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Primary production of milk

Milk production began 6 000 years ago or even earlier. The dairy animals
of today have been developed from untamed animals which, through
thousands of years, lived at different altitudes and latitudes exposed to
natural and, many times, severe and extreme conditions.

Practically everywhere on earth man started domesticating animals. As a
rule herbivorous, multipurpose animals were chosen to satisfy his need of
milk, meat, clothing, etc.

Herbivorous animals were chosen because they are less dangerous and
easier to handle than carnivorous animals. The former did not compete
directly with man for nourishment, since they ate plants which man could
not use himself.
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The heifer is bred (naturally or
by insemination) before the
age of 2 years.

The gestation period is 9
months.

After calving the cow gives
milk for 10 months.

1 - 2 months after calving the
cow will again be bred.

After having given birth to
some 5 calves, the cow is
generally slaughtered.

The herbivorous animals used were all ruminants with the exception of
the mare and ass. Ruminants can eat quickly and in great quantities, and
later ruminate the feed. Today, the same animals are still kept for milk pro-
duction, milk being one of the essential food components for man.

The most widespread milking animal in the world is the cow, which is
found on all continents and in nearly all countries.

Table 1.1
Composition of milk from different types of animals.

Animal Protein  Casein Whey Fat Carbo- Ash

total protein hydrate

% % % % % %
Human 1.2 0.5 0.7 3.8 7.0 0.2
Horse 2.2 1.3 0.9 1.7 6.2 0.5
Cow 3.5 2.8 0.7 3.7 4.8 0.7
Buffalo 4.0 3.5 0.5 7.5 4.8 0.7
Goat 3.6 2.7 0.9 4.1 4.7 0.8
Sheep 5.8 4.9 0.9 7.9 4.5 0.8

However, we should not forget the other milking animals whose milk is of
great importance to the local population as a source of highly valuable ani-
mal protein and other constituents. Sheep are of exceptional importance
among this group, especially in the Mediterranean countries and in large
areas of Africa and Asia. The number of sheep in the world exceeds one
billion, and they are thus the most numerous of all milk and meat producing
domestic animals.

Sheep are often accompanied by goats, whose contribution to milk and
meat production in the poorest areas should not be overlooked. Both sheep
and goats are a source of cheap, high-quality protein and are mainly kept in
conditions where climatic, topographical, economic, technical or sociologi-
cal factors limit the development of more sophisticated protein production
systems.

Table 1.1 shows the composition of milk from different species of ani-

mals. The figures given, however, are only averages, as the composition for

any species is influenced by a number of factors such as breed, feeding,
climate, etc.

Cow milk

Milk is the only food of the young mammal during the first period of its life.
The substances in milk provide both energy and the building materials ne-
cessary for growth. Milk also contains antibodies which protect the young
mammal against infection. A calf needs about 1 000 litres of milk for growth,
and that is the quantity which the primitive cow produces for each calf.

There has been an enormous change since man took the cow into his
service. Selective breeding has resulted in dairy cows which yield an aver-
age of more than 6 000 litres of milk per calf, i.e. six times as much as the
primitive cow. Some cows can yield 14 000 litres or more.

Before a cow can start to produce milk she must have calved first. Hei-
fers reach sexual maturity at the age of seven or eight months but are not
usually bred until they are 15 — 18 months old. The period of gestation is
265 — 300 days, varying according to the breed of cow, so a heifer pro-
duces her first calf at the age of about 2 — 2.5 years.
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Secretion of milk

Milk is secreted in the cow’s udder — a hemispherical organ divided into
right and left halves by a crease. Each half is divided into quarters by a
shallower transverse crease. Each quarter has one teat with its own sepa-
rate mammary gland, which makes it theoretically possible to get four differ-
ent qualities from the same cow. A sectional view of the udder is shown in
Figure 1.1.

The udder is composed of glandular tissue which contains milk-produ-
cing cells. It is encased in muscular tissue, which gives cohesion to the
body of the udder and protects it against injury from knocks and blows.

The glandular tissue contains a very large number (about 2 billion) of tiny
bladders called alveoli. The actual milk-producing cells are located on the

inner walls of the alveoli, which occur in groups of between 8 and 120. In the Irish village of Blackwater,
Capillaries leading from the alveoli converge into progressively larger milk Big Bertha died on 31 December
ducts which lead to a cavity above the teat. This cavity, known as the cis- 1993. She was probably the

tern of the udder, can hold up to 30 % of the total milk in the udder. oldest cow in the world when she

died at an age of 49 years. The
owner, mr Jerome O’Leary, an-
nonced that Big Bertha would
have been 50 years of age on 15

March 1994.
Fig. 1.1 Sectional view of the udder.
1 Cistern of the udder Flow of blood through the udder
2 Teat cistern approx. 90 000 |/day. Approx.
3 Teat channel 800 — 900 | of blood needed for
4 Alveolus

formation of one litre of milk.

The cistern of the udder has an extension reaching down into the teat; this
is called the teat cistern. At the end of the teat there is a channel 1 — 1.5 cm
long. Between milkings the channel is closed by a sphincter muscle which
prevents milk from leaking out and bacteria from entering the udder.

The whole udder is laced with blood and lymph vessels. These bring
nutrient-rich blood from the heart to the udder, where it is distributed by
capillaries surrounding the alveoli. In this way the milk-producing cells are
furnished with the necessary nutrients for the secretion of milk. “Spent”
blood is carried away by the capillaries to veins and returned to the heart.
The flow of blood through the udder amounts to 90 000 litres a day. It takes
between 800 and 900 litres of blood to make one litre of milk.

As the alveoli secrete milk, their internal pressure rises. If the cow is not
milked, secretion of milk stops when the pressure reaches a certain limit.
Increase of pressure forces a small quantity of milk out into the larger ducts
and down into the cistern. Most of the milk in the udder, however, is con-
tained in the alveoli and the fine capillaries in the alveolar area. These capil-
laries are so fine that milk cannot flow through them of its own accord. It
must be pressed out of the alveoli and through the capillaries into the larger
ducts. Muscle-like cells surrounding each alveolus perform this duty during Fig. 1.2 Expression of milk from
milking, see figure 1.2. alveolus.
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Fig. 1.3 Milking takes 5 — 8 minutes.

Fig. 1.4 The milk must be poured
through a strainer and then chilled.

The lactation cycle

Secretion of milk in the cow’s udder begins shortly before calving, so that
the calf can begin to feed almost immediately after birth. The cow then
continues to give milk for about 300 days. This period is known as lactation.

One to two months after calving the cow can be serviced again. During
the lactation period milk production decreases, and after approx. 300 days
it may have dropped to some 15 — 25 % of its peak volume. At this stage
milking is discontinued to give the cow a non-lactating period of up to 60
days prior to calving again. With the birth of the calf, a new lactation cycle
begins. The first milk the cow produces after calving is called colostrum. It
differs greatly form normal milk in composition and properties. See further in
chapter 2.

A cow is normally productive for five years. Milk production is somewhat
lower during the first lactation period.

Milking

A hormone called oxytocin must be released into the cow’s bloodstream in
order to start the emptying of the udder. This hormone is secreted and
stored in the pituitary gland. When the cow is prepared for milking by the
correct stimuli, a signal is sent to the gland, which then releases its store of
oxytocin into the bloodstream.

In the primitive cow the stimulus is provided by the calf’s attempts to
suck on the teat. The oxytocin is released when the cow feels the calf suck-
ing. A modern dairy cow has no calf but is conditioned to react to other
stimuli, i.e. to the sounds, smells and sensations associated with milking.

The oxytocin begins to take effect about one minute after preparation
has begun and causes the muscle-like cells to compress the alveoli. This
generates pressure in the udder and can be felt with the hand; it is known
as the letdown reflex. The pressure forces the milk down into the teat cis-
tern, from which it is sucked into the teat cup of a milking machine or
pressed out by the fingers during hand milking.

The effect of the letdown reflex gradually fades away as the oxytocin is
diluted and decomposed in the bloodstream, disappearing after 5 — 8 min-
utes. Milking should therefore be completed within this period of time. If the
milking procedure is prolonged in an attempt to “strip” the cow, this places
an unnecessary strain upon the udder; the cow becomes irritated and may
become difficult to milk.

Hand milking

On many farms all over the world milking is still done by hand in the same
way as it has been done for thousands of years. Cows are usually milked by
the same people every day, and are quickly stimulated to let down just by
hearing the familiar sounds of the preparations for milking.

Milking begins when the cow responds with the letdown reflex. The first
lets of milk from the teats are rejected, as this milk often contains large
amounts of bacteria. A careful, visual check of this first milk enables the
milker to detect changes that may indicate that the cow is ill.

Two diagonally opposed quarters are milked at a time: one hand presses
the milk out of the teat cistern, after which the pressure is relaxed to allow
more milk to run down into the teat from the cistern of the udder. At the
same time milk is pressed out of the other teat, so that the two teats are
milked alternately. When two quarters have been stripped this way, the
milker then proceeds to milk the other two until the whole udder is empty.

The milk is collected in pails and poured through a strainer, to remove
coarse impurities, into a churn holding 30 — 50 litres. The churns are then
chilled and stored at low temperature to await transport to the dairy. Immer-
sion or spray chillers are normally used for cooling.
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Machine milking

On medium to large dairy farms, the usual practice is to milk cows by a
machine similar to that shown in figure 1.5. The milking machine sucks the
milk out of the teat by vacuum. The milking equipment consists of a vacu-
um pump, a vacuum vessel which also serves as a milk collecting pail, teat
cups connected by hoses to the vacuum vessel, and a pulsator which alter-
nately applies vacuum and atmospheric pressure to the teat cups.

The teat cup unit consists of a teat cup containing an inner tube of rub-
ber, called the teat cup liner. The inside of the liner, in contact with the teat,
is subjected to a constant vacuum of about 0.5 bar (50% vacuum) during
milking.

The pressure in the pulsation chamber (between the liner and teat cup) is
regularly alternated by the pulsator between 0.5 bar during the suction
phase and atmospheric pressure during the massage phase. The result is
that milk is sucked from the teat cistern during the suction phase. During
the massage phase the teat cup liner is pressed together to stop milk suc-
tion, allowing a period of teat massage and for new milk to run down into
the teat cistern from the udder cistern. This is followed by another suction
phase, and so on, as shown in figure 1.6.

Relaxation of the teat during the massage phase is necessary to avoid
accumulation of blood and fluid in the teat, which is painful to the cow and
will cause her to stop letting down. The pulsator alternates between the
suction and massage phases 40 to 60 times a minute.

The four teat cups, attached to a manifold called the milk claw, are held
on the cow’s teats by suction. During milking, suction is alternately applied
to the left and right teats or, in some instances, to the front teats and rear
teats. The milk is drawn from the teats to the vacuum vessel or into a
vacuumised transport pipe. An automatic shut-off valve operates to prevent
dirt from being drawn into the system if a teat cup should fall off during
milking. After the cow has been milked, the milk pail (vacuum vessel) is
taken to a milk room where it is emptied into a churn or a special milk tank
for chilling.

To eliminate the heavy and time-consuming work of carrying filled pails to
the milk room, a pipeline system may be installed for direct transport of the
milk to the milk room by vacuum, figure 1.8. Such systems are widely em-
ployed on medium sized and large farms and allow milk to be conveyed in a
closed system straight from the cow to a collecting tank in the milk room.
This is a great advantage from the bacteriological point of view. It is howev-
er important that the pipeline system is designed to prevent air leakage
agitating the milk in a harmful way.

The machine milking plant is also provided with cleaning-in-place (CIP)
facilities.

Fig. 1.7 Preparing the cow for milking by cleaning and massaging the udders
before the teat cups are placed on the udders.

Chilling milk on the farm

Milk leaves the udder at a temperature of about 37°C. Fresh milk from a
healthy cow is practically free from bacteria, but must be protected against
infection as soon as it leaves the udder. Micro-organisms capable of spoil-
ing the milk are everywhere — on the udder, on the milker’s hands, on air-
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Fig. 1.8 General design of pipeline milking system.
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Fig. 1.9 The influence of temperature
on bacterial development in raw milk.

Fig. 1.10 Milk must be chilled to 4°C or
below as soon as it leaves the cow.
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Fig. 1.11 Direct expansion tank used
for cooling and storage of milk.

borne dust particles and water droplets, on straw and chaff, on the cow’s
hair and in the soil. Milk contaminated in this way must be filtered.

Careful attention must be paid to hygiene in order to produce milk of
high bacteriological quality. However, despite all precautions, it is impossible
to completely exclude bacteria from milk. Milk is in fact an excellent growth
medium for bacteria — it contains all the nutrients they need. So as soon as
bacteria get into milk they start to multiply. On the other hand, the milk
leaving the teats contains certain original bactericides which protect the milk
against the action of micro-organisms during the initial period. It also takes
some time for infecting micro-organisms to adapt to the new medium be-
fore they can begin to grow.

Unless the milk is chilled it will be quickly spoiled by micro-organisms,
which thrive and multiply most vigorously at temperatures around 37°C.
Milk should therefore be chilled quickly to about 4°C immediately after it
leaves the cow. At this temperature the level of activity of micro-organisms
is very low. But the bacteria will start to multiply again if the temperature is
allowed to rise during storage. It is therefore important to keep the milk well
chilled.

The graph in figure 1.9 indicates the rate of bacterial development at
different temperatures.

Under certain circumstances, e.g. when water and/or electricity is not
available on the farm or when the quantity of milk is too small to justify the
investment needed on the farm, co-operative milk collecting centres should
be established.

Farm cooling equipment

Spray or immersion coolers are used on farms which deliver milk to the
dairy in cans. In the spray cooler, circulating chilled water is sprayed on the
outsides of the cans to keep the milk cool. The immersion cooler consists
of a coil which is lowered into the can. Chilled water is circulated through
the coil to keep the milk at the required temperature (see also figure 1.19
and 1.21).

Where milking machines are used, the milk is collected in special farm
tanks, see figure 1.11. These come in a variety of sizes with built-in cooling
equipment designed to guarantee chilling to a specified temperature within
a specified time. These tanks are also often equipped for automatic clean-
ing to ensure a uniformly high standard of hygiene.

On very large farms, and in collecting centres where large volumes of
milk (more than 5 000 litres) must be chilled quickly from 37 to 4°C, the
cooling equipment in the bulk tanks is inadequate. In these cases the tank
is mainly used to maintain the required storage temperature; a major part of
the cooling is carried out in heat exchangers in line in the delivery pipeline.
Figure 1.12 shows such a system.

Dairy Processing Handbook/chapter 1
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Fig. 1.12 Milking equipment on a large farm with heat exchanger for rapid chilling

from 37 to 4 °C.

Cleaning and sanitising

Bacterial infection of milk is caused to a great extent by the equipment; any

surface coming in contact with the milk is a potential source of infection. It

is therefore most important to clean and sanitise the equipment carefully.
Where hand milking is practised, the utensils must be manually cleaned

with suitable detergents and brushes.

Machine milking plants are normally provided with circulation cleaning
systems (CIP) with operating instructions and recommendations for suitable

detergents and sanitisers.

Frequency of delivery to the dairy

In former times milk was delivered to the dairy twice a day, morning and
evening. In those days the dairy was close to the farm. But as dairies be-
came larger and fewer, their catchment areas grew wider and the average
distance from farm to dairy increased. This meant longer intervals between

collections.

Collection on alternate days is common practice, and collection every

three or even four days is not entirely unknown.

Milk should preferably be handled in a closed system to minimise the risk
of infection. It must be chilled quickly to 4°C as soon as it is produced and
then kept at that temperature until processed. All equipment coming into

contact with milk must be cleaned and disinfected.

Quality problems may arise if the intervals between col-
lections are too long. Certain types of micro-organisms,
known as psychrotrophic, can grow and reproduce below
+7°C. They occur mainly in soil and water, so it is important

that water used for cleaning is of high bacteriological quality.

Psychrotrophic bacteria will grow in raw milk stored at
+4°C. After an acclimatisation period of 48 — 72 hours,
growth goes into an intense logarithmic phase, figure 1.13.
This results in breakdown of both fat and protein, giving the
milk off-flavours that may jeopardise the quality of products
made from it.

This phenomenon must be allowed for in planning of
collection schedules. If long intervals cannot be avoided, it
is advisable to chill the milk to 2 — 3°C.
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Fig. 1.14 Typical locations of teats on
udders of sheep. The ideal position is
when the teats are located at the lowest
points of the udder halves.

Sheep (ewe) milk

Among the numerous breeds of sheep it is not easy to define dairy breeds,
except by the purpose for which they are bred. Some breeds are mainly
kept for production of meat and wool, but are occasionally also milked.
There are breeds considered as dairy breeds but, as a result of the condi-
tions in which they are kept, their production per lactation does not exceed
100 kg. On the other hand, the milk production of some meat breeds can
be 150 to 200 kg.

There are however some breeds that can be classified as dairy breeds
by virtue of high milk production and good milkability. They include the
Lacaune of France, East Friesian of Germany, Awassi of the Near East and
Tsigaya in the CIS, Romania, Hungary and Bulgaria. Production figures of
500 to 650 kg of milk have been reported for East Friesian and Awassi
ewes.

Yield and lactation period

Data on yields and lactation periods given by different authors show a wide
span between the various breeds as well as within the same breed. The
figures of 0.4 to 2.3 kg per ewe per day for yield and 100 to 260 days for
lactation period should therefore be treated simply as a rough guide to the
highest and lowest averages.

Flock size

It is estimated that, other things being equal, 8 to 10 dairy ewes are equal
to one cow.

Flock sizes of 150 to 200 ewes are therefore appropriate for intensive
family farms, while flock sizes of 300 to 400 ewes are suitable as a produc-
tion unit.

A large-scale enterprise may have many thousands of sheep, but the
number of dairy animals should not exceed 1 200 because milking is a
labour-intensive job. The efficiency of the milking installation and the
throughput of the parlour are of the utmost importance, and so are the
quality of management and topographical conditions.

A ewe is kept four to five years in a flock. The gestation period is about
five months, and most breeds average 1 to 1.5 lambs a year — in poor areas
less than one. Ewe lambs can be bred from the age of 12 to 13 months.

Secretion of milk

Lactating ewes secrete milk in the same way as other lactating domestic
animals. The composition of sheep milk is similar as well; it differs only in the
percentage of constituents usually found between the species of domestic
animals, between and within breeds, between individuals and within the
lactation period.

Ewes produce colostrum during the first few days after lambing. Colos-
trum has a dry matter content of up to 40% and contains the most impor-
tant proteins, a-lactalbumin and B-lactoglobulin in particular amounting to
16 per cent or even more. The colostral period usually lasts three to four
days, during which the composition of the colostrum gradually changes,
becoming more and more like ordinary milk. Colostrum is useless to the
dairy industry and should not be delivered to dairies.

As can be seen from table 1.1, sheep milk is richer in all its important
constituents than cow milk, with nearly 30% more dry matter.

Milk fat

Fat globules in sheep’s milk range in size from 0.5 to 25 microns, but the
largest fraction is between 3 and 8 microns, i.e. nearly twice as big as the
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fat globules in cow milk. The fat in sheep milk contains slightly more caprylic
and capric fatty acids than cow milk fat, which is the reason for the special
taste and aroma of sheep milk products.

Protein

Sheep milk is typical “casein milk” as it contains on an average 4.5 per cent
of casein and only around one per cent of whey proteins. The ratio casein/
whey protein of sheep milk thus differs somewhat in comparison with that
of cow’s milk, viz 82 : 18 versus 80 : 20.

Some properties of sheep milk

Specific gravity is 1.0382 — 1.040 due to its high content of solids-non-fat.
Acidity is high due to a high percentage of proteins and varies between 9.6
and 12 °SH. (Cow milk = 6.5 to 7.2 °SH.) The pH normally lies between 6.5
and 6.8 (Cow milk 6.5 10 6.7.)

Milking

It should be noted that there is a great difference between cows and ewes
as regards yield. While the cow has an udder of four quarters, each with
one teat, normally vertically located, the sheep has an udder of two halves,
each with one teat.

While the cow is normally easy to milk, both manually and by machine,
sheep are more difficult to milk satisfactorily because the teats of many
breeds and individuals are horizontally oriented. An ideal udder is one with
the teats at the lowest points of the udder halves. Figure 1.14 shows exam-
ples of various sheep udder configurations.

Some breeds have a small percentage of cistern milk (figure 1.15), and
the results of milking depend largely on how well the let-down reflex works.

As with cows, the release of milk is initiated by a hormone, oxytocin,
which causes the muscle-like cells to compress the alveoli. This generates
pressure in the udder, a phenomenon called the let-down reflex. The let-
down reflex of sheep lasts only for a short period, up to two minutes (as
against up to 8 minutes for cows) depending on breed and stage of lacta- Fig. 1.15 Cross-section of one half of a
tion. The milking period is therefore correspondingly short. sheep’s udder.

1 Alveolar tissue

Hand milking 2 Mik ducts

Very likely hand milking is the method most often used on small family 3 ;2211: gs}gﬂ
farms. The milking efficiency is very much dependent on the let-down reflex,

and as an example the following efficiencies have been proved. A good

milker should be able to milk 20 to 40 ewes with slow let-down reflexes (the

Lacaune breed) in one hour, while the same milker can hand-milk 40 to 100

ewes per hour of sheep having short let-down reflexes (the Manech breed).

4
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Fig. 1.16 Churn milking system.
Milk churn with pulsator
Vacuum pipeline

Milk tank for cooling and storage
Vacuum pump

Teat cup cleaning unit
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Fig. 1.17 Pipeline milking system.
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Fig. 1.18 Mobile milking unit.
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Milk pipeline

Vacuum pipeline
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Milk tank for cooling and storage
Vacuum pump
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Machine milking

Dairy farmers with more than 150 ewes generally install machine milking
systems to take the hard labour out of milking. However, not all milking
machines are suitable for ewes.

The working principle of milking machines for ewes is similar to that
described for cows.

The most common types of machine milking installations are churn,
pipeline and mobile, see figure 1.16, 1.17 and 1.18.

In a churn installation the vacuum system is fixed and the churn unit is
movable. The churn, which holds 15 to 20 litres, is used for manual trans-
port of milk to the storage tank.

The pulsator or pulse relay can be mounted on the churn lid. A non-
return valve in the lid allows air to be sucked from the
pail.
A churn plant can have one to three chumns per
operator. The normal capacity of an operator with
two churns is 70 ewes per hour. This type of installa-
tion is suitable for small flocks of up to 140 animals.
In a pipeline milking installation the milk line can
be installed at high or low level in the parlour. Milking
capacity depends on the design of the parlour.
The mobile milking unit is suitable for small flocks and outdoor
milking, and when ewes must be milked in different places. The
installation has the same capacity as that of a churn milking installa-
tion.

The unit consists of a complete vacuum system, power unit (electric
motor or combustion engine), cluster assemblies, milk container for 20 to
50 litres and pulsation system, all mounted on a trolley.

During milking the trolley is placed behind four to eight ewes. The two
pivoted bars are turned outwards behind the ewes, and the cluster assem-
blies are attached from the rear.

Chilling of milk

Efficient cooling after milking is the best way to prevent bacterial growth.
Various cooling systems are available; the choice depends on the volume of
milk production. The equipment can of course also be used for cow and
goat milk.

An in-can cooler, shown in figure 1.19, is suitable for small producers. It
is much favoured by users of chilled water units and producers using direct-
to-can milking equipment.

An immersion cooler is designed for direct cooling of the milk in churns
as well as in tanks. The condensing unit is mounted on a wall, figure 1.20.

The evaporator is located at the lower end of the immersion unit.
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The immersion cooler can also be used for indirect cooling, i.e. for cool-
ing water in insulated basins. The milk is then cooled in transport churns
immersed in the chilled water. g

Insulated farm tanks for immersion coolers are available in both station-
ary and mobile types, figure 1.21. When road conditions prevent access by
tanker truck, a mobile tank can be used to bring the milk to a suitable col-
lection point. Mobile tanks are easy to transport and thus suitable for milk-
ing in the fields.

Direct expansion tanks (figure 1.11 can also be used for cooling and
storage of milk.

Fig. 1.19 An in-can cooler is placed on
top of the milking bucket or any type of
milk can.

Fig. 1.20 The immersion cooler is placed
directly on the transportation churn.

Fig. 1.21 The insulated farm tank can
be filled in the field and easily transpor-
ted to the chilling unit.

Cleaning and sanitising

Bacterial infection of milk is caused mainly by unclean equipment; any un-
clean surface coming in contact with the milk is a potential source of infec-
tion.

Manual cleaning with brushes is a common method.

Circulation cleaning is often performed in machine milking plants. The
cleaning solution is circulated through the plant by vacuum and/or a pump.

Suitable detergents and sanitisers as well as appropriate temperatures
for cleaning and sanitation are recommended by the suppliers of machine
milking plants.

Goat milk

The goat was probably the first ruminant to be domesticated. Goats origi-
nated in Asia and are now spread almost all over the globe. Goats are
very hardy animals, and they thrive in areas where other animals have
difficulties. Unlike sheep, goats are not flock animals.

There are numerous breeds of goat, and it is difficult to define any
particular breed as a dairy breed. However, the Swiss breeds (Saana,
Toggenburg, Chamois) have been very successfully selected and bred
for their milk yield. They have been exported all over the world to
upgrade the milk yield of local breeds.

Non-dairy breeds which should be mentioned are Cashmere and
Angora, well-known for the special wool they produce.

Yield and lactation period

In a well-managed milk production unit a goat can produce between 400
and 900 kg milk per lactation. The period of lactation varies from 200 to
300 days.

The hard, uncomfortable work of hand milking is eased by the milking
machine, but a minimum production must be achieved to justify mechanisa-
tion. For a family-sized goat milking operation, 40 to 120 goats are required
to reach an acceptable tumover. An enterprise requires a larger number of
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Fig. 1.22 The shape of the goat’s
udders.

4

Fig. 1.23 Cross-section of one half
of the goat’s udder.

1 Alveolar tissue

2 Milk ducts

3 Cistern

4 Teat canal
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animals, e.g. 200 to 1 000 goats. An intensive and feasible production unit,
family sized operation or enterprise, however, requires not only appropriate
machine milking equipment but also effective management, feeding and
breeding programmes.

Secretion of milk

Goats secrete milk in the same way as other lactating domestic animals.
The composition of goat milk, like that of other species, is influenced by
several factors. The figures given in Table 1.1 are thus approximate. At first
sight it might seem as if goat milk is similar to that of the cow. However, the
ratio of casein to whey proteins in goat milk can be around 75:25 as against
about 80:20 in cow milk. The high portion of whey proteins may make goat
milk more sensitive to heating.

The pH of the milk normally lies between 6.5 and 6.7.

Milking
The female goat, like the ewe, has an udder with two halves, figure 1.22,
each with one teat. Compared with the ewe, the teats are normally some-
what longer and located at the lowest point of each half, so both manual
and machine milking are fairly easy to perform.

The let-down reflex of a goat may last for 1 to 4 minutes depending on
stage of lactation and breed, which means that the time for milking out is
approximately the same.

Hand milking

Hand milking is a common way of milking goats.

Machine milking, cooling and storage

Machine milking greatly facilitates the work on large goat farms. Previous
information about sheep and equipment for milking, cooling, cleaning and
storage applies for the most part to goats as well.

Dairy Processing Handbook/chapter 1



Chapter 2

The chemistry of milk

The principal constituents of milk are water, fat, proteins, lactose (milk
sugar) and minerals (salts). Milk also contains trace amounts of other
substances such as pigments, enzymes, vitamins, phospholipids (sub-
stances with fatlike properties), and gases.

The residue left when water and gases are removed is called the dry matter
(DM) or total solids content of the milk.

Milk is a very complex product. In order to describe the various constitu-
ents of milk and how they are affected by the various stages of treatment in
the dairy, it is necessary to resort to chemical terminology. This chapter on
the chemistry of milk therefore begins with a brief review of some basic
chemical concepts.
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Chemical symbols of some com-
mon elements in organic matter:

C Carbon N  Nitrogen

Cl Chlorine Na Sodium

H Hydrogen O Oxygen

| lodine P Phosphorus

K Potassium S Sulphur

Fig. 2.1 The nucleus of the atom con-
sists of protons and neutrons. Electrons
orbit the nucleus.

Diameter 1

I
Atomic !
nucleus !

<

Diameter 10 000

Fig 2.2 The nucleus is so small in rela-
tion to the atom that if it were enlarged
to the size of a tennis ball, the outer

electron shell would be 325 metres from

the centre.
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Basic chemical concepts

Atoms

The atom is the smallest building block of all matter in nature and cannot be
divided chemically. A substance in which all the atoms are of the same
kind is called an element. More than 100 elements are known today. Exam-
ples are oxygen, carbon, copper, hydrogen and iron. However, most natu-
rally occurring substances are composed of several different elements. Alr,
for example, is a mixture of oxygen, nitrogen, carbon dioxide and rare gas-
es, while water is a chemical compound of the elements hydrogen and
oxygen.

The nucleus of the atom consists of protons and neutrons, figure 2.1.
The protons carry a positive unit charge, while the neutrons are electrically
neutral. The electrons, which orbit the nucleus, carry a negative charge
equal and opposite to the unit charge of the protons.

An atom contains equal numbers of protons and electrons with an equal
number of positive and negative charges. The atom is therefore electrically
neutral.

An atom is very small, figure 2.2. There are about as many atoms in a
small copper coin as there are seconds in a thousand million million years!
Even so, an atom consists mostly of empty space. If we call the diameter of
the nucleus one, the diameter of the whole atom is about 10 000.

lons

An atom may lose or gain one or more electrons. Such an atom is no longer
electrically neutral. It is called an ion. If the ion contains more electrons than
protons it is negatively charged, but if it has lost one or more electrons it is
positively charged.

Positive and negative ions are always present at the same time; i.e. in
solutions as cations (positive charge) and anions (negative charge) or in
solid form as salts. Common salt consists of sodium (Na) and chlorine (Cl)
ions and has the formula NaCl (sodium chloride).

Molecules

Atoms of the same element or of different elements can combine into larger
units which are called molecules. The molecules can then form solid sub-
stances, for example iron (Fe) or siliceous sand (SiO,), liquids, for example
water (H,0), or gases, for example hydrogen (H,). If the molecule consists
mainly of carbon, hydrogen and nitrogen atoms the compound formed is
said to be organic, i.e. produced from organic cells. An example is lactic
acid (C;Hs0,). The formula means that
the molecule is made up of three carbon
atoms, six hydrogen atoms and three
oxygen atoms.

GH50H
Molecular formula

H H H

o
H,0 H™  H

Structural formula

Fig 2.3 Three ways of symbolising a
water molecule.

Molecular formula

Fig 2.4 Three ways of symbolising
an ethyl alcohol molecule.
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The number of atoms in a molecule can vary enormously. There are

molecules which consist of two linked atoms, and others composed of Organic compounds contain
hundreds of atoms. mainly carbon, oxygen and
hydrogen.
. . . Inorganic compounds contain
Basic physical-chemical mainly other atoms.

properties of cows’ milk

Cows’ milk consists of about 87% water and 13% dry substance. The dry
substance is suspended or dissolved in the water. Depending on the type of
solids there are different distribution systems of them in the water phase.

Table 2.1
Physical-chemical status of cows’ milk.
Average Emulsion Collodial True
composition  type Oil/Water solution/ solution
% suspension

Moisture  87.0

Fat 4.0 X ‘

Proteins 3.5 X \

Lactose 4.7 X \

Ash 0.8 X

=0 &\

Definitions N
Emulsion: a suspension of droplets of one liquid in another. Milk is an emul- \
sion of fat in water, butter an emulsion of water in fat. The finely divided o \\ d

liquid is known as the dispersed phase and the other as the continuous —
phase. . ]

Collodial solution: when matter exists in a state of division intermediate to f 9 f..‘.'z)vtvther;hm//k and C[) eam

true solution (e.g. sugar in water) and suspension (e.g. chalk in water) it is ”L;‘C grsc;onufroerrn af;r g/ﬁs_g a?:f
ts::gtfgsb; 2 g;lllgigegr?lutmn or colloidal suspension. The typical charac- emulsion to a water-in-oil emulsion.
e small particle size

e glectrical charge and

e offinity of the particles for water molecules.

In milk the whey proteins are in colloidal solution
and the casein in colloidal suspension.

Substances such as salts destabilise colloidal systems by changing the

water binding and thereby reducing protein solubility, and factors such as
heat, causing unfolding of the whey proteins and increased interaction be-
tween the proteins, or alcohol which may act by dehydrating the particles.

Table 2.2
Relative sizes of particles in milk.

Size (mm) Type of particles

102 to 1078 Fat globules

10# 1o 10-° Casein-calcium phosphates

10510 106 Whey proteins

106 to 107 Lactose, salts and other substances in true solutions , .

Ref. A Dictionary of Dairying by J G Davis Fig 2.6 Milk p roteins can be made

visible by an electron microscope.
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Fig 2.7 lonic solution.

Fig 2.8 Neutral
solution with pH 7.

Fig 2.9 Alkaline
solution with pH
higher than 7.

Fig 2.10 Acid
solution with pH
less than 7.

16

True solutions: Matter which, when mixed with water or other liquids,
forms true solutions, is divided into:
® non-ionic solutions. When lactose is dissolved in water,
no important changes occur in the molecular structure of
the lactose.
® jonic solutions. When common salt is dissolved in water,
cations ( Na*) and anions (CI) are dispersed in the water,
forming an electrolyte.

Acidity of solutions

When an acid (e.g. hydrochloric acid, HCI) is mixed with water it releases
hydrogen ions (protons) with a positive charge (H*). These quickly attach
themselves to water molecules, forming hydronium (H,0%) ions.

When a base (a metal oxide or hydroxide) is added to water, it forms a
basic or alkaline solution. When the base dissolves it releases hydroxide
(OH") ions.

e A solution that contains equal numbers of hydroxide and

hydronium ions is neutral. Figure 2.8.

e A solution that contains more hydroxide ions than hydronium

ions is alkaline. Figure 2.9.

e A solution that contains more hydronium ions than hydroxide

ions is acid. Figure 2.10.

pH
The acidity of a solution is determined as the concentration of hydronium
ions. However, this varies a great deal from one solution to another. The
symbol pH is used to denote the hydronium ion concentration. Mathemati-
cally pH is defined as the negative logarithm to the base 10 of the hydro-
nium ion concentration expressed in molarity, i.e. pH = — log [H*].

This results in the following scale at 25°C:

pH > 7 — alkaline solution
pH = 7 — neutral solution
pH < 7 — acid solution

Neutralisation

When an acid is mixed with an alkali the hydronium and hydroxide ions
react with each other to form water. If the acid and alkali are mixed in cer-
tain proportions, the resulting mixture will be neutral, with no excess of
either hydronium or hydroxide ions and with a pH of 7. This operation is
called neutralisation and the chemical formula

H,0* + OH" results in H,0 + H,0

Neutralisation results in the formation of a salt. When hydrochloric acid (HCI)
is mixed with sodium hydroxide (NaOH), the two react to form sodium chlo-
ride (NaCl) and water (H,0). The salts of hydrochloric acid are called chlo-
rides, and other salts are similarly named after the acids from which they are
formed: citric acid forms citrates, nitric acid forms nitrates, and so on.

Diffusion

The particles present in a solution — ions, molecules or colloids — are influ-
enced by forces which cause them to migrate (diffuse) from areas of high
concentration to areas of low concentration. The diffusion process contin-
ues until the whole solution is homogeneous, with the same concentration
throughout.
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Sugar dissolving in a cup of coffee is an example of diffu-
sion. The sugar dissolves quickly in the hot drink, and the
sugar molecules diffuse until they are uniformly distributed in
the drink.

The rate of diffusion depends on particle velocity, which in
turn depends on the temperature, the size of the particles,
and the difference in concentration between various parts of
the solution.

Figure 2.11 illustrates the principle of the diffusion process.
The U-tube is divided into two compartments by a permeable
membrane. The left leg is then filled with water and the right
with a sugar solution whose molecules can pass through the
membrane. After a while, through diffusion, the concentration
is equalised on both sides of the membrane.

Osmosis

Osmosis is the term used to describe the spontaneous flow
of pure water into an aqueous solution, or from a less to a
more concentrated solution, when separated by a suitable
membrane. The phenomenon of osmosis can be illustrated
by the example shown in figure 2.12. The U-tubes are divided
in two compartments by a semi-permeable membrane. The
left leg is filled with water and the right with a sugar solution
whose molecules cannot pass through the membrane. Now
the water molecules will diffuse through the membrane into
the sugar solution and dilute it to a lower concentration. This
process is called osmosis.

ed. The surface of the solution rises as shown in figure 2.12,
and the hydrostatic pressure, a, of the solution on the mem-
brane becomes higher than the pressure of the water on the
other side. In this state of imbalance, water molecules begin
to diffuse back in the opposite direction under the influence of
the higher hydrostatic pressure in the solution. When the
diffusion of water in both directions is equal, the system is in
equilibrium.

If hydrostatic pressure is initially applied to the sugar solu-
tion, the intake of water through the membrane can be re-
duced. The hydrostatic pressure necessary to prevent equali-
zation of the concentration by diffusion of water into the sugar
solution is called the osmotic pressure of the solution.

Reverse osmosis

If a pressure higher than the osmotic pressure is applied to
the sugar solution, water molecules can be made to diffuse
from the solution to the water, thereby increasing the concen-
tration of the solution. This process illustrated in figure 2.13 is
used commercially to concentrate solutions and is termed
Reverse Osmosis (RO).

Dialysis

Dialysis is a technique employing the difference in concentration as a driving
force to separate large particles from small ones in a solution, for example
proteins from salts. The solution to be treated is placed on one side of a
membrane, and a solvent (water) on the other side. The membrane has
pores of a diameter which allows the small salt molecules to pass through,
but is too small for the protein molecules to pass, see figure 2.14.

Semi-permeable
The volume of the sugar solution increases when it is dilut- membrane

Sugar
molecules

Water
o o e}
O _o o o
0°% o o
o° o o © ° 4
o
o o o o
[e] o o
%00 o © © o
0 0 O o o O o n o o 0
0%, 0 o °
\_ 88000/ \e° ede 0 %)
Permeable Phase 1 Permeable Phase 2
membrane membrane

Fig 2.11 The sugar molecules diffuse through the
permeable membrane and the water molecules diffuse
in the opposite direction in order to equalise the con-
centration of the solution.

Sugar
molecules
Water A
(¢]
O
o o
(eI o
0 S0
ool | f------" o o
(&
Og o OOO o
“157% OoO 0o o o0
(¢] o
3& 0°9°/ \_ o oo/
Phase 1 Phase 2

Semi-permeable
membrane

Fig. 2.12 The sugar molecules are too large to diffuse
through the semi-permeable membrane. Only the small
water molecules can diffuse to equalise the concentra-

o0

tion. “a” is the osmotic pressure of the solution.

Counter pressure
higher than a

Plunger

Phase 1 Phase 2
Fig. 2.13 If a pressure higher than the osmotic pres-
sure is applied to the sugar solution, water molecules
diffuse and the solution becomes more concentrated.

Protein

"

Salt

Permeable membrane

The rate of diffusion varies with the difference in concentration, so dialy-

sis can be speeded up if the solvent on the other side of the membrane is

changed often.

Dairy Processing Handbook/chapter 2

Fig 2.14 Diluting the solution on one
side of the membrane concentrates the
large molecules as small molecules pass
throught it.
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Composition of cows’ milk

The quantities of the various main constituents of milk can vary considerably

between cows of different breeds and between individual cows of the same

breed. Therefore only limit values can be stated for the variations. The num-

bers in Table 2.3 are simply examples.

Besides total solids, the term solids-non-fat (SNF) is used in discussing

the composition of milk. SNF is the total solids content less the fat content.

The mean SNF content according to Table 2:3 is consequently 13.0 - 3.9 =
Fat globule 9.1%. The pH of normal milk generally lies between 6.5 and 6.7, with 6.6 as
Skimmilk  the most common value. This value applies at temperature of measurement
near 25°C.

Table 2.3
Quantitative composition of milk

Main constituent Limits of variation Mean value
) ) ) Water 85.5 - 895 87.5
Fig 2.15 A look into milk. Total solids 105 - 145 13.0
Fat 2.5 - 6.0 3.9
Proteins 2.9 - 5.0 3.4
Lactose 3.6 - BB 4.8
Minerals 0.6 - 0.9 0.8
Cream layer
Milk fat

Milk and cream are examples of fat-in-water (or oil-in-water) emulsions. The
milk fat exists as small globules or droplets dispersed in the milk serum,
figure 2.15. Their diameters range from 0.1 to 20 pym (1 pum = 0.001 mm).
The average size is 3 — 4 um and there are some 15 billion globules per ml.
The emulsion is stabilised by a very thin membrane only 5 — 10 nm thick

Skimmilk

Fig 2.16 If milk is left to stand for a (1 nm = 102 m ) which surrounds the globules and has a complicated com-
while in a vessel, the fat will rise and position.
form a layer of cream on the surface. Milk fat consists of triglycerides (the dominating components), di- and

monoglycerides, fatty acids, sterols, carotenoids (the yellow colour of the
fat), vitamins (A, D, E, and K), and all the others, trace elements, are minor
components. A milk fat globule is outlined in figure 2.17.
The membrane consists of phospholipids, lipoproteins, cerebrosides,
proteins, nucleic acids, enzymes, trace elements (metals) and bound water.
It should be noted that the composition and thickness of the membrane are
not constant because components are constantly being exchanged with
Triglycerides  the surrounding milk serum.
Diglycerides A the fat globules are not only the largest particles in the milk but also

Fatty Aci . . i
ag%/ero?éds the lightest (density at 15.5°C = 0.93 g/cmq), they tend to rise to the
Carotenoids surface when milk is left to stand in a vessel for a while, figure 2.16.

Vitamins: A, D, E, K The rate of rise follows Stokes’ Law, but the small size of the fat
globules makes creaming a slow process. Cream separation can how-

Phospholipids ever be accelerated by aggregation of fat globules under the influence of
Lipoproteins a protein called agglutinin. These aggregates rise much faster than
Glycerides T X .
Cerebrosides individual fat globules. The aggregates are easily broken up by heating
Proteins or mechanical treatment. Agglutinin is denaturated at time-temperature
Nucleic acids combinations such as 65°C/10 min or 75°C/2 min.
Enzymes
Metals . .
Water Chemical structure of milk fat

Milk fat is liquid when milk leaves the udder at 37°C. This means that the
fat globules can easily change their shape when exposed to moderate
mechanical treatment — pumping and flowing in pipes for instance — without
Fig 2.17 The composition of milk fat. being released from their membranes.
Size 0.1 - 20 pm. Average size 3 — 4 pm. Al fats belong to a group of chemical substances called esters, which

18 Dairy Processing Handbook/chapter 2



are compounds of alcohols and acids. Milk fat is a mixture of differ-
ent fatty-acid esters called triglycerides, which are composed of an
alcohol called glycerol and various fatty acids. Fatty acids make up
about 90% of milk fat.

A fatty-acid molecule is composed of a hydrocarbon chain and
a carboxyl group (formula RCOOH). In saturated fatty acids the
carbon atoms are linked together in a chain by single bonds, while
in unsaturated fatty acids there are one or more double bonds in
the hydrocarbon chain. Each glycerol molecule can bind three
fatty-acid molecules, and as the three need not necessarily be of
the same kind, the number of different glycerides in milk is extremely large.

Table 2.4 lists the most important fatty acids in milk fat triglycerides.

Milk fat is characterised by the presence of relatively large amounts of
butyric and caproic acid.

Solid,

Table 2.4
Principal fatty acids in milk fat

Fatty acid % of total fatty- Melting point Number of atoms

acid content °C H C O
Saturated
Butyric acid 3.0 - 45 -7.9 8 4 2 Liguidat
Caproicacid 1.3 - 2.2 =18 12 6 2 room temp-
Caprylicacid 08 - 2.5 +16.5 16 8 2 erature
Capric acid 1.8 - 3.8 +31.4 20 10 2 Solid at
Lauric acid 20 - 5.0 +43.6 24 12 o Solda
Myristic acid 7.0 — 11.0 +53.8 28 14 2 ;Oom
Palmitic acid 25.0 — 29.0 +62.6 32 16 2 e”;p‘
Stearicacid 7.0 — 3.0 +69.3 36 1g o °raure
Unsaturated Liouid at
Oleicacid  30.0 — 40.0 +14.0 34 18 2 Hau ta
Linoleicacid 2.0 — 3.0 -5.0 32 18 2 rootm emp-
Linolenic acid up to 1.0 -5.0 30 18 o °rature
Arachidonic acid upto 1.0 -49.5 32 20 2
Melting point of fat

Table 2.4 shows that the four most abundant fatty acids in milk are myristic,
palmitic, stearic and oleic acids.

The first three are solid and the last is liquid at room temperature. As the
quoted figures indicate, the relative amounts of the different fatty acids can
vary considerably. This variation affects the hardness of the fat. Fat with a
high content of high-melting fatty acids, such as palmitic acid, will be hard;
but on the other hand, fat with a high content of low-melting oleic acid
makes soft butter.

Determining the quantities of individual fatty acids is a matter of purely
scientific interest. For practical purposes it is sufficient to determine one or
more constants or indices which provide certain information concerning the
composition of the fat.

lodine value

Fatty acids with the same numbers of C and H atoms but with different
numbers of single and double bonds have completely different characteris-
tics. The most important and most widely used method of indicating their
specific characteristics is to measure the iodine value (IV) of the fat. The

Fig 2.20 Molecular and structural formulae of stearic and oleic acids.
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crystalised fat
with various
melting points

Liquid fat

Fig 2.18 Sectional view of a fat globule.

FATTY ACID
FATTY ACID

FATTY ACID

STEARIC ACID

OLEIC ACID

Fig 2.19 Milk fat is a mixture of different
fatty acids and glycerol.

CHj(CH,);4COOH
Molecular formula of stearic acid

HHHHHHHHHHHHHHHH 0

Hac-d-d-ddddd dLE L LELLECT
T I | \OH
HHHHHHHHHHHHHHHH
Structral formula of stearic acid

CHg(CH,);CH=CH(CH,);COOH
Molecular formula of oleic acid

T

Double bond

| |
H3C-C-C-C-c-|c-|c-c-c:C-C-C-C-(I:-c-c-c-c
H
Structral formula of oleic acid
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iodine value states the percentage of iodine that the fat can bind. lodine is
taken up by the double bonds of the unsaturated fatty acids. Since oleic
acid is by far the most abundant of the unsaturated fatty acids, which are
liquid at room temperature, the iodine value is largely a measure of the
oleic-acid content and thereby of the softness of the fat.

The iodine value of butterfat normally varies between 24 and 46. The
variations are determined by what the cows eat. Green pasture in the sum-
mer promotes a high content of oleic acid, so that summer milk fat is soft
(high iodine value). Certain fodder concentrates, such as sunflower cake
and linseed cake, also produce soft fat, while types of fodder such as coco-
nut and palm oil cake and root vegetable tops produce hard fat. It is there-
fore possible to influence the consistency of milk fat by choosing a suitable

Fat with a high content of high-
melting fatty acids is hard.

Fat with a high content of low-
melting fatty acids is soft.

N ‘ diet for the cows. For butter of optimum consistency the iodine value

1 /‘/\ \ should be between 32 and 37.

- / \ Figure 2.21 shows an example of how the iodine value of milk fat can

\ / \ vary in the course of a year (Sweden).

33 / \ .| Refractive index

31 / .| The amount of different fatty acids in fat also affects the way it refracts light.

29 / \| [tistherefore common practice to determine the refractive index of fat,
_Jﬂ_/( \FSl S T e L which can then be used to calculate the iodine value. This is a quick meth-

wonn  0d Of assessing the hardness of the fat. The refractive index normally varies

Fig 2.21 lodine value at different times ~ 21Ween 40 and 46.

of the year. The iodine value is a direct ]
measure of the oleic acid content of the Nuclear Magnetic Resonance (NMR)

fat. Instead of analysing the iodine value or refractive index, the ratio of satura-
ted fat to unsaturated fat can be determined by pulsed NMR. A conversion
factor can be used to transform the NMR value into a corresponding iodine
value if desired.

The NMR method can also be utilised to find out the degree of fat crys-
tallisation as a function of the time of crystallisation. Trials made at the SMR
laboratory in Malmo, Sweden, 1979 to 1981, show that fat crystallisation
takes a long time in a 40% cream cooled from 60°C to 5°C. A crystallisation
time of at least 2 hours was needed, and the proportion of crystallised fat
was 65% of the total.

It was also noted that only 15 to 20% of the fat was crystallised 2 min-
utes after 5°C was reached. The NMR value of butterfat normally varies
between 30 and 41.

Fat crystallisation
During the crystallisation process the fat globules are in a very sensitive
state and are easily broken — opened up — even by moderate mechanical

treatment.
°C

l Cryg/t. fat

(o]

oy o

607 ‘uuull“'L
50
407

30

|Cooling
20 i
104 Exothermic reaction* i
Fig 2.22 Mik fat crystalisation is an I =
( " 120 min -

exothermic reaction, which means that 5 10 15 20 25 30 35 40 45 50 55 60
the chemical reaction is accompanied oLy
by evolution of heat. The crystallisation
curve is based on analysis made by the
NMR method.

* Exothermic = a chemical reaction accompanied by
development of heat. (Heat of fusion)
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Electron microscope studies have shown that fat crystallises in monomo-
lecular spheres, see figure 2.22. At the same time fractionation takes place,
so0 that the triglycerides with the highest melting points form the outer
spheres. Because crystallised fat has a lower specific volume than liquid fat,
tensions arise inside the globules, making them particularly unstable and
susceptible to breakage during the crystallisation period. The result is that
liquid fat is released into the milk serum, causing formation of lumps where
the free fat glues the unbroken globules together (the same phenomenon
that occurs in butter production). Crystallisation of fat generates fusion heat,
which raises the temperature somewhat. (40% cream cooled from 60°C to
7 —8°C grows 3 — 4°C warmer during the crystallisation period).

It is important to bear this important property of milk fat in mind in pro-
duction of cream for various purposes.

Proteins in milk

Proteins are an essential part of our diet. The proteins we eat are broken
down into simpler compounds in the digestive system and in the liver.
These compounds are then conveyed to the cells of the body where they
are used as construction material for building the body’s own protein. The
great majority of the chemical reactions that occur in the organism are con-
trolled by certain active proteins, the enzymes.

Proteins are giant molecules built up of smaller units called amino acids,
figure 2.23. A protein molecule consists of one or more interlinked chains of
amino acids, where the amino acids are arranged in a specific order. A
protein molecule usually contains around 100 — 200 linked amino acids, but
both smaller and much larger numbers are known to constitute a protein
molecule.

Amino acids

The amino acids in figure 2.24 are the building blocks forming the protein,
and they are distinguished by the simultaneous presence of one amino
group (NH,) and one carboxyl group (COOH) in the molecule. The proteins
are formed from a specific kind of amino acids, a amino acids, i.e. those
which have both an amino group and a carboxyl group bound to the same
carbon atom, the a-carbon.

The amino acids belong to a group of chemical compounds which can
emit hydronium ions in alkaline solutions and absorb hydronium ions in acid
solutions. Such compounds are called amphotery electrolytes or am-
pholytes. The amino acids can thus appear in three states:

1 Negatively charged in alkaline solutions

2 Neutral at equal + and — charges

3 Positively charged in acid solutions

Proteins are built from a supply of approx. 20 amino acids,
18 of which are found in milk proteins.

An important fact with regard to nutrition is that eight (nine for infants) of
the 20 amino acids cannot be synthesised by the human organism. As they
are necessary for maintaining a proper metabolism, they have to be sup-
plied with the food. They are called essential amino acids, and all of them
are present in milk protein.

The type and the order of the amino acids in the protein molecule deter-
mine the nature of the protein. Any change of amino acids regarding type or
place in the molecular chain may result in a protein with different properties.
As the possible number of combinations of 18 amino acids in a chain con-
taining 100 — 200 amino acids is almost unlimited, the number of proteins
with different properties is also almost unlimited. Figure 2.24 shows a model
of an amino acid. The characteristic feature of amino acids is that they con-
tain both a slightly basic amino group (-NH,) and a slightly acid carboxyl
group (-COOH). These groups are connected to a side chain, (R).

If the side chain is polar, the water-attracting properties of the basic and
acid groups, in addition to the polar side chain, will normally dominate and
the whole amino acid will attract water and dissolve readily in water. Such
an amino acid is named hydrophilic (water-loving).
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Fig 2.24 The structure of a general
amino acid. R in the figure stands for
organic material bound to the central
carbon atom.

Fig 2.25 A protein molecule at pH 6.6
has a net negative charge.

If on the other hand the side chain is of hydrocarbon which does not
contain hydrophilic radicals, the properties of the hydrocarbon chain will
dominate. A long hydrocarbon chain repels water and makes the amino
acid less soluble or compatible with water. Such an amino acid is called
hydrophobic (water-repellent).

If there are certain radicals such as hydroxyl (-OH) or amino groups (-
NH,) in the hydrocarbon chain, its hydrophobic properties will be modified
towards more hydrophilic. If hydrophobic amino acids are predominant in
one part of a protein molecule, that part will have hydrophobic properties.
An aggregation of hydrophilic amino acids in another part of the molecule
will, by analogy, give that part hydrophilic properties. A protein molecule
may therefore be either hydrophilic, hydrophobic, intermediate or locally
hydrophilic and hydrophobic.

Some milk proteins demonstrate very great differences within the mole-
cules with regard to water compitability, and some very important properties
of the proteins depend on such differences.

Hydroxyl groups in the chains of some amino acids in casein may be
esterified with phosphoric acid. Such groups enable casein to bind calcium
ions or colloidal calcium hydroxyphosphate, forming strong bridges bet-
ween or within the molecules.

The electrical status of milk proteins

The side chains of some amino acids in milk proteins carry an electric
charge which is determined by the pH of the milk. When the pH of milk is
changed by addition of an acid or a base, the charge distribution of the
proteins is also changed. The electrical status of the milk proteins and the
resulting properties are illustrated in the figures 2.25 to 2.28.

Fig 2.26 Protein molecules at pH =4.7,
the isoelectric point.
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Fig 2.27 Protein molecules Fig 2.28 Protein molecules
atpH =1 atpH =14

At the normal pH of milk, = pH 6.6, a protein molecule has a net negative
charge, figure 2.25. The protein molecules remain separated because iden-
tical charges repel each other.

If hydrogen ions are added, (figure 2.26) they are adsorbed by the pro-
tein molecules. At a pH value where the positive charge of the protein is
equal to the negative charge, i.e. where the numbers of NH,* and COO~
groups on the side chains are equal, the net total charge of the protein is
zero. The protein molecules no longer repel each other, but the positive
charges on one molecule link up with negative charges on the neighbouring
molecules and large protein clusters are formed. The protein is then precipi-
tated from the solution. The pH at which this happens is called the isoelec-
tric point of the protein.

In the presence of an excess of hydrogen ions the molecules acquire a
net positive charge as shown in figure 2.27. Then they repel each other
once more and therefore remain in solution.

If, on the other hand, a strong alkaline solution (NaOH) is added, all pro-
teins acquire negative charges and dissolve.

Classes of milk proteins

Milk contains hundreds of types of protein, most of them in very small
amounts. The proteins can be classified in various ways according to their
chemical or physical properties and their biological functions. The old way

Dairy Processing Handbook/chapter 2



of grouping milk proteins into casein, albumin and globulin has given way to
a more adequate classification system. Table 2.5 shows an abridged list of
milk proteins according to a modern system. Minor protein groups have
been excluded for the sake of simplicity.

Whey protein is a term often used as a synonym for milk-serum proteins,
but it should be reserved for the proteins in whey from the cheesemaking
process. In addition to milk-serum proteins, whey protein also contains
fragments of casein molecules. Some of the milk-serum proteins are also
present in lower concentrations than in the original milk. This is due to heat

Table 2.5
Concentration of proteins in milk

Conc. in milk % of total
a/kg protein
w/w

Casein

a_,-casein’) 10.0 30.6

a, casein®) 2.6 8.0

[-casein™) 10.1 30.8

K-casein 3.3 10.1
Total Casein 26.0 79.5
Whey Proteins

a-lactalbumin 1.2 3.7

B-lactoglobulin 3.2 9.8

Blood Serum Albumin 0.4 1.2

Immunoglobulins 0.7 2.1

Miscellaneous (including

Proteose-Peptone) 0.8 2.4
Total Whey Proteins 6.3 19.3
Fat Globule Membrane Proteins 0.4 1.2
Total Protein 32.7 100

*) Henceforth called a -casein

*) Including y-casein
Ref: Walstra & Jennis

denaturation during pasteurisation of the milk prior to cheesemaking. The
three main groups of proteins in milk are distinguished by their widely diffe-
rent behaviour and form of existence. The caseins are easily precipitated K-casein molecules
from milk in a variety of ways, while the serum proteins usually remain in
solution. The fat-globule membrane proteins adhere, as the name implies,
to the surface of the fat globules and are only released by mechanical ac-
tion, e.g. by churning cream into butter.

Protruding
chains

Casein

Casein is a group name for the dominant class of proteins in milk. The ca-
seins easily form polymers containing several identical or different types of
molecules. Due to the abundance of ionisable groups and hydrophobic and
hydrophilic sites in the casein molecule, the molecular polymers formed by
the caseins are very special. The polymers are built up of hundreds and
thousands of individual molecules and form a colloidal solution, which is
what gives skimmilk its whitish-blue tinge. These molecular complexes are
known as casein micelles. Such micelles may be as large as 0.4 microns,

. Hydrophobic core
and can only be seen under an electron microscope.

Fig 2.29 Structure of a casein
submicelle.
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@ Submicelle
Protruding
chain

Calcium
phosphate

L K-casein

(o) Hydrophoric
interactions
(PO, groups)

Fig 2.30 Buildup and stabilisation of
casein micelles.

Ref: A digest of models by Slattery and Evard (1973),
Schmidt (1982) and Walstra (1990) according to Rollema
(1992). Rollema H.S. (1992) Casein Association and Micelle
Formation p 63-111. Elsevier Science Publications Ltd.
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Casein micelles
The three subgroups of casein, a_-casein, K-casein and 3-casein, are all
heterogeneous and consist of 2 — 8 genetic variants. Genetic variants of a
protein differ from each other only by a few amino acids. The three sub-
groups have in common the fact that one of two amino acids containing
hydroxy groups are esterified to phosphoric acid. The phosphoric acid
binds calcium and magnesium and some of the complex salts to form
bonds between and within molecules.
LS Casein micelles, shown in figure 2.30, consist of a complex of
sub-micelles, figure 2.29, of a diameter of 10 to 15 nm (na-
nometer = 102 m). The content of a-, B- and K-casein is
heterogeneously distributed in the different micelles.
Calcium salts of a_-casein and B-casein are al-
most insoluble in water, while those of K-casein are
readily soluble. Due to the dominating localisation
of K-casein to the surface of the micelles, the
solubility of calcium K-caseinate prevails over
the insolubility of the other two caseins in the
micelles, and the whole micelle is soluble as
a colloid. (Advanced dairy chemistry. Vol.1
Proteins. P.F. Fox)
According to Rollema (1992), a combina-

tion of the models of Slattery & Evard (1973),

Schmidt (1982) and Walstra (1990) gives (1993)
the best available illustration of how the casein mi-
celles are built up and stabilised.

The calcium phosphate and hydrophobic interac-
tions between sub-micelles are responsible for the in-
tegrity of the casein micelles. The hydrophilic C-terminal
parts of K-casein containing a carbohydrate group project
from the outsides of the complex micelles, giving them a

“hairy” look, but more important, they stabilise the micelles.
This phenomenon is basically due to the strong negative charge of carbohy-
drates.

The size of a micelle depends very much on the calcium ion (Ca**) con-
tent. If calcium leaves the micelle, for instance by dialysis, the micelle will
disintegrate into sub-micelles. A medium-sized micelle consists of about
400 to 500 sub-micelles which are bound together as described above.

If the hydrophilic C-terminal end of k-casien on the surfaces of micelles
is split, e.g. by rennet, the micelles will lose their solubility and start to ag-
gregate and form casein curd. In an intact micelle there is surplus of nega-
tive charges, therefore they repel each other. Water molecules held by the
hydrophilic sites of k-casein form an important part of this balance. If the
hydrophilic sites are removed, water will start to leave the structure. This
gives the attracting forces room to act. New bonds are formed, one of the
salt type, where calcium is active, and the second of the hydrophobic type.
These bonds will then enhance the expulsion of water and the structure will
finally collapse into a dense curd.

The micelles are adversely affected by low temperature, at which the 3-
casein chains start to dissociate and the calcium hydroxyphosphate leaves
the micelle structure, where it existed in colloidal form, and goes into solu-
tion. The explanation of this phenomenon is that 3-casein is the most hy-
drophobic casein and that the hydrophobic interactions are weakened
when the temperature is lowered. These changes make the milk less suita-
ble for cheesemaking, as they result in longer renneting time and a softer
curd.

[B-casein is then also more easily hydrolysed by various proteases in the
milk after leaving the micelle. Hydrolysis of B-casein to y-casein and prote-
ose-peptones means lower yield at cheese production because the prote-
ose-peptone fractions are lost in the whey. The breakdown of (3-casein may
also result in formation of bitter peptides, causing off-flavour problems in the
cheese.
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The line graph in figure 2.31 shows the approximate amount of B-casein %A
(in %) that leaves a micelle at +5°C during 20 hours storing time. 1,0
In this context it should also be mentioned that when raw or pasteurised
chill-stored milk is heated to 62 — 65°C for about 20 seconds, the [B-casein
and calcium hydroxyphosphate will revert to the micelle, thereby at least
partly restoring the original properties of the milk.

Precipitation of casein
One characteristic property of casein is its ability to precipitate. Due to the

complex nature of the casein molecules, and that of the micelles formed 05
from them, precipitation can be caused by many different agents. It should
be observed that there is a great difference between the optimum precipita-
tion conditions for casein in micellar and non-micellar form, e.g. as sodium
caseinate. The following description refers mainly to precipitation of micellar
casein.

Precipitation by acid

The pH will drop if an acid is added to milk or if acid-producing bacteria are 0 10 5T
allowed to grow in milk. This will change the environment of the casein
micelles in two ways. The course of events are illustrated in figure 2.32. Fig 2.31 B-casein in milk serum at +5C.

Firstly colloidal calcium hydroxyphosphate, present in the casein micelle, will e Dr B Lindquist (1950), Arfa Stockholm, Sweden.
dissolve and form ionised calcium, which will penetrate the micelle structure
and create strong internal calcium bonds. Secondly the pH of the solution
will approach the isoelectric points of the individual casein species.

Both methods of action initiate a change within the micelles, starting with
growth of the micelles through aggregation and ending with a more or less
dense coagulum. Depending on the final value of the pH, this coagulum will
either contain casein in the casein salt form or casein in its isoelectric state
or both.

The isoelectric points of the casein components depend on the ions of
other kinds present in the solution. Theoretical values, valid under certain
conditions, are pH 5.1 to 5.3. In salt solutions, similar to the condition of

Note: If a large excess of acid is
added to a given coagulum the
casein will redissolve, forming a
salt with the acid. If hydrochloric
acid is used, the solution will
contain casein hydrochloride,

The iggﬁi?ctric partly dissociated into ions.
Casein salts (Ex: Casein chloride) Caseinates (Ex: Sodium caseinate)
Hydratisation 0 Neutralisation
Decrease of particle size: : Increase of particle size
Partial dissociation . 1 Dissociation of Ca from
into ions .+ the micellar complex
Stabilisation 1 ' Destabilisation
- pH
l ] ] ] | ] ] ] ] ] ] ] |
I I I I LN |: I I LILIL) I I I I I I 1
4k T7 14
0 146 S I—)The pH of normal milk, pH 6.5 — 6.7
*’ .o " "
Dehydratisation i 1 Hydratisation
Increase of particle size : : Decrease of particle size
Destabilisation . |* Stabilisation

Lowest solubility
Precipitation
Isoelectric casein

Fig. 2.32 Three simplified stages of influence on casein by an acid and alkali
respectively.

milk, the range for optimum precipitation is pH 4.5 to 4.9. A practical value
for precipitation of casein from milk is pH 4.7.

If a large excess of sodium hydroxide is added to the precipitated iso-
electric casein, the redissolved casein will be converted into sodium casein-
ate, partly dissociated into ions. The pH of cultured milk products is usually
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There are two ways to make
caseinate particles flocculate
and coagulate: precipitation by
acid and precipitation by en-
zZymes

The whey proteins are:

a-lactalbumin
[B-lactoglobulin
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in the range of 3.9 — 4.5, which is on the acid side of the isoelectric points.
In the manufacture of casein from skimmilk by the addition of sulphuric or
hydrochloric acid, the pH chosen is often 4.6.

Precipitation by enzymes

The amino-acid chain forming the k-casein molecule consists of 169 amino
acids. From an enzymatic point of view the bond between amino acids 105
(phenylalanin) and 106 (methionin) is easily accessible to many proteolytic
enzymes.

Some proteolytic enzymes will attack this bond and split the chain. The
soluble amino end contains amino acids 106 to 169, which are dominated
by polar amino acids and the carbohydrate, which give this sequence
hydrophilic properties. This part of the k-casein molecule is called the
glycomacro-peptide and is released into the whey in cheesemaking.

The remaining part of the k-casein, consisting of amino acids 1 to 105, is
insoluble and remains in the curd together with a_- and B-casein. This part
is called para-k-casein. Formerly, all the curd was said to consist of para-
casein.

The formation of the curd is due to the sudden removal of the hydrophilic
macropeptides and the imbalance in intermolecular forces caused thereby.
Bonds between hydrophobic sites start to develop and are enforced by
calcium bonds which develop as the water molecules in the micelles start to
leave the structure. This process is usually referred to as the phase of co-
agulation and syneresis.

The splitting of the 105 — 106 bond in the k-casein molecule is often
called the primary phase of the rennet action, while the phase of coagula-
tion and syneresis is referred to as the secondary phase. There is also a
tertiary phase of rennet action, where the rennet attacks the casein compo-
nents in a more general way. This occurs during cheese ripening.

The durations of the three phases are determined mainly by pH and
temperature. In addition the secondary phase is strongly affected by the
calcium ion concentration and by the condition of micelles with regard to
absence or presence of denatured milk serum proteins on the surfaces of
the micelles.

Whey proteins
Whey protein is the name commonly applied to milk serum proteins.

If the casein is removed from skimmilk by some precipitation method,
such as the addition of mineral acid, there remains in solution a group of
proteins which are called milk serum proteins.

As long as they are not denatured by heat, they are not precipitated at
their isoelectric points. They are however usually precipitated by polyelec-
trolytes such as carboxymethyl cellulose. Technical processes for recovery
of whey proteins often make use of such substances or of a combination of
heat and pH adjustment.

When milk is heated, some of the whey proteins denaturate and form
complexes with casein, thereby decreasing the ability of the casein to be
attacked by rennet and to bind calcium. Curd from milk heated to a high
temperature will not release whey as ordinary cheese curd does, due to the
smaller number of casein bridges within and between the casein molecules.

Whey proteins in general, and a-lactalbumin in particular, have very high
nutritional values. Their amino acid composition is very close to that which
is regarded as a biological optimum. Whey protein derivatives are widely
used in the food industry.

a-lactalbumin

This protein may be considered to be the typical whey protein. It is present
in milk from all mammals and plays a significant part in the synthesis of
lactose in the udder.

B-lactoglobulin
This protein is found only in ungulates and is the major whey protein com-
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ponent of milk from cows. If milk is heated to over 60°C, denaturation is
initiated where the reactivity of the sulphur-amino acid of B-lactoglobulin
plays a prominent part. Sulphur bridges start to form between the B-lac-
toglobulin molecules, between one B-lactoglobulin molecule and a K-casein
molecule and between B-lactoglobulin and a-lactaloumin. At high tempera-
tures sulphurous compounds such as hydrogen sulphide are gradually
released. These sulphurous compounds are responsible for the “cooked”
flavour of heat treated milk.

Immunoglobulins and related minor proteins

This protein group is extremely heterogeneous, and few of its members
have been studied in detail. In the future many substances of importance
will probably be isolated on a commercial scale from milk serum or whey:.
Lactoferrin and lactoperoxidase are substances of possible use in the phar-
maceutical and food industries, and are now isolated from whey by a com-
mercial process. Dr. H.Burling and associates at the R&D deparrtment of
the Swedish Daries Associaton (SMR) in Malmo, Sweden, have developed
a method of isolating these substances.

Membrane proteins

Membrane proteins are a group of proteins that form a protective layer
around fat globules to stabilise the emulsion. Their consistency ranges from
soft and jelly-like in some of the membrane proteins to rather tough and firm
in others. Some of the proteins contain lipid residues and are called lipopro-
teins. The lipids and the hydrophobic amino acids of those proteins make
the molecules direct their hydrophobic sites towards the fat surface, while
the less hydrophobic parts are oriented towards the water.

Weak hydrophobic membrane proteins attack these protein layers in the
same way, forming a gradient of hydrophobia from fat surface to water.

The gradient of hydrophobia in such a membrane makes it an ideal place
for adsorption for molecules of all degrees of hydrophobia. Phospholipids
and lipolytic enzymes in particular are adsorbed within the membrane struc-
ture. No reactions occur between the enzymes and their substrate as long
as the structure is intact, but as soon as the structure is destroyed the en-
zymes have an opportunity to find their substrate and start reactions.

An example of enzymatic reaction is the lipolytic liberation of fatty acids
when milk has been pumped cold with a faulty pump, or after homogenisa-
tion of cold milk without pasteurisation following immediately. The fatty
acids and some other products of this enzymatic reaction give a “rancid”
flavour to the product.

Denatured proteins

As long as proteins exist in an environment with a temper-
ature and pH within their limits of tolerance,

they retain their biological functions. But if

they are heated to temperatures above a

certain maximum their structure is altered.

They are said to be denatured, see figure ~SH
2.33. The same thing happens if proteins are

exposed to acids or bases, to radiation or to

violent agitation. The proteins are denatured

and lose their original solubility.

When proteins are denatured, their biological activity ceases. Enzymes, a
class of proteins whose function is to catalyse reactions, lose this ability
when denatured. The reason is that certain bonds in the molecule are bro-
ken, changing the structure of the protein. After a weak denaturation, pro-
teins can sometimes revert to their original state, with restoration of their
biological functions.

In many cases, however, denaturation is irreversible. The proteins in a
boiled egg, for example, cannot be restored to the raw state.

Fig 2.33 Part of a whey protein in native
(left) and denaturated state.
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Fig 2.34 If an alkali is added to acid the
PpH of the solution rises immediately —
there is no buffering action.

A

pH
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Fig 2.35 If an alkali is added to milk the
pH changes very slowly — there is a
considerable buffering action in milk.

Eipn
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Fig 2.36 A given enzyme will only
split certain molecules, and only at
certain bonds.

2T

The enzyme fits into a particular spot
in the molecule chain, where it weak-
ens the bond.

The molecule splits. The enzyme is
now free to attack and split another
molecule in the same way.
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Milk is a buffer solution

Milk contains a large number of substances which can act either as weak
acids or as weak bases, e.g. lactic acid, citric acid and phosphoric acid and
their respective salts: lactates, citrates and phosphates. In chemistry such a
system is called a buffer solution because, within certain limits, the pH value
remains constant when acids or bases are added. This effect can be ex-
plained by the characteristic qualities of the proteins.

When milk is acidified, a large number of hydrogen ions (H*) are added.
These ions are almost all bound to the amino groups in the side chains of
the amino acids, forming NH,*ions. The pH value, however, is hardly affect-
ed at all as the increase in the concentration of free hydrogen ions is very
small.

When a base is added to milk, the hydrogen ions (H*) in the COOH
groups of the side chains are released, forming a COO- group. Because of
this, the pH value remains more or less constant. The more base that is
added, the greater the number of hydrogen ions released.

Other milk constituents also have this ability to bind or release ions, and
the pH value therefore changes very slowly when acids or bases are added.
Almost all of the buffering capacity is utilised in milk that is already acid
due to long storage at high temperatures. In such a case it takes only a

small addition of acid to change the pH value.

Enzymes in milk

Enzymes are a group of proteins produced by living organisms. They have
the ability to trigger chemical reactions and to affect the course and speed
of such reactions. Enzymes do this without being consumed. They are
therefore sometimes called biocatalysts. The functioning of an enzyme is
illustrated in figure 2.36.

The action of enzymes is specific; each type of enzyme catalyses only
one type of reaction.

Two factors which strongly influence enzymatic action are temperature
and pH. As a rule enzymes are most active in an optimum temperature
range between 25 and 50°C. Their activity drops if the temperature is in-
creased beyond optimum, ceasing altogether somewhere between 50 and
120°C. At these temperatures the enzymes are more or less completely
denaturated (inactivated). The temperature of inactivation varies from one
type of enzyme to another — a fact which has been widely utilised for the
purpose of determining the degree of pasteurisation of milk. Enzymes also
have their optimum pH ranges; some function best in acid solutions, others
in an alkaline environment.

The enzymes in milk come either from the cow’s udder or from bacteria.
The former are normal constituents of milk and are called original enzymes.
The latter, bacterial enzymes, vary in type and abundance according to the
nature and size of the bacterial population. Several of the enzymes in milk
are utilised for quality testing and control. Among the more important ones
are peroxidase, catalase, phosphatase and lipase.

Peroxidase

Peroxidase transfers oxygen from hydrogen peroxide (H,0,) to other readily
oxidisable substances. This enzyme is inactivated if the milk is heated to
80 °C for a few seconds, a fact which can be used to prove the presence
or absence of peroxidase in milk and thereby check whether or not a pas-
teurisation temperature above 80 °C has been reached. This test is called
Storch’s peroxidase test.

Catalase

Catalase splits hydrogen peroxide into water and free oxygen. By determin-
ing the amount of oxygen that the enzyme can release in milk, it is possible
to estimate the catalase content of the milk and learn whether or not the
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milk has come from an animal with a healthy udder. Milk from diseased
udders has a high catalase content, while fresh milk from a healthy udder
contains only an insignificant amount. There are however many bacteria
which produce this kind of enzyme. Catalase is destroyed by heating at
75°C for 60 seconds.

Phosphatase

Phosphatase has the property of being able to split certain phos-
phoric-acid esters into phosphoric acid and the correspond-
ing alcohols. The presence of phosphatase in milk can be
detected by adding a phosphoric-acid ester and a reagent FATTY ACID
that changes colour when it reacts with the liberated alcohol.
A change in colour reveals that the milk contains phos-
phatase. Phosphatase is destroyed by ordinary pasteurisa-
tion (72°C for 15 — 20 seconds), so the phosphatase test
can be used to determine whether the pasteurisation tem- |
perature has actually been attained. The routine test used in [
dairies is called the phosphatase test according to Scharer.
The phosphatase test should preferably be performed FATTY ACID

I

Fig 2.37 Schematic picture of fat split-
ting by lipase enzyme.

|| FATTYACID

immediately after heat treatment. Failing that, the milk must

be chilled to below + 5°C and kept at that temperature until

analysed. The analysis should be carried out the same day;,

otherwise a phenomenon known as reactivation may occur,

i.e. an inactivated enzyme becomes active again and gives a positive test
reading. Cream is particularly susceptible in this respect.

Lipase

Lipase splits fat into glycerol and free fatty acids. Excess free fatty acids in
milk and milk products result in a rancid taste. The action of this enzyme
seems, in most cases, to be very weak, though the milk from certain cows
may show strong lipase activity. The quantity of lipase in milk is believed to
increase towards the end of the lactation cycle. Lipase is, to a great extent,
inactivated by pasteurisation, but higher temperatures are required for total
inactivation. Many micro-organisms produce lipase. This can cause serious
problems, as the enzyme is very resistant to heat.

Sucrose Lactose

Lactose ©

Lactose is a sugar found only in milk; it belongs to the group of organic

chemical compounds called carbohydrates. O
Carbohydrates are the most important energy source in our diet. Bread

and potatoes, for example, are rich in carbohydrates, and provide a reser- \ &

voir of nourishment. They break down into high-energy compounds which

can take part in all biochemical reactions, where they provide the necessary

energy. Carbohydrates also supply material for the synthesis of some impor-

tant chemical compounds in the body. They are present in muscles as mus-

. : . Fructose Glucose Galactose
cle glycogen and in the liver as liver glycogen. ] ‘
Glycogen is an example of a carbohydrate with a very large molecular Fig 2.38 Lactose and sucrose are split
weight. Other examples are starch and cellulose. Such composite carbohy- 10 galactose, glucose and fructose.

drates are called polysaccharides and have giant molecules made up of
many glucose molecules. In glycogen and starch the molecules are often
branched, while in cellulose they are in the form of long, straight chains.

Figure 2.38 shows some disaccharides, i.e. carbohydrates composed of
two types of sugar molecules. The molecules of sucrose (ordinary cane or
beet sugar) consist of two simple sugars (monosaccharides), fructose and
glucose. Lactose (milk sugar) is a disaccharide, with a molecule containing
the monosaccharides glucose and galactose.

Table 2.3 shows that the lactose content of milk varies between 3.6 and
5.5%. Figure 2.39 shows what happens when lactose is attacked by lactic
acid bacteria. These bacteria contain an enzyme called lactase which at-
tacks lactose, splitting its molecules into glucose and galactose. Other
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Fig 2.39 Breakdown of lactose by
enzymatic action and formation of lactic
acid.
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enzymes from the lactic-acid bacteria then attack the glucose and galac-
tose, which are converted via complicated intermediary reactions into main-
ly lactic acid. The enzymes involved in these reactions act in a certain order.
This is what happens when milk goes sour; lactose is fermented to lactic
acid. Other micro-organisms in the milk generate other breakdown pro-
ducts.

If milk is heated to a high temperature, and is kept at that temperature, it
turns brown and acquires a caramel taste. This process is called carameli-
sation and is the result of a chemical reaction between lactose and proteins
called the Maillard reaction.

Lactose is water soluble, occurring as a molecular solution in milk. In
cheesemaking most of the lactose remains dissolved in the whey. Evapora-
tion of whey in the manufacture of whey cheese increases the lactose con-
centration further. Lactose is not as sweet as other sugars; it is about 30
times less sweet than cane sugar, for example.

Vitamins in milk

Vitamins are organic substances which occur in very small concentrations
in both plants and animals. They are essential to normal life processes. The
chemical composition of vitamins is usually very complex, but that of most
vitamins is now known. The various vitamins are designated by capital let-
ters, sometimes followed by numerical subscripts, e.g. A, B, and B,

Milk contains many vitamins. Among the best known are A, B,, B,, C
and D. Vitamins A and D are soluble in fat, or fat solvents, while the others
are soluble in water.

Table 2.6 lists the amounts of the different vitamins in a litre of market
milk and the daily vitamin requirement of an adult person. The table shows
that milk is a good source of vitamins. Lack of vitamins can result in defi-
ciency diseases, table 2.7.

Table 2.6
Vitamins in milk and daily requirements

Amount in Adult daily
1 litre of requirement
Vitamin milk, mg mg
A 0.2 - 2 1 - 2
B1 0.4 1 - 2
B, 1.7 2 - 4
C ) - 20 30 - 100
D 0.002 0.01
Table 2.7

Vitamins deficiencies and corresponding diseases
Vitamin A deficiency Night blindness, impaired resistance
to infectious diseases

Stunted growth

Loss of appetite, indigestion
Fatigue, pyorrhoea, susceptibility

to infection (scurvy)

Skeletal deformation (rickets)

Vitamin B, deficiency
Vitamin B, deficiency
Vitamin C deficiency

Vitamin D deficiency
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Minerals and salts in milk

Milk contains a number of minerals. The total concentration is less than 1%.
Mineral salts occur in solution in milk serum or in casein compounds. The
most important salts are those of calcium, sodium, potassium and magne-
sium. They occur as phosphates, chlorides, citrates and caseinates. Potas-
sium and calcium salts are the most abundant in normal milk. The amounts
of salts present are not constant. Towards the end of lactation, and even
more so in the case of udder disease, the sodium chloride content increas-
es and gives the milk a salty taste, while the amounts of other salts are
correspondingly reduced.

Other constituents of milk

Milk always contains somatic cells (white blood corpuscles or leucocytes).
The content is low in milk from a healthy udder, but increases if the udder is
diseased, usually in proportion to the severity of the disease. The somatic
cell content of milk from healthy animals is as a rule lower than 200 000
cells/ml, but counts of up to 400 000 cells/ml can be accepted.

Milk also contains gases, some 5 — 6 % by volume in milk fresh from the
udder, but on arrival at the dairy the gas content may be as high as 10 % by
volume. The gases consist mostly of carbon dioxide, nitrogen and oxygen.
They exist in the milk in three states:

1 dissolved in the milk

2 bound and non-separable from the milk

3 dispersed in the milk

Dispersed and dissolved gases are a serious problem in the processing of
milk, which is liable to burn on to heating surfaces if it contains too much
gas.

Changes in milk and its constituents

Changes during storage

The fat and protein in milk may undergo chemical changes during storage.
These changes are normally of two kinds: oxidation and lipolysis. The result-
ing reaction products can cause off-flavours, principally in milk and butter.

Oxidation of fat

Oxidation of fat results in a metallic flavour, whilst it gives butter an oily,
tallowy taste. Oxidation occurs at the double bonds of the unsaturated fatty
acids, those of lecithin being the most susceptible to attack. The presence
of iron and copper salts accelerates the onset of auto-oxidation and devel-
opment of metallic flavour, as does the presence of dissolved oxygen and
exposure to light, especially direct sunlight or light from fluorescent tubes.

Oxidation of fat can be partly counteracted by micro-organisms in the
milk, by pasteurisation at a temperature above 80°C or by antioxidant addi-
tives (reducing agents) such as DGA, dodecyl gallate. The maximum DGA
dosage is 0.00005%. Micro-organisms such as
lactic-acid bacteria consume oxygen and have
a reducing effect. Oxidation off-flavour is more 102 + -CH = CH-CH,"
liable to occur at low temperatures, because
these bacteria are less active then. The solubili-
ty of oxygen in milk is also higher at low temperatures. High-temperature
pasteurisation helps, as reducing compounds, ("SH) groups, are formed
when milk is heated.

The metallic oxidation off-flavour is more common in winter than in sum-
mer. This is partly due to the lower ambient temperature and partly to diffe-
rences in the cows’ diet. Summer feed is richer in vitamins A and C, which
increase the amount of reducing substances in the milk.
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It generally is assumed that
oxygen molecules in singlet
state ('O,) can oxidise a CH-
group directly while shifting the
double bond and forming a
hydroperoxide according the
formula:

——> - CHOOH - CH =CH -
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In the presence of light and/or heavy metal ions, the fatty acids are fur-
ther broken down in steps into aldehydes and ketones, which give rise to
off-flavours such as oxidation rancidity in fat dairy products.

The above strongly simplified course of events at oxidation (really auto-
oxidation) of unsaturated fatty acids is taken from "Dairy Chemistry and
Physics" by P. Walstra and R. Jennis.

Oxidation of protein

When exposed to light the amino acid methionine is degraded to methional
by a complicated participation of riboflavin ( Vitamin B,) and ascorbic acid
(Vitamin C). Methional or 3-mercapto-methylpropionaldehyde is the princi-
pal contributor to sunlight flavour, as this particular flavour is called.

Since methionine does not exist as such in milk but as one of the com-
ponents of the milk proteins, fragmentation of the proteins must occur inci-
dental to development of the off-flavour.

Factors related to sunlight flavour development are:

* Intensity of light (sunlight and/or artificial light,

especially from fluorescent tubes).

Duration of exposure.

e Certain properties of the milk — homogenised milk has turned out

to be more sensitive than non-homogenised milk.
¢ Nature of package — opaque packages such as plastic and

paper give good protection under normal conditions.

See also Chapter 8 concerning maintnance of the quality of pasteurised

milk.

Lipolysis

The breakdown of fat into glycerol and free fatty acids is called lipolysis.
Lipolysed fat has a rancid taste and smell, caused by the presence of low-
molecular free fatty acids (butyric and caproic acid).

Lipolysis is caused by the action of lipases and is encouraged by high
storage temperatures. But lipase cannot act unless the fat globules have
been damaged so that the fat is exposed. Only then can the lipase attack
and hydrolyse the fat molecules. In normal dairying routine there are many
opportunities for the fat globules to be damaged, e.g. by pumping, stirring
and splashing. Undue agitation of unpasteurised milk should therefore be
avoided, as this may involve the risk of widespread lipase action with the
liberation of fatty acids that make the milk taste rancid. To prevent lipase
from degrading the fat it must be inactivated by high-temperature pasteuri-
sation. This completely destroys the original enzymes. Bacterial enzymes
are more resistant. Not even UHT treatment can destroy them entirely. (UHT
= Ultra High Temperature, i.e. heating to 135 — 150°C or more for a few
seconds.)

Effects of heat treatment

Milk is heat treated at the dairy to kill any pathogenic micro-

organisms that may be present. Heat treatment also causes changes in the
constituents of the milk. The higher the temperature and the longer the
exposure to heat, the greater the changes. Within certain limits, time and
temperature can be balanced against each other. Brief heating to a high
temperature can have the same effect as longer exposure to a lower tem-
perature. Both time and temperature must therefore always be considered
in connection with heat treatment.

Fat

It has been shown (Thomé & al, Milchwissenschaft 13, 115, 1958) that
when milk is pasteurised at 70 — 80°C for 15 seconds, the cream plug phe-
nomenon is already evident at 74°C (see figure 2.40). Various theories have
been discussed, but it appears that liberated free fat cements the fat glob-
ules when they collide. Homogenisation is recommended to avoid cream
plug formation.
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At temperatures above 100°C
a reaction takes place between
lactose and protein, resulting in
a brownish colour.
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There are some bacteria, Pseudomonas spp, (spp = species) nowadays
very often cited among the spoilage flora of both raw cold-stored milk and
heat treated milk products, that have extremely heat-resistant proteolytic
and lipolytic enzymes. Only a fraction of their activity is inhibited by pasteuri-
sation or UHT treatment of the milk.

Lactose

Lactose undergoes changes more readily in milk than in the dry state. At
temperatures above 100 °C a reaction takes place between lactose and
protein, resulting in a brownish colour. The series of reactions, occuring
between amino groups of amino acid residues and aldehyde groups from
milk carbohydrates, is called the Maillard reaction or browning reaction. It
results in a browning of the product and a change of flavour as well as loss
in nutritional value, particularly loss of lysine, one of the essential amino
acids.

It appears that pasteurised, UHT and sterilised milks can be differenti-
ated by their lactulose content. Lactulose is an epimer of lactose formed in
heated milks (Adachi, 1958). It is thought to be formed by the free amino
groups of casein (Adachi & Patton, 1961; Richards & Chandrasekhara,
1960) Martinez Castro & Olano, 1982, and Geier & Klostermeyer, 1983,
showed that pasteruised, UHT and sterilised milks contain different levels of
lactulose. The lactulose content thus increases with increased intensity of
the heat treatment.

Vitamins

Vitamin C is the vitamin most sensitive to heat, especially in the presence of
air and certain metals. Pasteurisation in a plate heat exchanger can how-
ever, be accomplished with virtually no loss of vitamin C. The other vitamins
in milk suffer little or no harm from moderate heating.

Minerals

Of the minerals in milk only the important calcium hydroxyphosphate in the
casein micelles is affected by heating. When heated above 75°C the sub-
stance loses water and forms insoluble calcium orthophosphate, which
impairs the cheesemaking properties of the milk. The degree of heat treat-
ment must be carefully chosen.

Physical properties of milk

Appearance

The opacity of milk is due to its content of suspended particles of fat, pro-
teins and certain minerals. The colour varies from white to yellow according
to the coloration (carotene content) of the fat. Skimmilk is more transparent,
with a slightly bluish tinge.

Density
The density of cows’ milk normally varies between 1.028 and 1.038 g/cm?
depending on the composition.

The density of milk at 15.5 °C can be calculated according to following
formula:

100

d15.5°C = g/cm?3
L + Si + Water
0.93 1.608
F = % fat
SNF = % Solids Non Fat
Water % = 100-F - SNF
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Example: Milk of 3.2 % fat and 8.5 % SNF

d15.5°C = = 100 — 1.0306 g/cm?
2, 85 400-32-85)
0.93 1.608

Osmotic pressure
Osmotic pressure is controlled by the number of molecules or particles, not
the weight of solute; thus 100 molecules of size 10 will have 10 times the
osmotic pressure of 10 molecules of size 100.

It follows that for a given weight, the smaller the molecules the higher the
osmotic pressure.
Milk is formed from blood, the two being separated by a permeable mem-

Table 2.8
Osmotic pressure in milk

Constituent Molecular Normal Osmotic D % of total
weight conc. pressure °C osmotic
% atm pressure
Lactose 342 4.7 3.08 0.25 46
Chlorides, NaCl 58.5 =0.1 1.33 0.11 19
Other salts, etc. - - 2.42 0.20 85
Total 6.78 0.560 100

Ref: A Dictionary of Daiyring, J.G. Davis.

brane, hence they have the same osmotic pressure, or in other words, milk
is isotonic with blood. The osmotic pressure of blood is remarkably con-
stant although the composition, as far as pigment, protein etc., are con-
cerned, may vary. The same condition applies to milk, the total osmotic
pressure being made up as in Table 2.8.

Freezing point

The freezing point of milk is the only reliable parameter to check for adulter-
ation with water. The freezing point of milk from individual cows has been
found to vary from -0.54 to —-0.59°C.

In this context it should also be mentioned that when milk is exposed to
high temperature treatment (UHT treatment or sterilisation), precipitation of
some phosphates will cause the freezing point to rise.

The internal or osmotic pressure also defines the difference in freezing
point between the solution and the solvent (water) so that the freezing-point
depression (D in table 2.8) is a measure of this osmotic pressure. When the
composition of milk alters due to physiological or pathological causes (e.g.
late lactation and mastitis respectively), it is termed abnormal milk, but the
osmotic pressure and hence the freezing-point remains constant. The most
important change is a fall in lactose content and a rise in chloride content.

Acidity
The acidity of a solution depends on the concentration of hydronium ions
[H*] in it. When the concentrations of [H*] and [OH] (hydroxyl) ions are
equal, the solution is called neutral. In a neutral solution the number
of [H*] per liter of the solution is 1:10 000 000 g or 107",

pH represents the hydronium ion concentration of a solution and can
mathematically be defined as the negative logarithm of the hydronium ion
[H*] concentration.
pH = - log [H7]
Applied to the example above, the pHis pH =-log 107 =7
which is the typical value of a neutral solution. When [H*] is 1:100 000 g/l or
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Sodium hydroxide 1075, the pH is 6 and the solution is acid. Thus the lower the exponent, the
- solution (NaOH) higher the acidity.
The pH value of a solution or product represents the present (true) acidi-
ty. Normal milk is a slightly acid solution with a pH falling between 6.5 and
6.7 with 6.6 the most usual value. Temperature of measurement near

Concentration N/10 25°C. The pH is checked with a pH-meter.

0.1N). The amount of

;\I/70)NaOH added is Titratable acidity

read when the sample Acidity can also be expressed as the titrable acidity. The titrable acidity of

changes from colour- milk is the amount of a hydroxyl ion (OH") solution of a given strength

less to red. needed to increase the pH of a given amount of milk to a pH of about
8.4, the pH at which the normally used indicator, phenolphtalein,
changes colour from colourless to pink. What this test really does is to

’[ , find out how much alkali is needed to change the pH from 6.6 to 8.4.
10 ml milk sample

If milk sours on account of bacterial activity, an increased quantity of
20 mi distilled water ~ alkali is required and so the acidity or titration value of the milk increas-
es.

The titratable acidity can be expressed in various values basically as
a result of the strength of the sodium hydroxide (NaOH) needed at
. L o titration.
’;/'7% rﬁ'e‘:jgg‘ifeegs””j?g"” of acidity in °SH = Soxhlet Henkel degrees, obtained by titrating 100 mi of milk with

Lo N/4 NaOH , using phenolphtalein as the indicator. Normal milks give values

about 7. This method is mostly used in Central Europe.

°Th = Thdérner degrees, obtained by titrating 100 ml of milk, thinned with
2 parts of distilled water, with N/10 NaOH, using phenolphtalein as the
indicator. Normal milks give values about 17. Mostly used in Sweden and

| 5 drops of phenol-
phtalein (5%).

Table 2.9 the CIS.
Acidity is often expressed in °D = Dornic degrees, obtained by titrating 100 ml of milk with N/9
NaOH, using phenolphtalein as the indicator. Normal milks give values
one of these ways about 15. Mostly used in the Netherlands and France.
°SH  °Th D o % l.a. = per cent lactic acid, obtained as °D with the result divided by
o l.a. 100. Frequently used in the UK, USA, Canada, Australia and New Zealand.
1 2.5 2.25 0.0225 In table 2.9 the various expressions for the titratable acidity are com-
0.4 1 0.9 0.009 bined. The determination of acidity according to Thérner degrees is visual-
4/9  10/9 1 0.01 ised in figure 2.43.
Example:

1.7 ml of N/10 NaOH are required for titration of a 10 ml sample of milk.
10 x 1.7 = 17 ml would therefore be needed for 100 ml, and the acidity
of the milk is consequently 17 °Th.

% composition by weight

\ Colostrum

The first milk that a cow produces after calving is called colostrum. It differs
greatly from normal milk in composition and properties. One highly distinc-
\ tive characteristic is the high content of whey proteins — about 11% com-

(o]

pared to about 0.65% in normal milk, as shown in figure 2.44. This results in
colostrum coagulating when heated. A fairly large proportion of whey pro-
tein is immunoglobulins (Ig G, dominating in colostrum), which protect the
calf from infection until its own immunity system has been established.
Colostrum has brownish-yellow colour, a peculiar smell and a rather salty
taste. The content of catalase and peroxidase is high. Four to five days after

] ‘:Whe% protel calving the cow begins to produce milk of normal composition, which can
. Ash | ! T — be mixed with other milk.

0 1 2 3 4 5 6 7
days after parturition

Fig 2.44 Changes in the composition of
cows’ milk after parturition.

Lactose

Fat]
Casein
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Chapter 3

Rheology

Several important factors need to be taken into consideration in the de-
sign of food processing plants in order to assure the quality of the end
products. One of them is the question of rheology.

In the dairy industry, in particular, there are cream and cultured milk
products whose characteristics can be partially or completely spoiled if
their flow behaviour is not understood. What follows here is a brief guide
to the flow behavior of some typical dairy industry products.
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Rheology is defined as the
science of deformation and
flow of matter.

Relative
stress

1-

Definition

Rheology is defined as the science of deformation and flow of matter. The
term itself originates from Greek rheos meaning to flow. Rheology is appli-
cable to all types of materials, from gases to solids.

The science of rheology is young, only about 70 years of age, but its
history is very old. In the book of Judges in the Old Testament the prophet-
ess Deborah declared “The mountains flowed before the Lord...”. Translat-
ed into rheological terms by professor M. Reiner, this expression means
everything flows if you just wait long enough, a statement that is certainly
applicable to rheology. It was also described by the Greek philosopher
Heraclitus as “panta rei” - everything flows. Professor Reiner, together with
Professor E. Bingham, was the founder of the science of rheology in the
mid-20s.

Rheology is used in food science to define the consistency of different
products. Rheologically the consistency is described by two components,
the viscosity (“thickness”, lack of slipperiness) and the elasticity (“sticki-
ness”, structure). In practice, therefore, rheology stands for viscosity meas-
urements, characterisation of flow behaviour and determination of material
structure. Basic knowledge of these subjects is essential in process design
and product quality evaluation.

Characterisation of materials

One of the main issues of rheology is the definition and classification of
materials. Normal glass, for instance, is usually defined as a solid material,
but if the thickness of an old church window is measured from top to bot-
tom a difference will be noted. Glass does in fact flow like a liquid, albeit
very slowly.

One way of characterising a material is by its relaxation time, i.e. the time
required to reduce a stress in the material by flow. Typical magnitudes of
relaxation times for materials are:

Gases <107 seconds
Liquids 10% -10° seconds
Solids >107? seconds

Another way of defining materials rheologically is by the terms viscous,
elastic or viscoelastic. Gases and liquids are normally described as viscous
fluids. An ideal viscous fluid is unable to store any deformation energy.
Hence it is irreversibly deformed when subjected to stress; it flows and the
deformation energy is dissipated as heat, resulting in a rise of temperature.

Viscous Viscoelastic | Elastic |

Sol|d Solid
| lass
-4 N | -
v S LN
10 6
Fig. 3.1 Curves showing the differences between viscous, 10 108
viscoelastic and elastic materials when subjected to deformation. Time of applied deformation in seconds
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Solids, on the other hand, are normally described as elastic materials. An

ideal elastic material stores all imposed deformation energy and will conse-
quently recover totally upon release of stress. A viscous fluid can therefore
be described as a fluid which resists the act of deformation rather than the
state of deformation, while an elastic material resists the act as well as the
state of deformation.

A number of materials show viscous as well as elastic properties, i.e.
they store some of the deformation energy in their structure while some is
lost by flow. These materials are called viscoelastic; there are many exam-
ples among foodstuffs.

Shearing

In rheology, shearing of a substance is the key to knowledge of flow behav-
iour and structure. A sheared flow is achieved through flow between parallel
planes, rotational flow between coaxial cylinders where one cylinder is sta-
tionary and the other one is rotating, telescopic flow through capillaries and
pipes, and torsional flow between parallel plates.

To enable study of the viscosity of a material, the shearing must induce
stationary flow of the material. The flow occurs through rearrangement and
deformation of particles and through breaking of bonds in the structure of

the material.
= ! &

—

=

Fig. 3.2 Different types of shearing.

If we want to study the elasticity (structure) of a material, the shearing
must be very gentle so as not to destroy the structure. One way to achieve
this is to apply an oscillating shear to the material with an amplitude low
enough to allow an unbroken structure to be studied.

Shearing between parallel planes is normally used for the basic definition
of shear stress and shear rate, corresponding to how much deformation is
applied to the material and how fast.

Newtonian fluids

Newtonian fluids are those having a constant viscosity de-
pendent on temperature but independent of the applied
shear rate. One can also say that Newtonian fluids have
direct proportionality between shear stress and shear rate in
laminar flow.

R A
o, =n dy_nv

The proportionality constant is thus equal to the viscosity of
the material. The flow curve, which is a plot of shear stress
versus shear rate, will therefore be a straight line with slope

n for a Newtonian fluid. The viscosity curve, which is a plot of
viscosity versus shear rate, will show a straight line at a con-
stant value equal to n.
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Shear stress is defined as
C)'y>< = T [Pa]

F = Force, N
A = Area, m?

shear rate as
o dy _ _dv 1/
Y= o [1/s]

and apparent viscosity of a
fluid as

n,=oly [Pas]

Fig. 3.3 Definition of shear stress and shear rate is
based on shearing between parallel planes.
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Fig. 3.4 Flow curves for Newtonian and

non-Newtonian fluids.
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Fig. 3.5 Viscosity curves for
Newtonian and non-Newtonian fluids.
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Fig. 3.6 Flow curves for time-
dependant non-Newtonian fluids.
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A Newtonian fluid can therefore be defined by a single viscosity value at
a specified temperature. Water, mineral and vegetable oils and pure sucrose
solutions are examples of Newtonian fluids. Low-concentration liquids in
general, such as whole milk and skimmilk, may for practical purposes be
characterised as Newtonian fluids.

Non-Newtonian fluids

Materials which cannot be defined by a single viscosity value at a specified
temperature are called non-Newtonian. The viscosity of these materials
must always be stated together with a corresponding temperature and
shear rate. If the shear rate is changed the viscosity will also change. Gener-
ally speaking, high concentration and low temperature induce or increase
non-Newtonian behaviour.

Apart from being shear rate dependent, the viscosity of non-Newtonian
fluids may also be time dependent, in which case the viscosity is a function
not only of the magnitude of the shear rate but also of the duration and, in
most cases, of the frequency of successive applications of shear. Non-
Newtonian materials that are time independent are defined as shear thin-
ning, shear thickening or plastic. Non-Newtonian materials that are time
dependent are defined as thixotropic, rheopectic or anti-thixotropic.

Shear thinning flow behaviour

The viscosity of a shear thinning fluid (sometimes also denoted pseudoplas-
tic fluid) decreases with increasing shear rate. Many liquid food systems
belong to this category of fluids. The shear rate dependency of the viscosity
can differ substantially between different products, and also for a given
liquid, depending on temperature and concentration. The reason for shear
thinning flow behaviour is that an increased shear rate deforms and/or rear-
ranges particles, resulting in lower flow resistance and consequently lower
viscosity.

Typical examples of shear thinning fluids are cream, juice concentrates,
shampoo and salad dressings. It should be noted that although sucrose
solutions show Newtonian behaviour independent of concentration, fruit
juice concentrates are always significantly non-Newtonian.

Shear thickening flow behaviour

The viscosity of a shear thickening fluid increases with increasing shear rate.
This type of flow behaviour is generally found among suspensions of very
high concentration. A shear thickening fluid exhibits dilatant flow behaviour,
i.e. the solvent acts as a lubricant between suspended particles at low
shear rates but is squeezed out at higher shear rates, resulting in denser
packing of the particles. Typical examples of shear thickening systems are
wet sand and concentrated starch suspensions.

Plastic flow behaviour

A fluid which exhibits a yield stress is called a plastic fluid. The practical
result of this type of flow behaviour is that a significant force must be ap-
plied before the material starts to flow like a liquid (often referred to as the
ketchup effect). If the force applied is smaller than the force corresponding
to the yield stress, the material stores the deformation energy, i.e. shows
elastic properties, and hence behaves as a solid. Once the yield stress is
exceeded, the liquid can flow like a Newtonian liquid and be described as a
Bingham plastic liquid, or it can flow like a shear thinning liquid and be de-
scribed as a viscoplastic liquid.

Typical plastic fluids are quarg, tomato paste, toothpaste, hand cream,
certain ketchups and greases.

Thixotropic flow behaviour

A thixotropic fluid can be described as a shear thinning system where the
viscosity decreases not only with increasing shear rate but also with time at
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a constant shear rate. Thixotropic flow behaviour is normally studied in a
loop test. In this test the material is subjected to increasing shear rates
followed by the same shear rates in decreasing order. The time-dependent
thixotropic flow behaviour is seen from the difference between the ascend-
ing and descending viscosity and shear stress curves. To recover its struc-
ture, the material must rest for a certain period of time which is characteris-
tic for the specific material. This type of flow behaviour is shown by all gel-
forming systems. Typical examples of thixotropic fluids are yoghurt, mayon-
naise, margarine, ice cream and brush paint.

Rheopectic flow behaviour

A rheopectic fluid can be described as a thixotropic fluid but with the impor-
tant difference that the structure of the fluid will only recover completely if
subjected to a small shear rate. This means that a rheopectic fluid will not
rebuild its structure at rest.

Anti-thixotropic flow behaviour

An anti-thixotropic fluid can be described as a shear thickening system, i.e.
one where the viscosity increases with increasing shear rate, but also with
time at a constant shear rate. As with thixotropic fluids, the flow behaviour
is illustrated by a loop test. This type of flow behaviour is very uncommon
among foodstuffs.

Flow behaviour models

Several models are available for mathematical description of the flow behav-

iour of non-Newtonian systems. Examples of such models are Ostwald,
Herschel-Bulkley, Steiger-Ory, Bingham, Ellis and Eyring. These models
relate the shear stress of a fluid to the shear rate, thus enabling the appar-
ent viscosity to be calculated, as always, as the ratio between shear stress
and shear rate.

Power law equation

By far the most general model is the Herschel-Bulkley model, also called
the generalised power law equation, which in principle is an extended Ost-
wald model. The main benefit of the generalised power law equation is its
applicability to a great number of non-Newtonian fluids over a wide range of
shear rates. Furthermore, the power law equation lends itself readily to
mathematical treatment, for instance in pressure drop and heat transfer
calculations.

The generalised power law equation is applicable to plastic as well as
shear thinning and shear thickening fluids according to the following:

(c-0) = K-y"
where
0 = shear stress, Pa
0, = Yield stress, Pa

= consistency coefficient, Pas"
y = shearrate, s™
n = flow behaviour index, dimensionless

Suitable modification of the generalised power law equation makes it possi-
ble to rewrite it to express each type of flow behaviour.

For Newtonian fluids the power law equation looks like this: (K = n and
n=1):
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Fig. 3.7 Viscosity curves for time-
dependant non-Newtonian fluids.
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Fig. 3.8 Flow and viscosity curves for a
shear thinning power law fluid.
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For a plastic fluid the power law equation is used in the fully generalised
form, with n < 1 for viscoplastic behaviour and n = 1 for Bingham plastic
behaviour.

For a shear thinning or shear thickening fluid the power law equation
becomes:

withn <1 and n > 1, respectively.

For time-dependent fluids, which in practice means thixotropic fluids, the
mathematical models required for description of rheological behaviour are
generally far more complex than the models discussed so far. These fluids
are therefore often described by time-independent process viscosities nor-
mally fitted to the power law equation.

Typical data

Some typical data on shear rates, viscosities, power law constants (n and K
values), and yield stress values at around room temperature (with the ex-
ception of molten polymers and molten glass), are:

Shear rates sedimentation 10% - 10 s
chewing 10" - 10% s
stirring 10" - 108 ¢!
pumping 102 - 108 s
spraying 10° - 10* ¢
rubbing 104 - 10% ¢
Viscosities air 10° Pas
water 10 Pas
olive il 107" Pas
glycerol 10°  Pas
Syrup 10> Pas
molten polymers 10°  Pas
molten glass 10'? Pas
glass 100 Pas
n and K values fruit concentrate  n=0.7 K = 2 Pas”
molten chocolate n=0.5 K = 50 Pas"
sour milk n=0.3 K = 3 Pas”
quarg n=0.3 K = 4 Pas"
apple puree n=0.3 K = 10 Pas"
tomato paste n=0.2 K = 70 Pas"
grease n=0.1 K =1000 Pas"
Yield stress ketchup 14 Pa
mustard 38 Pa

mayonnaise 85 Pa

The unit of viscosity is Pas (Pascal second), which is equal to 1000 mPas or
1000 cP (centipoise). Please note also that all viscosity figures should be
regarded as examples only (around room temperature) and should NOT be
used for calculations.

Measuring equipment

The main types of viscometers are rotational and capillary. Rotational vis-
cometers are of spindle, cone-plate, plate-plate or concentric cylinder type.
The last-named may be of Searle (rotating bob) or Couette (rotating cup)
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type. Capillary viscometers may be of atmospheric or pressurised type.
Generally speaking, rotational viscometers are easier to use and more flexi-
ble than capillary viscometers. On the other hand, capillary viscometers are
more accurate at low viscosities and at high shear rates.

Measurement of non-Newtonian fluids requires instruments where the
applied shear rate is accurately defined, i.e. where the shearing takes place
in a narrow gap with a small shear rate gradient. This fundamental require-
ment excludes viscometers where the gap is too big or even undefined, as 4 )
it is in viscometers of spindle type. Spindle type

It must be strongly emphasised that viscosity measurements of non-
Newtonian fluids carried out at undefined or out-of-range shear rates should
not be used as a basis for quantitative analysis of viscosity figures or rheo-
logical parameters.

Rotational viscometers are available as portable as well as stationary
instruments. Portable types usually come in a shock-proof case equipped
with all necessary accessories. They are basically manually operated, al-
though some manufacturers provide connections for use with personal
computers.

Stationary installations nowadays are normally computer controlled for
automation of measuring sequences and data evaluation. The software

usually includes possible fitting to a number of rheological models, plotting
of flow curves, etc. ::

A rotational viscometer is hormally insufficient for carrying out a complete Pas)
rheological analysis, for instance determination of structure break-down in Double cone - plate Cone - plate
yoghurt. This type of analysis requires a more sophisticated instrument,
generally called a rheometer. With a rheometer, operating with torsional
vibration or oscillation rather than rotation, the fluid can be rheologically
analysed without its structure being destroyed. Typical applications are
viscoelastic fluids, for which a rheometer can be used to determine the Plate - plate Cone - cone
viscous and elastic properties of the fluid separately.
Ordinary viscometers and rheometers should not be used for measure- Fig. 3.9 Operating principles of different
ment of substances with very high viscosities, such as butter, cheese, vege-  types of viscometer.
table fats, etc. Certain types of penetrometers are available instead, but
these cannot be used to obtain scientific rheological results; a penetrometer
gives only empirical information.

Measuring techniques

Viscosity measurements should always be carried out for a repre- 6P 50
sentative range of shear rates and temperatures related to the 1" (P2S)
process to be studied. The intended use of the measured data
should therefore be considered before measuring takes place, for
instance if the viscosity data are to be used in the design of a deep
cooler or of the heating section of a steriliser.

It is also most important that the temperature is kept constant
during the test period and, of course, that it is accurately meas-
ured. A temperature change of 3 degrees Celsius can often cause
a change in viscosity of at least 10 per cent.

To increase the accuracy of data evaluation, measurements
should be made at as many different shear rates and temperatures
as possible.

In addition, heating effects must be considered. In a substance
containing warm-swelling starch, for example, the viscosities be-

Concentric cylinder

fore and after heating above swelling temperature will differ signifi- o1 02 " ds ] P S R T
cantly.

Furthermore, storage conditions and time factors must be taken G' = elastic modulus
into consideration. The rheological properties of many products G" = viscous modulus

change with time, and if the purpose of the viscosity measurement 0 = phase angle

is to supply data for process design, the measurements should ' = dynamic viscosity

preferably be made in as close connection as possible to the actu-

al processing Stagel Fig. 3.10 Example of the result of a
rheological analysis.
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The parameters are:

Q = flow rate ms/s
r = duct radius m
QAp = pressure drop Pa
L = tube length m
y,, = wall shear rate s

n = flow behaviour index
K = consistency coefficient Pas"

The new parameters are:
w = ductwidth m
h = ductheight m
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Pressure drop calculations

Some useful equations are given below for manual calculation of pressure
drop and shear rates for laminar flow in circular and rectangular ducts. Al
the equations are based on the power law expression presented earlier in
this chapter, as most food systems in processing conditions can be de-
scribed by this expression.

The equations are applicable to Newtonian as well as hon-Newtonian
fluids depending on the value of n used in the calculation: n<1 for shear
thinning (pseudoplastic) fluids, n=1 for Newtonian fluids, and n>1 for shear
thickening (dilatant) fluids.

Circular ducts

The relationship between flow rate and pressure drop and between flow
rate and wall shear rate in a circular duct is described as follows:

Q= —n .T[.rS. i
30+ 2-L-K
n n
Ap:(3-n+1)_( QS)_z-L-K
n TT-r r

< ) [

Rectangular ducts

The corresponding equations for rectangular ducts are as follows:

1/n
Q = L ,W,hz, h—Ap
4.n+2 2-L-K

1/n

or

and
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Chapter 4

Micro-organisms

The science of micro-organisms is called microbiology. Microbiology
actually means the study of small living things.

Some milestones of microbiological history

A. van Leeuwenhoek, 1632 — 1723, a self-taught Dutchman, constructed
the microscope with which he could observe bacteria. Leeuwenhoek has
been called the “father of microscopy”.

L. Pasteur, 1822 — 1895, the French chemist, invented the heat treatment
method that is now called pasteurisation.

R. Koch, 1843 — 1910, the German physician and Nobel Prize winner for Louis Pasteur,
medicine, 1905, discovered pathogenic (disease producing) bacteria such the inventor of pasteurisation
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Fig. 4.1 Micro-organisms can be found
everywhere ... in the air ... in the soil ...

and in water.
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as the tubercle bacillus and cholera bacterium. In addition, he devised in-
geniously simple methods to enable safe study of these organisms.

A. Fleming, 1881 — 1955, the British microbiologist, professor and Nobel
Prize winner for medicine, 1945, discovered penicillin, which is effective
against many bacteria but not tuberculosis.

S. Waksman, 1888 — 1973, the American mycologist, microbiologist and
Nobel Prize winner for medicine, 1952, discovered streptomycin, which is
effective against many bacteria including tuberculosis.

Classification: Protista

Most living things are classed into two kingdoms, animal and plant, but as
micro-organisms do not fit into either of these kingdoms, they are classified
together with algae, protozoa and viruses in a third kingdom called “Protis-
ta”.

The study of microbiology embraces several types of micro-organisms.
The specific study of bacteria is called bacteriology, while study of fungi is
called mycology and study of viruses is called virology.

Micro-organisms are found everywhere — in the atmosphere, in water, on
plants, animals, and in the soil. Because they break down organic material,
they play a very important part in the cycle of nature.

Some micro-organisms such as bacteria and fungi are used in many
food processes, €.g. cheese, yoghurt, beer and wine as well as in acid
production to preserve foods.

Biotechnology

The concept of “biotechnology” is a fairly recently coined word for tech-
niques utilising biological processes. In actual fact, biotechnology has a
history that predates the modern scientific disciplines of microbiology, bio-
chemistry and process technology by thousands of years.

Until the end of the nineteenth century, these processes were associated
with food, and above all with preservation of food.

Microbial processes still play a prominent part in the food industry, but
biotechnology in the modern sense is largely associated with industrial
utilisation of the properties of living cells or components of cells to obtain
production of various products, specifically effective medicaments such as
hormones and certain vaccines. To accomplish this it is necessary to utilise
knowledge of the bio-sciences — biochemistry, microbiology, cell biology,
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molecular biology and immunology — as well as the technologies of appara-
tus design, process engineering, separation techniques, analytical methods,
etc.

This chapter deals mainly with micro-organisms relevant to milk and milk
processing, but specific viruses called bacteriophages are also described.
These organisms cause serious problems in the manufacture of products
where micro-organisms are needed for development of flavour, texture and
other characteristics.

Bacteria

Bacteria are single-celled organisms which normally multiply by binary fis-
sion, i.e. splitting in two. The simplest method of classifying bacteria is ac-
cording to their appearance. But to be able to see bacteria, they must first
be stained and then studied under a microscope at a magnification of about
1 000 X.

The most widely used method of staining bacteria was introduced by the
Danish bacteriologist Gram and is called Gram staining. Bacteria are divided
into two main groups according to their Gram stain characteristics: red,
Gram negative and blue, Gram positive.

Morphology of bacteria

In the word morphology morph stands for form and ology for study of.
Morphology therefore means the study of the form of bacteria. Morphologi-
cal features include shape, size, cell structure, mobility (ability to move in a
liquid), and spore and capsule formation.

Shape of bacteria

Three characteristic shapes of bacteria can be distinguished: spherical, rod-
shaped and spiral. The positions of bacteria relative to each other are also
an important distinguishing characteristic.

Diplococci arrange themselves in pairs. Staphylococci form clusters
(Greek staphylon = bunch of grapes), while streptococci form chains (Greek
streptos = chain). Figure 4.2.

The rod bacteria (bacill)) vary in both length and thickness. They also
form chains. Spiral bacteria (spirilla) can also be of varying length and thick-
ness, and also vary as to the number of turns. Figure 4.3.

Size of bacteria

Cocci vary in size between 0.4 and 1.5 pm (1 pm = 0.001 mm). The length
of bacilli can vary between 1 and 10 pm, though a few species are larger or
smaller.

Cell structure of bacteria

Like all other cells, the bacterial cell shown in figure 4.4 contains a semi-
liquid, protein rich substance called cytoplasm. The cytoplasm also contains
the ribosomes, where the protein synthesis takes place, and enzymes
which take part in the metabolism of the cell. Reserve material, such as fat
and glycogen, can also be found in the cytoplasm.

Each cell has a nuclear material (DNA= deoxyribonucleic acid) containing
the genetic information which controls its life and reproduction. In the cells
of higher animals and plants the nucleus, contrary to the bacterial nucleoid,
is surrounded by a membrane. The nucleus and the basic substance of the
cell together constitute the protoplasm.

The cytoplasm is surrounded by a cytoplasmic, semi-permeable mem-
brane which performs many vital functions, including regulation of the ex-
change of salts, nutrients and metabolic products between the cell and its
environment. The cytoplasmic membrane is in turn enclosed in a further
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Fig. 4.2 Spherical bacteria (cocci) occur
in different formations.

Fig. 4.3 Rod and spiral shaped bacteria.
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Fig. 4.4 Schematic view of a bacterial
cell.
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Fig. 4.5 Flagella may be distributed all
over the bacterium, or located at one or
both ends.

Saprophytes = micro-organisms
living on dead organic matter

Parasites = micro-organisms living
on living animals and plants
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Fig. 4.6 Various types of endospore
formation in bacteria.

48

envelope, the actual wall of the cell. This serves as the “skeleton” of the
bacterium, giving it a definite shape. This cell wall is also surrounded on the
outside by a mucous (slimy) layer, more or less strongly developed. If extra
thick, it is called a capsule.

The composition of the mucus is complicated. It consists of complex
polysaccharides containing acetyl and amino groups, or of polypeptides or
proteins.

The pili are structures for attachment to surfaces (bacteria, intestinal
epithelia, processing device, etc.)

Some bacteria have the ability to form spores (see “Spore formation and

capsule formation”).

p Mobility of bacteria

) ) Some cocci and many bacilli are capable of moving in a liquid nutrient

medium. They propel themselves with the help of flagella, which are like
long appendages growing out of the cytoplasmic membrane, figure 4.5.
The length and number of flagella vary from one type of bacterium to
another. The bacteria generally move at speeds of between 1 and 10
times their own length per second. The cholera bacterium is probably one
of the fastest; it can travel 30 times its length per second.

Spore formation and capsule formation

The spore is a form of protection against adverse conditions, e.g. heat and
cold, presence of disinfectants, lack of moisture or lack of nutrients. Some
various types of spore formations are illustrated in figure 4.6.

Only a few types or genera of bacteria form spores: Bacillus and
Clostridium are the most well known. Under adverse conditions these or-
ganisms gather nuclear material and some food reserves in one area of the
cell and form a hard coat, protecting the nuclear material.

When the parent cell forms a spore it may retain its original shape, or it
may swell in the middle or at one end, depending on where the endospore
is located. During spore formation the vegetative part of the bacteria cell
dies. The cell eventually dissolves and the spore is released.

The spore germinates back into a vegetative cell and starts reproduction
when conditions become favourable again.

Spores have no metabolism. They can survive for years in dry air, and
they are more resistant than bacteria to chemical sterilants, antibiotics,
drying and ultraviolet light. They are also resistant to heat — it takes 20 min-
utes at 120°C to kill them with 100% certainty. However, spore-forming
bacteria in the vegetative state are killed in a few minutes by boiling at
100°C just like any other bacteria.

Some bacilli and cocci are surrounded by a capsule of strongly devel-
oped mucus. While this does not make them as resistant as spores it may
provide sime protection against dry conditions. Propagation of such organ-
isms in milk “by accident” or “on purpose” makes it viscous and slimy. In
both cases this phenomenon gives “ropy” milk.

Conditions for growth of bacteria

Nutrients

Bacteria require certain nutrients for their growth. The need for nutrients
varies widely among different bacteria. The main sources of food are organ-
ic compounds, e.g. proteins, fats and carbohydrates. In addition, small
amounts of trace elements and vitamins are necessary for growth and
health.

Micro-organisms which live on dead organic matter are called sapro-
phytes. Those which live on living organic matter (animal and plant tissue)
are called parasites.

As well as material for cell formation, organic matter also contains the
necessary energy. Such matter must be soluble in water and have a low
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molecular weight, i.e. it must be broken down into very small molecules in
order to be able to pass through the cytoplasmic membrane and be digest-
ed by the bacterium. Consequently bacteria need access to water.

At this point we need to introduce the term “water activity”, a , which
means the ratio of water vapour pressure of a product to the vapour pres-
sure of pure water at the same temperature.

When the vapour pressure of a food is the same as the vapour pressure
of the atmosphere, equilibrium prevails. The vapour pressure corresponds
to different water contents in different foods, depending on how much of
the water is free and how much is bound.

Bacteria cannot normally develop at a, < 0.9. For yeasts the a , should
be < 0.88 and for moulds it should be < 0.8 to stop growth. A low a , value
does not however stop the activity of enzymes.

In production of milk powders the maximum water content of the various
qualities is adjusted so that they can be stored for prolonged periods with-
out deterioration. This means that the a , should be < 0.8 — (normally below
0.2-0.3).

Micro-organisms feed by secreting enzymes into the surrounding food.
They break down complex insoluble substances into simple soluble sub-
stances which can pass through the cell wall. The numbers and types of
enzyme an organism possesses determine which food constituents the
organism can break down and to what extent.

Some micro-organisms lack the ability to release enzymes for breaking
down substances outside the cell. They have to make do with breakdown
products created by other micro-organisms. Such a relationship is called
symbiosis when both parties benefit from it. When one organism produces
substances which have an inhibiting effect on other organisms, this process
is called antibiosis.

Passage of matter through the cytoplasmic
membrane

A bacterial cell can maintain a relatively constant interior environment in
variable external conditions by adjusting the balance between water, inor-
ganic substances and organic substances. Many organic substances and
inorganic ions are present in different concentrations inside the cell and in
the ambient medium. The cell needs a constant supply of both organic and
inorganic nutrients from outside for its life processes; it must also get rid of
metabolic waste products, etc. A constant interchange of matter therefore
takes place between the cell and the ambient medium.

This interchange takes place through the cytoplasmic membrane, which
is semipermeable, i.e. it does not pass all substances with equal ease. A
solvent, for example, passes through more easily than the substance dis-
solved in it.

The membrane also has the property of selective permeability, i.e. it acts
as a barrier against certain substances in both directions.

Passage through a cytoplasmic membrane may be passive or active.
The cell itself must supply energy to enable the passage of certain sub-
stances. Passive processes, on the other hand, are powered by forces in
the environment of the cell. Osmotic forces are important in this context. In
active processes it is the metabolic energy of the cell which supplies the
necessary energy for the passage of matter.

Temperature
The temperature is the greatest single factor affecting growth, reproduction

and food deterioration. Bacteria can only develop within certain temperature

limits, which vary from one species to another. In principle, bacteria can
grow at temperatures between the freezing point of water and the tempera-
ture at which the protein in the protoplasm coagulates. Somewhere be-
tween the maximum and minimum temperatures, i.e. the upper and lower
limits of bacterial viability, lies the optimum temperature. This is the temper-
ature at which the bacterial strain propagates most vigorously.
Temperatures below the minimum cause growth to stop, but do not Kill
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The a,, can be calculated ac-
cording to the formula

a, = P/P,
where p = vapour pressure of
the food at t°C,
and p_ = vapour pressure of
pure water at t°C

Symbiosis = permanent union
between organisms, each of
which depends for its existence
on the other

Antibiosis = coexistence where
one organism produces sub-
stances which inhibit the growth
of another organism

Lethal
temperature
—— Maximum
€= Optimum
Growth
temperature
== \linimum

Survival
temperature

Fig. 4.7 Temperature conditions for
bacterial growth.
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Fig. 4.8 Classification of
bacteria by temperature prefer-
ence.

Aerobic bacteria need oxygen
from the atmosphere for growth.
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the bacteria. Bacteria can survive 10 hours’ exposure to below —250°C.
They can however be damaged by repeated freezing and thawing. The life
functions of bacteria cease almost completely at a temperature close to the
freezing point of water, because the cells have a high content of water
which then freezes. When this happens, the bacteria can no longer absorb
nutrients through the cell membranes.

If the temperature is increased above the maximum, the bacteria are
quickly Killed by heat. Most cells die within a few seconds of being exposed
to 70°C, but some bacteria survive heating to 80°C for 5 minutes, even
though they do not form spores.

It takes much more heat to kill bacterial spores, and dry heat is less
effective than humid heat. Treatment with steam at 120°C for 30 minutes
ensures the destruction of all spores, but in dry heat the bacteria must be
kept at 160°C for 2 hours to guarantee 100% destruction of spores.

Classification by temperature preference
Bacteria can be divided into the following categories according to their
preferred temperature range:
Psychrotrophic (cold-tolerant) bacteria are psychrophilic or mesophilic
strains which can reproduce at a temperature of 7°C or below, regardless of
the optimum temperature.
Psychrophilic (cold-loving) bacteria have an optimum growth temperature
below 20°C.
Mesophilic bacteria (loving the happy medium) have optimum growth tem-
peratures between 20 and 44°C.
Thermophilic (heat-loving) bacteria have their optimum growth tempera-
tures between 45 and 60°C.
Thermoduric (heat-enduring) bacteria endure high temperatures — above
70°C. They do not grow and reproduce at high temperatures, but can resist
them without being killed.

The psychrotrophic bacteria are of particular interest to the dairy industry,
because microbiological activity in farm milk and market milk usually takes
place at a temperature of 7°C or below.

Moisture
Bacteria cannot grow in the abscence of water. As mentioned earlier,
growth is inhibited at a,, <0.9.

Many bacteria are quickly killed by desiccation, while others can tolerate
dry periods of several months. Bacterial spores can survive desiccation for
periods of years. Because micro-organisms need water in an available form,
this feature can be used to control their growth. An example is drying. i.e.
removal of water. Organisms grow very well at an available moisture content
of 20%. Reduction to 10% limits growth, and at an available water content
of less than 5% there is no growth (with the exception of moulds).

Oxygen

Many micro-organisms need free oxygen to oxidise their food in order to
produce energy and for their life processes. Upon complete oxidation of
organic compounds CO, and water are formed. Many micro-organisms can
get it from the air, and these are called aerobic micro-organisms. Other
types obtain energy from their food without need of free oxygen, and these
are called anaerobic micro-organisms.

There are some bacteria which consume free oxygen if it is present, but
which can grow in the absence of free oxygen. Such bacteria are called
facultatively anaerobic. Anaerobic and facultatively anaerobic bacteria gen-
erally obtain their energy by fermentation of organic compounds. Chemically
this is an incomplete oxidation, whereby organic waste-products are
formed, e.g. lactic acid from lactose.

As most organisms obtain their oxygen from the air, i.e. they are aerobic,
removal of oxygen/air is a means of controlling or preventing their growth.
Examples of this are vacuum packing and gas packing and the use of ma-
terials acting as an air barrier.
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Anaerobic bacteria die if exposed to atmospheric oxygen for any length
of time.

Light
Light is not essential to most bacteria because they do not contain chloro-
phyll and do not synthesise food in the same way as plants. Instead light
tends to kill bacteria if it contains ultraviolet light, which causes chemical
changes in the DNA and cell protein.

Many organisms are killed when exposed to direct sunlight, and ultravio-
let light is often used for sterilising atmospheres in starter rooms. It is not
however used for sterilising food, as chemical changes may also take place
in the food.

Osmotic pressure

Bacteria cannot tolerate strong solutions of sugar or salt, i.e. high osmotic
pressures. Exposure to such solutions draws water from the cell, thereby
dehydrating it. Osmotic pressure is used as a means of food preservation,
for example in fruit preserves (jam) and in salted fish and in sweetened con-
densed milk.

pH - acidity/alkalinity

Micro-organisms cannot tolerate strong acidity or alkalinity. Bacteria prefer a

pH close to neutral, i.e. 6.8 — 7.4. Moulds prefer a low pH, 4.5 or lower.
Fresh milk has a pH normally falling between 6.5 and 6.7. Sour milk has

a pH of 4.6 and lower.

Reproduction of bacteria

Bacteria normally reproduce asexually by fission. In figure 4.9 fisson is
shown. First the size of the cell increases. Then the nuclear material gathers
in one area of the cell and divides into two identical parts. The parts move
away from each other and the cell wall folds and grows inwards. On touch-
ing the walls fuse together, resulting in two organisms which may break
away or remain together, resulting in different but characteristic arrange-
ments.

The type of formation is generally relatively constant for a given species
of bacteria. This characteristic is therefore used in the description of differ-
ent species.

Rate of reproduction

In favourable conditions fission of bacteria can occur at intervals of 20 — 30
minutes. The rate of reproduction can be calculated out of the formula
shown to the right. With a generation time of 0.5 hour at optimal tempera-
ture, one bacterium/ml of milk will become about one million bacteria/ml
within 10 hours. Under optimal conditions in food, 100 million — 1 000 mil-
lion bacteria/ml can be formed. At that stage the growth rate will be inhibit-
ed by lack of nourishment and accumulation of toxic metabolic waste prod-
ucts. Reproduction finally stops, and large numbers of bacteria die. In reali-
ty, unfavourable conditions, such as low storage temperature or low pH, will
limit or delay the growth of bacteria in food.

Growth curve of bacteria

Figure 4.10 shows a curve of the growth of bacteria transferred to a sub-
strate by inoculation. There is usually some delay before the bacteria start to
reproduce, as they must first acclimatise to the new environment. This
phase of development (a) is called the lag phase. The reason for the lag
phase may also be that the culture has been dormant. It may for example
have been stored at a low temperature prior to inoculation.

The length of the lag phase varies according to how much the bacteria
were inhibited at the moment of inoculation. If viable, growing bacteria are
used and if there is no need for a period of adaptation, reproduction begins
at once.
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Fig 4.9 Bacteria normally reproduce
asexually by fisson.

Formula for rate of reproduction
of bacteria

t

N =N, x 2°
N = number of bacteria/ml

at time t
N, = number of bacteria/ml

at time O
t = the time of growth in hours
g = generation time in hours
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Number of bacteria (log)

a

b
c
d

After the lag phase the bacteria begin to repro-
duce quickly for the first few hours. This phase (b) is
called the log phase because reproduction proceeds
logarithmically.

At the same time toxic metabolic waste products
accumulate in the culture. The rate of reproduction
will therefore subseqgently slow down, while at the
same time bacteria are constantly dying so that a
state of equilibrium is reached between the death of
old cells and the formation of new ones. This phase
(c) is called the stationary phase.

a b C d
Fig. 4.10 Growth curve of bacteria

Lag phase

Log phase
Stationary phase
Mortality phase

The most important biochemical
and enzymatic systems in milk
products are those responsible
for the following effects:

Breakdown of carbohydrates
Breakdown of protein
Breakdown of fat

Breakdown of lecithin
Production of colour
Production of mucus or slime
Production of odours
Reduction of oxygen
Diseases

Breakdown of carbohydrates by:
e hydrolysis

alcoholic fermentation

lactic acid fermentation
coliform type fermentation
butyric acid fermentation
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—> Time In the next phase (d) formation of new cells ceas-
es completely and the existing cells gradually die off.
Finally the culture is almost extinct. This is called the
mortality phase.
The shape of the curve, i.e. the length of the various phases and the
gradient of the curve in each phase, varies with temperature, food supply
and other growth parameters.

Biochemical activity

By biochemical activity we actually mean the types of food deterioration or
the diseases in animals and plants that the micro-organisms may cause.
The biochemical activity of the micro-organism decides how it can be used
in food processes, i.e. in the manufacture of cheese, yoghurt, butter, etc.

The activity of the micro-organism is governed by the enzymes it pos-
sesses, as these determine what it can feed on and break down, and con-
sequently which end products it can produce.

There are many biochemical and enzymatic systems in microbiology. The
following are the major ones concerned with milk and milk products. They
can be subdivided into which constituent they break down and their effects.

Breakdown of carbohydrates

Carbohydrates contain the elements carbon, hydrogen and oxygen in long
chains; they include cellulose, starch, polysaccharides and sugars. Break-
down takes place in stages, with the addition of a molecule of water at each
stage. The enzymes of the micro-organism determine which carbohydrates
they can break down and how far. In milk hydrolysis of the disaccharide
lactose occurs to its constituent monosaccharides glucose and galactose.
They can be completely degraded to CO, and water (oxidative metabolism)
but more often fermentaion occurs.

Fermentation usually results in various products such as organic acids
(lactic acid, butyric acid, etc.), alcohols (ethyl alcohol, butyl alcohol, etc.)
and gases (hydrogen, carbon hydroxide, etc.).

The most important forms of fermentation in milk are:
® alcoholic fermentation of lactose to alcohol and gas. For example,

lactose is broken down to ethyl alcohol and carbon dioxide. Alcoholic

fermentation usually takes place under anaerobic conditions and mainly
by yeasts and moulds.

e Jactic acid fermentation of lactose to lactic acid. This reaction is
used in the manufacture of cheese, yoghurt and other acidified products.

e coliform (mixed acid and butanediol) fermentation of lactose, resulting in
a wide variety of end products, for example lactic acid, acetic acid,
succinic acid, formic acid, butanediol, ethyl alcohol, carbon dioxide
and hydrogen.

e butyric acid fermentation under strict anaerobic conditions by the
Clostridium bacteria. In butyric fermentation lactose is broken down to
butyric acid, carbon dioxide, hydrogen and, in some cases, butyl
alcohol.

As a general rule carbohydrate fermentation in milk results in the produc-
tion of acid (souring) and sometimes gas (depending on the organisms).
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Breakdown of protein

The process where protein is broken down is called proteolysis where pro-
teo stands for protein and lysis for breakdown. The major enzymes con-
cerned are proteases, e.g. rennin, pepsin and trypsin. These enzymes de-
grade proteins into peptides, which are then degraded by various peptidas- Proteolysis = breakdown
es to smaller peptides and free amino acids. Amino acids can be reutilised of protein
for protein synthesis by the cell; however, they can also be broken down
oxidatively or fermentatively.

Proteins and their constituent amino acids have a wide combination of
chemical elements and contain carbon, hydrogen, oxygen, sulphur, nitrogen
and phosphorus. Breakdown of protein therefore results in a much larger
range of acids, alcohols, gases (hydrogen, carbon dioxide, hydrogen sul-
phide and ammonia) and other compounds. Breakdown of protein nearly
always results in ammonia, which is alkaline and has a strong smell.

Three amino acids, cystine, cysteine and methionine, contain sulphur
and result in hydrogen sulphide which also gives off a strong smell.

Breakdown of protein in liquid milk takes place in two major stages
called peptonisation and consists of;

e curdling (sweet as opposed to sour) or clotting of the milk by rennin-like
enzymes. This fault in milk is called sweet curdling, a defect which is
common in pasteurised milk which is stored warm.

e proteolysis of the protein, resulting in production of ammonia, which is
alkaline.

The degree of amino free acids and ammonia in cheese gives an indication

of its age and maturity as proteolysis progresses. Blue, or mould ripened,

cheese has rapid proteolysis, resulting in production of large amounts of
ammonia.

Breakdown of fat

The process where fat is broken down by enzymes is called lipolysis, from
the Greek roots lipo meaning fat and lysis meaning breakdown. The major
enzyme concerned is lipase. During lipolysis the fat is hydrolysed to glycerol
and three separate fatty acids. Some of the fatty acids are volatile and give
off strong smells. One example is butyric acid, which gives the characteris-
tic, rancid taste.

Pure fat is relatively resistant to microbiological breakdown. Milk fat, in
the form of butter and cream, contains protein, carbohydrate, minerals, etc.
for growth and is therefore more susceptible.

Many bacteria and moulds which break down proteins also break down
fat oxidatively.

Lipolysis = breakdown of fat

Breakdown of lecithin

Lecithin, the phosphoalipid included in the membranes round the fat glob-
ules, is a chemical combination of glycerol, two fatty acids, phosphoric acid
and choline, an organic alkali. Strains of Bacillus cereus produce enzymes,
lecithinases, which hydrolyse the lecithin into diglyceride and phosphoryl
choline. The membranes of the fat globules are split, resulting in an unstable
fat emulsion often appearing in the form of flocks or lumps floating on the
surface of the milk or cream. This fault in milk or cream is called “bitty
cream” or “broken cream”.

Further breakdown of the choline into trimethyl amine will result in a fishy
smell and taste.

Pigment and colour production Chromogenesis = colour
The process of colour production is called chromogenesis and the organ- production caused by
ism causing the production is referred to as chromogenic after the Greek chromogenic bacteria

roots chromo meaning colour and genesis meaning birth or origin.

This process of metabolism is a feature of certain micro-organisms. It is
greater in certain foods than others and takes place at lower temperatures.
Aerobic conditions are also necessary for chromogenesis.

There are two types of pigment:
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The species of an organism is
often named after the colour it
produces, for example:

Albus = white

Luteus = yellow

Citreus = citrus yellow
Roseus = pink or red
Aureus = golden
Violaceum = violet

Nigra = black or brown

Pathogenic bacteria
cause disease in human beings,
animals and plants.
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e endo-pigment, which stays in the cell

® exo-pigment, which diffuses out of the cell into the surrounding food
There are three basic colour groups:

e Carotenoids, which are yellow, green, cream or golden

e Anthrocynins, which are red

* Melanins, which are brown or black

The name of an organism often refers to the colour it produces. Example:
Staphylococcus aureus = “the golden Staphylococcus”.

Mucus production

A number of bacteria produce mucus or slime, which is utilised in certain
cultured products such as yoghurt and landfil, a Swedish ropy milk.

Odour production

A number of organisms produce strong odours or smells. Examples are:
e Moulds, which produce a musty smell

Actinomyces, which produce an earthy smell

Yeasts, which produce a fruity smell

Pseudomonas, which produce a fruity/fishy smell

Coliforms, which produce a cowlike and dirty smell

Lactococcus lactis var. maltigenes, which produces a malty smell

Reducing power

All micro-organisms have some degree of reducing power, i.e. the power to
remove oxygen. In milk the most powerful reducers are Lactococcus, coli-
forms and Bacillus. These are largely responsible for the reduction of oxy-
gen in dye-reduction tests such as “Resazurin” and “Methylene blue”, indi-
cating the degree of microbiological content and keeping quality.

Disease production (Toxins)

Organisms which produce diseases are called pathogenic from the Greek
roots pathos, suffering and genesis, origin. Organisms bring about disease
in human beings, animals and plants by attacking and breaking down living
cells and producing poisonous substances called toxins. The organisms
responsible may die, but the toxin can remain and cause the disease.

Examples are Staphylococcus, Salmonella and Clostridium, which cause
food poisoning, Salmonella typhosa (causing typhoid fever), Clostridium
letani (causing tetanus) and Corynebacterium diphtheriae (causing diphthe-
ria).

Enumeration of bacteria

Bacteria can best be studied and diagnosed if they are cultured first.

Bacteria can be transferred to a broth containing suitable nutrients with a
favourable temperature, salt concentration, pH, etc. There they will begin to
grow and reproduce.

For the sake of convenience, bacteria are cultured on solid media called
agars, consisting of a jelly-like, semi-hard substance. The required nutrients
are added to the agar and bacteria are spread on its surface. Utilizing the
nutrients, the bacteria begin to grow and reproduce. Each individual bacte-
rium on the surface of the agar multiplies into a cluster of bacteria, all de-
scended from the same parent. This cluster, known as a colony, contains
several million bacteria. Colonies of a hundred thousand or more bacteria
are visible to the naked eye. By making dilutions of the original sample,
plating on agar and counting the colonies it is possible to enumerate the
bacteria. The appearance of the colonies varies according to the strain of
bacteria, the type of agar and the types of nutrients used. By using selective
agar media, which allow only specific groups of bacteria to grow, the pres-
ence of various types of bacteria can be demonstrated.
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