
evaporation 93
fat crystallization 89,94,123
foaming 88-89,94,124
freezing 93
heating 90-91,96,123
homogenization 91-92,94,175-181,
187,255
whipping 88-89
cohesion 114-117,123
composition 27,76-84
carotenoids and Vit. A 80,83
cerebrosides 76,77,78-79
cholesterol 76,77,79
copper 80-81,55,89,91,96
enzymes 81,52
free fatty acids 79-80
glucides 83
iron 81,83
magnesium 81,87
molybdenum 81,55
neutral glycerides 76,77,79-80
phospholipids 76,77,89,90,92
protein 76,77-78,87,92
variability 83-84
water 76,77
zinc 81,87
contamination with core fat 74,79,86
definition 67-68

Membrane (continued)
deoxycholate treatment 74,77,86
genesis 15,16,68-70
high-melting triglycerides 79,86-87
homogenized globules 91-92,175-178,
283,285

loss of substances 70,72-73,88-92
methods of analysis 72-76
recombined globules 283-286
structure 84-88
electron microscopy 87-88
homogenized globules 178,283
recombined globules 283
thickness 84-85
Microsomes 16,69,85-86
Mikrofix, see Butter homogenizer
Milk
composition 13-14,27,22,23
globule size distribution 54-61
optical properties 62
structure 17-23
synthesis 14-16,22
Milk fat
anhydrous 239-240
chemical modification 243
composition 25-29,32,274-275
individual globules 64-65
consistency 50-52,239-240,270
crystallization,

see Crystallization

density 31

electrical properties 31,249
flavour 29,239,242,286
defects 93-97,186-187,286-287
richness 185,286
fractionation 35,241-243
interesterification 28,35,243
iodine value 267,274
refractive index 31,267
individual globules 64-65
setting 50,240
solubility of gases 31
solubility of water 31
thermal properties 31,198
use 239
viscosity 31,119
work-softening 50,239-240
Milk fat globule, see specific headings
Monoglycerides

distribution in milk 27,79-80
effect on membrane properties 208,221
225,284
properties 27,28,36

Nascent fat globules, membrane 69,70
Natural creaming, see Creaming,raw milk
Oiling off

butter 248-249,268
liquid products 105
Oxidation of fat 95-97,187,195,239,240
Phase inversion 101,102,230,231-232

butter 247
Phosphatidyl inositide 27
Phospholipids 29
composition 26,27,2%,78
effect on membrane properties 208,225,
284
in membrane 76,77,78,91-92,283
milk 21,27,28

milk fat 240-241
milk products 30,60
Pickering stabilization, see Solid particles
Polymers
A/W interface 212
O/W interface 104,110,113-114
compound layers 116-117
Proteins, see also Polymers
surface properties 92,113-116,126,175178,213-215
Rancid flavour, see Lipolysis
Rebodying 90,136,202-203
Recombined fat globules 283-287
agglutination 155,285
changes in dispersion 285,287
crystallization 285,286

membrane properties 68,72,94,117,
282-286

whipping properties 221-222
Recombined products 242,282-284
butter 240,252,262,267,268
milk 282-284
flavour aspects 286-287
whipping cream 221-222
Red protein 78,88
Renneting 184,205
Repulsion between globules 107-111
electrical 109-110
entropie or steric 110-111,114
Rheology
butter 263-274
cream 62-64,198-205
milk 62-64
milk fat 50,52
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Rheology (continued)
milk fat globules 51
Separated milk
fat in, 30,145-147,158,i59
globule size 61,158,159
homogenization 183-184
Separation of butter oil 238
Separation of milk 144-147
Serum proteins
membrane 78,92,116,284
properties 17,18,19-20,21
Shear, effect on
clumping 108-109,229,230
deformation of globules 117-119
disruption 118-119
flocculation 106-107
Skim-milk, see also Separated milk
fat in 747,157-159
Soft-curd milk 184
Solid fat, see Crystallization
Solid particles in O/W interface 104,
113
Somatic cells, see Leucocytes
Sphingolipids, see Cerebrosides and
Sphingomyelin
Sphingomyelin 27,78
Spreading
over air-water interface 88,93,124-125,
214-216,219,232
spreading pressure 124
over oil-water interface 91,92
Squalene 21,29,79,83
Stability, definition 105
Sterols, see Cholesterol
Sulphydryl compounds 89,90
Sunlight flavour 187
Surface area
of fat globules 57,58,61,165,170,172
Surface pressure 114-116,212
Surfactants
destabilizing emulsions 116-117,183,
221-222,224-225,238
effect on fat crystallization 36,49
effect on membrane 74,117,183,208
HLB number 112,117,225
stabilizing emulsions 104,111-113
Sweetened condensed milk, see Con
densed milk
Synthesis of fat globules 15-16,69-70 •
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Thixotropy 50,270-271
Tocopherol 21,29
Triglycerides
crystallization 33,34,38
fatty acid composition 26,27,28
properties 27,28
Turbulence
effect on disruption 118,120,168-169
effect on flocculation 107
Ultrasound, see also Homogenization
effect on disruption 121
Uperised milk 61,142
Viscolized milk 142,157,180
Viscosity
butter 264-265,268
cream, see Cream
emulsions 62-64,198
evaporated milk 143
milk 62-64
Vitamin A 21,29,80,82
Vitamins D and E 21,29
Whey proteins, see Serum proteins
Whipped butter 263
Whipped cream 217-222
effect of fat content 218-219,220
effect of homogenization 220-221
effect of solid fat 219,220
firmness 218-220
overrun 219,221
- synthetic creams 219,221-222
temperature effects 219-220
Whipped toppings 222
Whipping cream
globule size 61
stability of fat globules 116,218-222
Whipping of cream 217-218,221
effect of fat content 218-219
effect of solid fat 219
effect of surfactants 219,221-222
homogenized cream 220-221
ice cream 223
Xanthopyll 21,29
Yoghurt, homogenization 184-185
Zeta potential of globules 7/,91,110

