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INTRODUCTION

One readily demonstratable effect resulting from the prolonged heat
treatment of milk is browning. A form of non-enzymic browning due to inter-
action of aldoses with free amino=-groups occurs in many foods, and hence this
reaction is of broad significance in the food field; e.ge, dry milk products (29),
processed potatoes (95), dried fruit (102), dried whole eggs (73), dried meat (99),
and liquid and concentrated milk products (33,83). The significance of browning
in food technology has two aspects = the desirable and the undesirable.

In many areas of the world today people are undernourished, malnourished,
and even starved. At the same time in other parts of the world, food is abundant
to the point of substantial excess. Although many factors contribute to this
unbalance, food spoilage is an important consideration. Some excess food can
be processed and stored in a practical manner involving little or no deter-
ioration, but some of it faces spoilage despite man's preventive efforts. One
vexing problem of food spoilage is browning which may affect many food products.
These include dried food such as milk, eggs, fruits, fruit juices, meat, fish
and vegetables (12); canned milk, fruit, and vegetables; and other foods such
as molasses. Loss of palatability and mutritive value as well as undesirable
changes in physical properties frequently attend the browning of food to varying
degrees of intensity, depending on the stage to which the reaction has progressed.
This is the undesirable aspect of browning.

On the other hand, the Maillard reaction can make a positive contribution
to food technology by producing desirable colours, flavours and aromas in many
foods such as ready-to-serve cereals, toffees, roasted coffee, malted barley,
and baked goods (65). Toasting, baking, roasting, and frying are processes



aimed at intentionally browning the food. Although there is some loss of amino
acids when these flavours are produced, the loss is not usually of much importe-
ance and is accepted as a price worth paying. The Maillard reaction can be
exploited for particular purposes by the addition of reducing agents to the
food. For example, the inclusion of milk powder in a loaf of bread permits
more even toasting at a lower temperature because of the presence of lactose.
Another example is the production of chicken and meat-like flavours by heating
amino acids with pentose sugars and aldehydes. The distinctive caramel and
butterscotch flavours derived from dairy products result from the browning of
milk or milk components. Thus, it is clear that browning has two aspects, both
of which concern the acceptability of man's food.

It is the latter aspect which is of principal interest in the present
work. By pramoting browning in milk solids to varying degrees of intensity, a
range of palatable caramel flavours may be obtained. It is clear that dairy-
caramel flavours are appetizing by the fact that caramelized milk products are
very popular, and are eaten extensively in South America, India, and Europe.
Traditional products produced domestically include 'Dulce de leche' (Argentina,
Uruguay), ‘'Manyar blanco' (Chile), and 'Khoa' (India). In Argentina, 2,800 tons
of 'Dulce de leche' are cammercially produced per emmum; 98% of this production
is consumed internally. Clearly then, many people enjoy dairy-caramel flavours
vhen purposely produced. With the realization that a potential market is
already present, the purpose of this thesis is to explore the possibility of
diversifying New Zealand dairy products by the promoted caramelization of
milk solids.

A review of previous research into the browning reaction in milk showed
that much work has been done and copious literature exists, but most of this
neglects the beneficial effects of non-enzymic browning in milk and concentrates



on the deteriorative effects. Consequently, methods of measuring browning
mainly involve measurements of the reactants and early intermediates as a basis
for inhibiting the early stages of browing. As a result of this bias in
pPrevious research, the first task of this study was to develop a method of
measuring pramoted browning ("caramelization") in milk., The method finally
chosen was the reflectance measurement of colour.

A reliable method of measuring promoted browning mede possible a study
of the factors affecting promoted browning, and carsamel flavour development,
in sweetened condensed milk. The study was restricted to browning in "liquid"
systems as the factors affecting browning in "dry" milk powder have been well
documented (65,83). In this context, there were two principal areas of interest
with regard to browning and associated changes in milk systems. One is practical
and concerns the manipulation of process and product variables such as tempera-
ture, time, pH, and moisture content, to obtain a controlled amount of browning.
The other is fundamental and concerns maeking the knowledge of milk and its
behaviour as complete as possible.

Without incorporation into palatable food structures and textures any
flavour is of little value as food. Hence, the remainder of this thesis is an
exploration of the possibilities of incorporating dairy caramel flavours into
conventional food textures, structures, and types which are of proven palat=
ability. A survey of present food forms marketed, and a consideration of recent
trends in food marketing suggests that the following product types are of proven
consumer acceptance and worthy of further study and development.

1. Sweet caramelized spread for use in the same way as
jems; i.e., spread, pie filling, cakes, etc.

2. Porous wafer or biscuit type of product = perhaps for
use as a high protein supplement in a form which the

consumer is familiar with.



3+ Concentrated dairy caramel flavour in powder or liquid concentrate
form for general food flavouring.

4. Confections - sweets, toffees, milk caramel, hokey-pokey, etc.
(The production of caramel confections is well documented and

was not studied further.)

With an aim of developing these general product types & fundamental study was
undertaken to define the factors affecting flavour, colour, and texture of

browned milk solids.




PART A

(SECTINS I, II, III)

BASIC STUDIES

ON

THE BROWNING OF MILK SOLIDS




SECTION I

A REVIEW

OF

PREVIOUS RESEARCH

IXTO

HE BROWNING OF DAIRY PRODUGTS




I. INTRODUCTION

In the scope of the present work, there are two principel areas of interest
with regard to browning and associated changes in milk. One is practical, and
concerns the manipulation of process and product variables such as temperature,
time, moisture content, to obtain a controlled amount of browning and caramel
flavour. The other is fundemental, and concerns making the knowledge of milk
and its behaviour as complete as possible. This review summarizes previous know-
ledge in the field of the browning of deiry products and forms the basis for the
direction of further research into the promoted caramelization of sweetened

condensed milk and similar dairy products.

PFundamentally, there appear to be three main types of browning in food
systems (55):=

1. Caramelization or non-amino browning of sugars.

2, Amino-sugar or Maillard-type browning.

3¢ Oxidative browning.

Caramelization browning may be defined as the 'heat decomposition' of
sugars as a function of pH and buffers in the absence of amino compounds.
Caramelization requires a relatively high order of activational energy. On the
other hand, Maillard-type browing requires a relatively low order of energy for
its initiation and exhibits autocatalytic qualities ance it hes started. It
may be defined as that browning which results from the interaction of amino
compounds (proteins, amino acids etc.) with reducing sugars. This is by far
the most important type of browning in the food field and is the type which
prevails in milk and its products. Oxidative browning, with which we are not
directly concerned here, is typified by the colour change that occurs when the

surface of fruits or vegetables is bruised.



II. REACTANTS AND MECHANISM

A. Reactants

Much of the difficulty and confusion resulting from studies of brown=-
ing in heated milk is due to the dynamic state of the delicately balanced bio=
chemical system; i.e., the completion of one step is not essential to the
initiation of the next, and many chemical reactions are proceeding at once.
Also, while amino groups may disappear in the primary stage, they may reappear
or regenerate in the mamner of a true catalyst.

In his thorough review of browning in milk products, Patton (83) con-
cludes that the literature clearly indicates that the two principal reactants
in the browning of milk systems are lactose and casein. Neither casein nor lac-
tose brown readily when heated alone but they do so when heated together (83,46).

Considerable evidence supports Maillard-type browning in milk. The
independence of browning on oxygen level (83,49), and the acknowledged import-
ance of casein in the éiacolmmation, discount the possibility of oxidative
browming or pure sugar caramelization browning. Evidence from three distinctly
different areas of study point to the *E-amino groups of lysine (in casein) as
key reactants:=

1. Autoclaved systems containing casein and a reducing sugar consistently
show the greatest amino losses in lysine (36,68).

2., Lea and Hannan (67) have demonstrated that in the "dry" state glucose
reacts with the free amino groups of casein in a 1:1 ratio, that these amino
groups are made up almost entirely of E-amino groups of lysine, and that the
complex so formed browns readily under suitable conditions of temperature and hum-
idity. Other basic amino acids are involved secondarily in the reaction (68,69).

3, Patton (81,82,85) has noted that the decamposition of lactose in

*E = ¢ ,epsilon



heated milk and in casein solutions appears to be base catalysed. The free
amino groups of casein are the logical catalysts in this instance.

Phosphates and the milk buffer system are of secondary, if any, import-
ance in the browning of milk products (83,86) compered with the primary react-

ants = lactose and casein.

B. Mechanism

The chemistry of browming in foods is highly complex. In an effort to
unravel the problem, model systems have been used by many investigators. In
Place of the complex media presented by foods, simple, aqueous solutions of
a sugar, usually glucose, and various amino compounds, particularly amino acids,
have been employed to study the reaction types responsible for browning. These
scattered disclosures of reaction types are capable of an orderly arrangement
and a perspective view of the entire group of chemical reactions known as brown-
ing may be drawn (50). The findings from these simplified systems are very com-
prehensive in contrast to the limited findings of milk. Those interested in
the basic chemistry of browning should consult the reviews of Hodge (50),
Denehy and Pigmsn (31), Reynolds (90,91), and Burton and McWeeney (22). Browm-
ing of milk and its products has been reviewed by Patton (83). Indications
are that browning in milk closely parallels the pattermn which occurs in model
systems, although the complete mechanism is as yet far from elusidated.

Between the established fact that casein and lactose are the primary
reactants and that a brown product is a resultant of the reaction, there lies
an area of chemistry that is largely unknown. The initial reaction, at least
in the dry state, between glucose and casein involves a 1:1 reaction of the
glucose with the E-amino group of lysine (67). Such a 1:1 reaction between

these components has not been demonstrated in an aqueous systemj presumably due
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to the instability of the addition product under such conditions (55). In
addition to the amino groups of lysine, the other basic amino acids, arginine
and histidine may be involved secondarily (83,69).

The precise nature of the interaction between the lactose and amino
groups of lysine has not been established. Richards (93) has shown that for
lactose~casein and skim-milk in the "dry" state during storage, there is
initially a close relationship between the formation of 1-amino=1-deoxy-2-
ketoses and a decrease in free amino-nitrogen. This conforms with an Amadori
rearrangement of an initially formed lactose=protein complex. Change in
colour is rapid only after there has been a rapid formation of 1-amino-1-deoxy-
2-ketoses and a corresponding decrease in free amino-nitrogen. This conforms
with browning being due to the breakdown of the Amadori rearrangement complex,

The reaction scheme in Figure 1 has been established as representative
of the early reactions between reducing sugars and amino compounds. This
integrated scheme was proposed by Gottschalk and Partridge (41), and sub-
stantiated by Hodge and Rist (51), and Riochards (92,93). The scheme is
believed to be applicable in explaining the early reactions in natural sugar
amine systems (50,92). Adachi (1) has identified fractions representative
of II and III in evaporated milk and non-fat dry milk. Potter and Patton (87A)
have identified 5-hydroxymethylfurfural (HMF) (V) in evaporated milk. Whether
the principal route of pigment formation is by reduotone and fission products
or by HMF formation, is not clear. A recent review by Reynolds (90,91) quotes
the work of Anet (8,9,10) in support of reductone and fission products being
the main route, while Hodge (50) emphasizes the HMF route. However, all
these studies have been on model systems and the complex reaction in milk
beyond the formation of compound III has not been elucidated.

It is pertinent to note that browning in milk is a catalytic process (83)
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and that amino compounds catalyse the Amadori rearrangement, and possibly the

subsequent degradation, fragmentation, and condensation. Therefore, one might
strongly suspect that browning in heated milk involves catalytic decomposition
of lactose by the E-amino groups of lysine (in casein). This may help to
explain the inconsistent relationship between lactose disappearance, or destruc-
tion, and the loss of amino groups that has been observed in heated milk (83).

Much work has been done on concentrated and dry products because of
their susceptibility to browning (Lea et al, Lk,45,49,63,65,67,69,72). The
basic mechanism demonstrated in dry systems has been demonstrated in liquid
systems except that there is a more dynamic and progressive formation of melan-
oidins in liquid systems.

Patton (83) introduces the concept of surface catalysis and adsorption
by the milk proteins. This is supported by the fact that about one third of
the lactose-casein complex is stable to further heating after 20mins/122°C (83).
Lea and Hannan (67) have provided further experimental evidence in support of
catalysis in a model system of casein and glucose. Under favourable conditions,
and in the presence of excess sugar, glucose continues to disappear from the
system after the reaction with amino groups has virtually ceased. This extra
glucose, comparable in amount to that combined with amino groups, is found to be
'bound' to the protein, but the nature of the union with the protein has yet
to be established with certainty (67). Alternative possibilities are:=-

1. A chemical reaction between glucose and reaoctive groups in the

protein other than free amino groups.

2, Caramelization of glucose, catalysed in some way by the protein

and followed by adsorption of the caramelized product on to the
casein.
Similar reactions may be responsible for the strong binding of the degraded

lactose by the protein.



In essence, the phencmenon appears to be a catalysis, by the amino
groups of casein, of the decomposition of lactose. Decomposition of the lactose
involves dehydration, fragmentation and condensation reactions, leading to the
formation of brown pigment, and many associated changes.

C. Brown Figment

The most important manifestation of the complex and poorly understood
chemistry of broming is the pigment. Binding of the pigment by milk proteins
and its absence from solution in milk serum is characteristic (83). Kass and
Palmer (59) have viewed the association of the pigment with protein as a
result of an adsorption process. However, the pigment camnot be removed from
the protein without destroying it. This suggests that, at least in part, the
binding is chemical rather than purely physical (83). This difficulty excludes

any analysis of C:N ratio or other properties of the pigmented polymer.

III, PHENOMENA ASSOCIATED WITH BROWNING

The progressive decomposition of a reducing sugar in the presence of a
protein is accompanied by many changes, only one of which is browning. Most
of the changes are considered deleterious, and may include any of the
following (65):=

1. development of a brown discolouration ranging from a pale cream

or biscuit shade to nearly black;

2, production of stale "caramelized" or bitter odours or flavours;

3. loss of solubility of protein leading to a deterioration in texture

and a failure of dried foods to reconstitute properly with water;

Le & reduction of pH and the production of carbon dioxide and water;

5. enhanced reducing properties;



6. an increased tendency to froth and foam;

7. the development of the property of fluorescing in ultra-violet
light; and finally,

8. a loss of nutritive value of the protein resulting from a reduced
availability of certain of the essential amino acids and a destruc-

tion of ascorbic acid and some of the B-vitamins when present.

In some heat processed foods and in most of the stored products (e.g., milk
powder) in which changes of this type occur, the effects on flavour and colour,
and sometimes on texture, solubility or nutritive value, are undesirable and
much effort is made to avoid them. On the other hand, non-enzymic browning
reactions produce desirable colours, aromas and flavours in many cooked and
processed foods where they contribute variety and appetising quality to the
diet. It has been lmown for a long time that amino-aldehyde reactions con-
tribute to the desirable aromas and flavours of many baked, roasted, fried or
toasted foods, but a knowledge of the mechanisms and compounds involved still
remains rather scanty. One of the most obvious results of incorporating skim
milk powder in bread is the production of a loaf with better toasting quality.
Similarly, intentional "caramelization" of sweetened condensed milk yields a
palatable product. The technological importance of some of the associated
reactions of browning to the development of a desirable caramel flavour in

dairy products is now discussed.

A, Compound Formation
A substantial number of compounds, which are largely lactose fragments,

have been revealed to result from the prolonged high temperature treatment of
milk (55). Many of these compounds such as butyric, propionic, acetic, formioc,
lactic, and pyruvic acid as well as acetaldehyde and acetol, are highly flavoured
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compounds which undoubtedly contribute, in part, to the caramel flavour of
heated milk,

Be. Reducing Substances
Heated and dried milks contain a complex reducing system involving

sulphydryl compounds, ascorbic acid, and substances associated with the browm=
ing reaction (83). Although the reductone=like reducing substances are formed
during browning, their structures are not knowmn. Their presence as a result
of browning is the basis for the acid ferricyanide method of measuring the
rate of browning (25,26).

The presence of these reducing substances would probably eliminate or

minimize the incidence of oxidised flavours in "carsamelized" milk products.

C. Strecker De tion

The best known mechanism by which highly odorous campounds can arise
from amino-sugar interaction is the so-called "Strecker degradation". This
reaction is of demonstrated significance in simplified browning systems, but
there is little direct evidence of it occcurring in milk (50,97). In essence,
it sccomplishes the conversion of an amino acid, by deamination and decarboxyle-
ation, to an aldehyde of less than one carbon when the amino acid is heated

with certain types of dicarbonyls; it may be represented as follows:=-

0 0 o
] " "
R{CHNHC-CH + Rp -=C =C =Rjy
Heat
0 0

R,GH + RyCHE,C-R; + COp
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As shown, the reaction rejuires a dicarbonyl compound conforming to the

following type of structure in which n may be zero or an integer (98):=-

0

-5-(c=c)n-

Q=0

Sugar fragments such as methylglyoxal and pyruvic acid, which have been ident-
ified in milk, fulfil these structural requirements.

The sensitivity of the palate in detecting some of the volatile flavour
substances (e.g., aldehydes), produced in this reaction, is extremely great (70).
Hence, from a practical standpoint, this reaction may be important in convert-
ing non-odorous amino acids into flawvourful aldehydes which have extremely low
taste thresholds. In addition to producing volatile aroma constituents, which
may contribute, in part, to the desirable flavour of caramelized sweetened
condensed milk, the browning reaction can probably also contribute bitter tast-

ing non-volatile products of high molecular weight (70).

D. loss of Nutritive Value

While the interested reader should consult the exhaustive review of Kon
and Henry (61), Patton's (83) brief summary makes clear that lowered nutritiongl
and biological value is a distinct possibility in food products which have
undergone a noticeable degree of browning. This is of real importance in the
present work where browning is promoted because it yields a desirable caramel
flavour. However, with the lowering price of amino acids and increased
nutritional knowledge this problem may be overcome by supplementation and com-
plementation with other foods. Food acceptance is of primary importance, and

nutritive wvalue can be adjusted as a matter of secondary importance.
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E. Loss of Protein Solubility
During the earlier stages of the interaction between casein and lactose,

the rapid combination of lactose with the protein free amino-groups, which
consist mainly of the E-amino groups of the lysine residues, predominates over
other reactions; the ratio of amino=-groups destroyed to lactose bound is
practically 1:1 (67,93,49,69). The protein-lactose complex at this stage of
the reaction is still colourless and soluble, and the formation of the complex
corresponds to an increase in acid ferricyanide reducing power (65,49,63).
Subsequently, progressively more carbohydrate becomes attached to the protein
than can be acoounted for by combination with free amino groups, and other
reactive side chains, including those of arginine and histidine and probably
also of tyrosine and methionine, become involved (67,68,69). Te protein
complex at this stage has become brown in colour and insoluble over a wide
pH range (69).

The situation, after the initial phase of the reaction, is obviously
complex, with the possibility of protein groups reacting (69):-

1. direotly with glucose;

2. by cross-linking with carbohydrate already attached to the amino

groups of the protein; or

3. with reactive decomposition products of glucose.
A catalysed "carsmelization" of the sugar, followed by adsorption on the protein
is also possible. Henry et al (49) proposed the theory that the accompanying
insolubility is a result of an induced denaturation of the protein molecule,
or degradation of the protein-sugar complex by secondary reactions between the
now adjacent protein molecules and carbohydrate chains.

The effect of sugars on the development of insolubility of the protein
is complex and has not been fully elucidated (63). ILea (63) suggests that at
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least two mechanisms are involved, The potential aldehyde group of reducing
suzars combining with free amino-groups tends to destabilize the protein and
produce insolubility, It is not clear whether this is achieved by acceleration
of the normal process of denaturation, (itself far from completely understood),
or is the result of a bridging or other chemical action involving the sugar
molecule and reactive groups in the protein., Glucose shows this type of
reaction predominantly and its effect is definitely harmful (63).

In addition to this action, disaccharides when present in relatively
high concentration, show a retarding effect on the development of insolubility.
Lactose appears to be even more effective than sucrose in combating glucose=-
induced insolubility, probably as a result of successful competition with
glucose for the amino=-groups of the protein, but in the absence of added glucose,
lactose is less beneficial than the inert sucrose, presumebly because of the
harmful effect of its own aldehyde group (63). In general, sucrose has a
protective effect on the protein and tends to prevent insolubility when present

in high concentrations (63).

IV, CARAMELIZED FLAVOUR

Flavour is one of the most important practical considerations with any
food commodity. The changes of flavour in milk products upon heating are
largely responsible for the acceptance or rejection of the product by the
consumer. A concomitent of the browning of milk is caramelized flavour. Often
it is objectional and coincident to faulty processing or product deterioration,
but in the present study development of this distinctive flavour is promoted
purposely. At present there is no clear or simple explanation of its origin,

but rather it appears to be the result of several possible reactions.
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As heat treatment of milk intensifies beyond 75°C, volatile sulphide
evolution declines and cooked flavour slowly gives way to caramelized flavour
(83,55). There appears to be no cause and effect relationship between these
two flavours at this time and the chemical nature or origin of caramelized
flavour is unknown (55). In generel it is indicated that the degree of caramel-
ized flavour is correlated positively with the degree of browning and related
changes (83). Hence, a measurement of colour in a glven system is also an
indirect measure of flavour development. Patton (83,55) proposed a tentative
definition of caramelized flavour, by listing four components:=-
1. caramel or malty, resulting from sugar decomposition and Strecker
degradation of amino acids;
2. stewed meat, arising from methionine decomposition and the presence
of HpS;
3« hydrolytic rancidity caused by fat hydrolysis; and
L. coconut-like, resulting from the formation of a lactone in the
milk fat.
The importance of fat in imparting flavour is uncertain as skim milk powder will
yeild caramel flavour of a type. It is known that casein is directly involved,
and is essential to this flavour development, and Patton (814.) hasg discussed
the possibility of 3 -decalactone and ketones being an integral part of the
caramel flavour in whole milk. There is no question that chemistry is bound
to play an important role in the science of flavour and odour, as volatile
organic compounds provide a basis for stimulation of the flavour and odour
receptors. However, it is net known just what compounds are responsible for
the integrated flavour response known as milk caramel flavour, mor have the
compounds been identified which are responsible for the bitter flavour often

associated with caramel flavour development.
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V. FACTORS AFFECTING THE RATE OF THE BROWNING REACTTON

From studies on the glucose-casein system (66), milk (82,19), and milk
powder (49), a general picture of the qualitative effect of process and product
veriables may be deduced. In a system where the concentrations of casein and
lactose are approximately constant, the principal variables affecting the rate
of browmning are: (1) moisture, (2) temperature, (3) pH, (4) reducing sugar, and
(5) ions. The qualitative effect of these variables is now discussed briefly.
A more detailed discussion of the theories associated with the effect of these
variables appears later in SECTION III.

A. Moisture Content or Water Activity

A striking thing about the reaction is that progress is not rapid in
dry solid (65,66). The peak is actually at about 65 = 70% RH corresponding to
a moisture content of 13% In the very dry solid or in agueocus solution the
reaction is very slow (55,65,66). The explanation of this is not very clear.
Although Lea (66) proposed quite a plausible theory, more research is required
to determine if this is in fact an adsorption effect or whether water is

required to be present for browning to take place.

B. Temperature

Over the range of O = 90°C the resction conforms to the Arrhenius
equation (66); i.e., the plot of the logarithm of the rete of browning versus
the reciprocal of the absolute temperature is a straight line.

C. pH
The rate of the reaction increases approximately linearly with

imnaﬂn'ﬂhnm.tyfmmmlltﬂJuptolﬂ.gnvaluuatpaa.
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Above pH 8 rate measurement is difficult because of its rapidity (66,65,82,19).
The reaction is very dependent on pH and acid-base catalysis (83). Mohammad
et al (77) found browning is accelerated by increased alkalinity. Barnes and

Kaufmen (12) found the rate of browning is doubled at pH 6 as compared with pH L.

D. Sugar

The reactivity of the carbohydrates in browming parallels the general
reactivity of the carbohydrate compounds (12,65). The aldopentoses react more
rapidly or at a lower temperature than the di-, tri=-, or polysaccharides.
Carbchydrates having the necessary free aldehyde group naturally react more
repidly than those sugars (e.g., sucrose) that have to be hydrolysed, or other-
wise have to be broken down, to release this group. The effects of combinations
of pentoses, glucose, and disaccharides on solubility and colour changes is

poorly understood.

E. I 8
The effect of citrate, phosphate, and calcium ions have been investigated
by Burton (20). The effect of these ions on browning acts mainly through a

change in pH.
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VI, SALIENT FEATURES OF PREVIOUS WORK

From the review of previous research into the browning of deiry products,

several salient features of the reaction are apparent:-

1.

3.

Much work has been done and copious literature exists on non-enzymic
browning, but much of this neglects the beneficial effects of reactions
of this type and concentrates on the deteriorative aspects., Research
has been mainly limited to the factors influencing the undesirable occur-
rence of bromning in "dry" milk powder, sterilized and evaporated milks,
As a result, research has centred on the earlier stages of the reaction
as a basis for preventing the occurrence of browning. Iittle work has
been done on promoted browning, or "caramelization" in dairy products.
The primary reaction in milk has been shown to be an amino=-sugar or
Maillard-type browning involving lactose and the E-amino groups of lysine
(in casein) as key reactants.

Browning in foods is highly complex and much of the present knowledge

of the chemistry of browning has been gained from a study of model
systems, Indications are that browning in milk closely parallels the
pattern disclosed by model systems. However, between the established
fact that casein and lactose are the primary reactants and that a brown
product is a resultant of the reaction, there lies an area of chemistry
that is largely unknown., The initial reaction in the "dry" state involves
a 1:1 reaction of lactose with the E-amino groups of lysine to form the
aldosylamine, Following this reaction there is a close relationship
between the formation of 1-amino-1-deoxy-2=ketoses and a corresponding
decrease in free amino-nitrogen. This Amadori rearrangement compound

is believed to undergo dehydration fragmentation and condensation to
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7.

8.
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yield brown polymers and flavour compounds, with an accompanying loss
in solubility.

Browning in milk appears to be a catalysis of the Amadori rearrangement
by amino compounds (of casein), followed by an adsorption of the poly-
merized lactose fragments (brown pigment) by the casein molecules.
The most important phenomena of practical significance associated with
browning are:=-
i) compound formation responsible for the brown
Pigment and caramel flavour.
ii) loss of nutritive value.
iii) loss of solubility of the protein to a varying
extent, depending on the type of sugars present.
iv) increased tendenocy to froth and foam.
Caramelized flavour is a concomitant of the bromning reaction and the
degree of "caramelization™ is correlated positively with the degree of
browning and related changes. Often the flavour is objectionable and
coincident to faulty processing; e.g., milk powder, but in the case of

sweetened condensed milk the promoted caramel flavour has consumer appeal.

The principal factors affecting the rate of browming in milk produots
are:=
i) Moisture content

ii) Temperature

iii) pH

iv) Type of sugar
As very little research has been reported on pramoted browning in dairy
products, there is a wide scope for investigation into promoted brown-
ing, and associated flavour and texture changes, in products such as

sweetened condensed milk,
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Bagic to a fundamental study of browning in condensed milk systems, is

a precige and accurate method of measuring the degree of browning. Methods for
the estimation of browning are well documented. However, as most research has
been done on the chemistry of browning in the earlier stages of the reaction,
the methods available are mainly based on a chemical analysis of the reactants
and earlier intermediates of the reaction. The most important methods for the
measurement of the progress of the reaction are reviewed with an aim to finding

the method most suitable for measuring advanced browning, or promoted browning,
in concentrated milk systems.

I. CHEMICAL METHODS

A, Literature Review

In the study of the various systems, both wet and dry, a number of
different methods have been made to determine the progress of the reaction.

The most important chemical methods used are discussed below.

1. Measurement of Free-Amino Groups

a) ‘The monometric method of Van Slyke (105), which measures the nitrogen
evolved on reaction of a free~amino group with nitrous acid, has long
been known as a rapid and sensitive method for the estimation of amino
acids. Lea (64) demonstrated that with adequate precautions, Van
Slyke determinations of the free amino-nitrogen content of casein, fresh
and deteriorated milk protein, yield quite reproducible results. This
method was used widely by Henry et al (49), Lea (66), and Richards (90),
in their studies of the early stages of the reaction between the free-
amino group of cagein and lactose.

b) The formol titration has been used extensively for measurement of
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free amino-nitrogen in highly heated milks, but with questionable
success as results showing both increase and decrease have been reported
(83)s The reasons for this are not clear. Increase in free amino-
nitrogen by hydrolysis on heating and the probability that the amino
groups of casein are still basic after reaction with glucose are two
probable explanatins (49,83). The first would probably apply to the
Van Slyke method (64). Another cause of difficulty is the possibility
of regeneration of amino groups in the dynamic medium (83). The Van
Slyke method is considered to give a more useful picture of free amino-
nitrogen changes in dry powder (49).

¢) The Method of Carpenter (23) for estimation of free E-amino groups

of lysine has been used in studies on loss of available lysine (90).

This method is fairly long and it does not appear to offer any advant-

ages for the present work.

Lactose Determination

The other primary reactant in the Maillard-browning reaction of
milk, is lactose and other minor reducing sugars. Hence, lactose
disappearance is an obvious possibility for measuring the progress of
milk browning. Determination of lactose by several different methods
has not been found to be entirely satisfactory (35). With methods
based on the reducing power of lactose, the reducing substances formed
in milk by heating interfere. It is also possible that some products of
the lactose-casein interaction interfere with the polarimetric deter-

mination of lactose (62).

a) The Method of Fearon (37) for reducing disaccharides, as modified by

Howitz (54), has been suggested as a possible method for the determination

of lactose in milk (85). Results for the standard curve were highly
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reproducible and the method appears to be quite simple if interfering
compounds can be removed.

b) Another method which is inconvenient in a number of respects is the
chromatographic method of Honer and Tuckey (53). This is the most
accurate method.

c) Henry et al (49) used the method of Somogyi (101) for the estim-
ation of the combined sugar., The copper reagent is known to oxidise
sugars fairly selectively. The milk was first dialysed and the sugar
remaining in the undialysable fraction was estimated. If the dialysis
was replaced by precipitation and washing as in the ferricyanide (26)
method, the methods would be fairly similar as both measure the reducing
power of the insoluble fraction of milk,

d) Larsen and Gould (€2) showed that the picric acid method as developed
by Dehn and Hartman (32) and modified by Bierman and Doan (13) was com=
parable with the copper reduction method described in A.0.A.C. (11).

e) An indirect method of measuring combined sugar is the measurement
of the increase in undialyseable fraction as applied by Henry et al (49)

in their study of changes in milk powder during storage.

Similar methods as those outlined above were used by Lea et al (67) for the
measurement of glucose in casein=-glucose systems. While precise, accurate
measurements for the determination of changes in free amino-nitrogen and com=
bined lactose are available in the literature, their main value is in following
the earlier stages of the browning reaction in milk, For the present work, a
method of following the more advanced stages of browning is required. The

chemical methods available are now discussed.

3, Reducing Value

It is generally known that reducing groups, which may consist of
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sulphydryl groups derived from protein denaturation and as yet partially
identified compounds resulting from the browning reaction, are produced
in the heat treatment of milk. Studies of Chapman and MoFarlane (24)
and Crowe et al (30) have shown that the amount of reduced ferricyanide
inoreased with increasing heat treatment of the milk., Chci et al (26)
modified the method of Cheapmen and McFarlene (24) for whole milk to the
acid precipitated protein curd. The method is quite sensitive to light
and heat treatments. This method does give a more general indication
of the degree of browning, but appears to be most useful during the
earlier stages of browning (90).

be 5-Hydroxymethylfurfural (HMF)

Keeney and Basette (60) presented a quantitative method for
determining HMF and/or its precursors by spectrophotometric measurement
of the 2«thiobarbituric acid (TBA) reaction product. HMF is accepted
as being one of the principal reaction products in browning and immed-
iately precedes condensation to brown melanoidin polymers (60). Hence,
it is to be expected that the level of HMF is more likely to be cor-
related to the incidence of brown pigment formation during high levels
of browning, than any measurements of earlier intermediates. It was
for this reason that this type of measurement was chosen as a chemical
method of measuring the rate and degree of browning in concentrated
milk systems which had undergone advanced browning.



B, Selection of a Method for Studies on Advanced Browning in Sweetened
Condensed Milk

From the literature review on methods of measuring the advanced steps
of the browning reaction, measurement of HMF development would appear to be the
method most likely to be correlated with incidence of brown pigment and flavour
formation, HMF measurement by 1% Resorcinol in concentrated hydrochloric acid
has been used in wines by Amerine (7). However, after repeated unsuccessful
attempts at adapting this method to sweetened condensed milk, it was concluded
that the method was only useful for clear, relatively simple foods. As the
method of Keeney and Basette (60) has been shown to be applicable to non-fat
dry milk, and whole milk powder, it was decided to use this method to develop
a technique of measuring HMF in sweetened condensed milk,

From preliminary experiments it was found that a thiobarbituric acid
(TBA) derivative of HMF could readily be obtained from browned sweetened con-
densed milk, After a few modifications of the original method, a method was
adopted which was shown to be both precise and a good indicator of the rate of
browning. The method used is described in APPENDIX I and experimental evidence

for the precision of the method is given below,

1. Precision of the Method

The precision of the method, when used on sweetened condensed
milk, was tested by two experiments,
a) Three samples of sweetened condensed milk were heated simultaneously
at 120°C for one hour. The absorbance of the TBA derivative of each
sample was then determined by the method described in AFPENDIX I,

Results are recorded below in Table I, page 26.
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From Table I it is clear that despite the multiplicity of operations

involved in the method, the method is quite reproducible,

TABLE I.

ABSORBANCE OF THE TBA DERIVATIVES OF SWEETENED
CONDENSED MIIK SAMPLES HNDERGOD!G THE SAME
HEAT TREATMENT OF 120°C FOR ONE HOUR

SAMFIE No, ABSORBANCE
(Duplicate Determination)

1 .o ee oo es e e .o 0.52 H 0.52
2 e o . oo oo o o 0-51 3 0152
3 . .0 L g LI ] LN LN L] 0.52 ; 0-52

b) The filtrate from step (2) of the method (APPENDIX I) was taken and
serial dilutions of 0.9 to 0.1 at intervals of 0.1 were prepared. The
absorbance of the TBA derivative was determined in the usual manner
(APPENDIX I), and the results plotted on the graph appearing in Figure
2, On the basis of these results, the method shows considerable accuracy
and obviously follows Beer-Lambert's law.

i.e., Absorbance X Concentration of HMF
(of the TBA derivative) (dilution of milk)

Furthermore, the plot of absorbance versus time of heating is linear,

This relationship is demonstrated later in Figure 6, on page 35. This
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substantiates the claim that the Keeney and Basette (60) method of
measuring HMF is a good indicator of the progress of the browning reac-

tion during heating and may be used to determine the rate of browning.

Discussion of the Method

The method used measures the free HMF in the original sample (60).
The method is somewhat arbitrary as the Maillard reaction is so complex
and dynamic that any attempt at stoichiometric measurement of a single
symptom should be applied with caution. The purpose of this discussion
is not to discourage the quantitative application of the HMF test, but
merely to point out its Hmitations, since the test is a measure of
early transitory intermediates in the Maillard reaction. Even if the
method does measure an early transitory intermediate of the reaction,
it would appear to be at least as reliable as the measurement of the
initial reactants = free amino-nitrogen groups and/or lactose.

Despite the above limitations of the method, the indirect measure-
ment of HMF by the absorbance of its TBA derivative is directly related
to the time of heating (Figure 6, page 35), and it is hence a direct

arbitrary measure of the degree of browning and heat treatment.
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II. DEVELOPMENT OF A METHOD OF MEASURING PRODUCT COLOUR AS AN INDEX
TO THE PROGRESS AND RATE OF THE BROWNING REACTION

A, Literature Review

The browning which occurs when milk is heated is now generally considered
to be an example of a general class of condensation reactions between amino
acids (E~amino group of lysine in ocasein) and aldehyde reducing groups (lactose)
to form dark coloured pigments as end products (83)., It is generally agreed
that the brown colouration is so closely associated with the protein that only
by rendering the protein itself insoluble can the colour be released into
solution for measurement by conventional colorimetric methods.

Several methods for the measurement of the degree of brownness have been
suggested and used in investigations of the reaction. Doob, Willmann and Sharp
(33) used a method of alkaline extraction to obtain the pigment in clear solu-
tion. A more satisfactory way of obtaining the coloured material in solution
for colorimetric estimation is the method of trypsin digestion of the protein
used by Choi et al (25).

However, methods of colour measurement not involving chemical procedures
would be simpler and of more practical value for routine examination and process
control. Webb and Holm (108) used the Munsell colour system for work on evap-
orated milk, The Iovebond Universal Tintometer, using similar principles, was
tried by Burton (19) but was found not to be sufficiently sensitive for the
measgurement of slight colour changes.

Since the colour of an opague medium is in fact a characteristic spectral
distribution of light reflected from it, the spectral distribution of reflectance
is a statement of the colour of the medium, This method of colour determination
was used by Nelson (78,79) in work on eveporated milk, The preliminary experi-

ments reported by Burton et al (21) showed that the method was equally suitable
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for use with sterilized milk, Burton (19) used two different instruments, a
Beckman spectrophotometer with reflectance attachment, and an EEL reflectance
spectrophotometer,

The Beckman spectrophotometer system was suitable for precise work with
monochromatic incident light over a wide range of wavelengths., It was not,
however, convenient for large numbers of samples where less precise results
can be tolerated and some degree of portability in the apparatus is an advan=
tage.

The EEL spectrophotometer was fitted with a series of nine filters with
transmission maxima at various points in the visible spectrum. It was there-
fore not capable of giving continuous data over a wide range of wavelengths,
It was, however, simple, portable, and convenient to use, and gave results

generally to a suitable degree of accuracy.

B. Development of a Method for the Measurement of Browning - Based on Product

Colour

After a few preliminary trials, the EEL spectrophotometer was found
to be suitable for studies on advanced browning in sweetened condensed milk and
related systems,

The arrangement of the reflectance head of the EEL spectrophotometer is
shown in Figure 3, page 30.

The milk was contained in a shallow square container having a depth of
at least 1 cm, so that the measurements were not affected by light reflected
from the bottom of the container., The milk surface had to be about 2 mm, below
the level of the top of the dish to prevent fouling of the bottom of the spectro-
photometer, The reflectance obtained was affected by the milk level, so the

same volume of milk was placed in the dish at each measurement,
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This instrument requires a standard reflecting surface with which the

100% reflectance point at any wavelength can be determined. A block of mag-

nesium carbonate is the accepted standard of reflectance, but it is difficult
to maintain in good condition, and a piece of 3/16" while opal glass is more

convenient and satisfactory for this type of work.

FILTER DISK
LAMP —

LENS +——

BARRIER- LAYER
PHOTOCELL

r:?—h,\

7, .@@7/%

FIG. 3. ARRANGEMENT OF 'EEL’ REFLECTANCE HEAD

The reflectances were measured with the EEL spectrophotometer using a
No. 601 filter having a peak of transmission in the extreme blue part of the
spectrum at 426 millimicrons, While the maximum change in reflectance occurred
at 380 millimicrons, the 426 millimicrons filter wes used as this was the stand-
ard filter, supplied with the equipment, which had the lowest wavelength, and
the general trend of results were unaffected when a standard wavelength was

used, All results are given relative to the reflectance of opal glass.
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C. A New Method of Plotting Reflectance Results to Determine the Rate
of Browning

A plot of % reflectance versus time of heating appears in Figure 4A, This
plot indicates that browning proceeds in such a manner that there is an expon=-
ential fall in reflectance with time., On theoretical chemistry grounds this
was to be expected (39).

If it is assumed that in the limit as time of heating tends to.  the %
reflectance tends to O, then the plot of % reflectance versus time (Figure LA)
may be considered to be a plot of unaccomplished change in % reflectance versus
time, If at time = O, the unaccomplished change is made equal to 100, and all
the other values of unaccomplished change at time of heating = T are expressed
relative to the unaccomplished change at time = O, then a plot of % unaccom-
plished change in reflectance versus time. results, This plot appears in Figure
4B and still is apparently of an exponential nature.

The exponential curve (Figure 4B) may be expressed by the general
equation:=-

% o a.exT

where Y

% unaccomplished change in % reflectance
a = constant
e = exponential number

K = constant which depends on the rate of
the reaction

T = +time (hours)

therefore log ¥ = 1log a + KT logqpe

and logY = loga + Ko T
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Figure 5, page 33, derived from Figure 4B, verifies that a plot of log Y
versus T ylelds a straight line of slope K. The straight line relationship

only holds true during the first 2 - 3 hours of browning. The reason for this
is discussed later in Section III, Part III-C, pege 63. The value of Ky, is

given by the expression =

log I2 - log Y4

B = K

This value, denoted as K, is a measure of the rate of change in reflect-
ance, which is in fact a measure of the rate of browning. Hence, the measurement
of % reflectance, by the method described on page 29, during the progress of
browning gives a simple reliable method of measuring the rate of browning.
Incidentally, the rate of browning measured by this method is directly propor-
tioned to the rate of browning as measured by the chemical determination of HMF.

This correlation is discussed later in Part III, page 36.
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III, CORRELATION BETWEEN CHEMICAL (HMF) AND PHYSICAL (REFLECTANCE)

METHODS FOR THE MEASUREMENT OF THE RATE OF BROWNING

During the development of the reflectance measurement of browning, and
the chemical determination of HMF formation during browning, it was found that
both log;, of the % unaccomplished change in reflectance, and the absorbance of
the TBA derivative were directly proportional to the time of heating. Hence,
it ws deduced that both the chemical and the physical method of measuring the
rate of browning were directly related. It is the purpose of this section to
demonstrate the correlation between the chemical (HMF) and the physical (reflect-

ance) method for measuring the rate of browning.

A, Experimental Method

Cans of commercial sweetened condensed milk were heated at a retert
temperature of 100°C. At known time intervals of 0.5, 1.0, 1.5, 2.0, and 2.5
hours, the cans were removed from the retort and cooled rapidly in cold water.
The following measurements of the browning reaction were made:-

1. HMF as determined by the TBA method of Keeney and Basette (60) described
in APPENDIX I. Results were expressed in terms of absorbance as the
concentration of HMF had been previously shown to be directly propor-
tional to the absorbance. (Refer to Figure 2, page 25.)

2., 'Te % reflectence as described in SECTION II, Part II = B and C.

Bo &sults
Figure 6 sumarizes results expressing the inorease in HMF concentration

of sweetened condensed milk with time of heating at a retort temperature of

100%¢.
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Figure 7 summarizes the changes in % unaccomplished change in reflect=
ance of sweetened condensed milk heated at a retort tempersture of 10000. The

initial reflectance of the sweetened condensed milk before heating was 3L%.

C. Discussion of Results

As both the plot of absorbance versus time (Figure 6, page 35), and log
% unaccomplished change in reflectance versus time (Figure 7, page 35), are
linear, the plot of log % unaccomplished change in reflectance versus absorbance
must also be linear as demonstrated in Figure 8 which is derived from Figures
6 and 7, page 35. Hence, there is a definite proportional correlation between
the accepted chemical measurement of the progress of the reaction and the
convenient physical measurement of the same reaction,

As described in AFPENDIX I, the determination of HMF concentration,
(by measuring absorbance of the TBA derivative), is quite a lengthy time-consum-
ing procedure which requires intricate equipment., On the other hand, the
reflectance measurement is quick, simple, reliable, and the equipment used is
inexpensive and robust. Also there is nothing to suggest that reflectance
measurement is less accurate or precise than the HMF method. On the other hand,
from Figures 6 and 7, page 35, it would appear, in fact, that the HMF method
gives a wider scatter of points than the reflectance method.

The reflectance measurement of colour is also an indirect measurement
of caramel flavour as the one is closely associated with the other (83).
Therefore, it appears that the reflectance method has obvious advantages for
quick routine measurement of the reaction progress in fundamental studies, and
in commercial practice. It was for these reasons that this method was used

throughout the present studies on browning.
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IV, SUMMARY

Before a fundamental study of the factors affecting browning in sweetened

condensed milk (and related systems) could be undertaken, a precise and accurate

method of measuring the degree of browning had to be either developed or adapted

from previous work. A literature review of previously used chemical and physical

methods accentuated the fact that most methods had been developed to study the

early stages of the browning reaction. Despite this bias in the study of the

browning reaction, both a chemical and a physical method of measuring reaction

progress were found to be adaptable to studies on promoted browning in milk

systems.

1.

2.

Te chemical determination of 5-hydroxymethylfurfural (HMF) and/or its

precursors by spectrophotametric measurement of the 2-thiobarbituric

aocid (TBA) reaction product, as developed by Keeney and Basette (60),

was found to be a good arbitrary measure of the degree of promoted

browning.

The physical measurement of colour by determining the % reflectance

(as compared with an opal glass standard), with an EEL reflectance
spectrophotometer, gave a direct measure of one of the prominent assoc-
iated changes in promoted browning, and was also an indirect measure
of flavour development. This method was based on previous work by

Burton (19) on evaporated milk.

Further investigation of these two methods of measuring promoted browming

in milk systems led to the selection of the physical measurement of colour

(reflectance) as the key to further basic and technological studies on browning.

1.

A new method of plotting reflectance results to give an arbitrary measure
of the rate of browning was developed. This method involved the plotting
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of the log % uneccomplished chenge in reflectance versus time., The slope

of this plot gave an arbitrary measure of the rate of browning.

2, Further investigation showed that there was a linear correlatiaon between
the chemical (HMF) and physical (reflectance) methods of measuring the
rate of browning. This correlation indicated that both methods were
measuring the progress of the same overall reaction and further, that
either method could be used to measure the rate of browning.

3., ‘'The physical measurement of colour (reflectance) was chosen for further
studies as it had several advantages when compared with the chemical
method.

a) Reflectance measures an end product of browning - not
a transient intermediate, such as HMF,

b) From a comparison of Figure 6 and Figure 7, reflectance
measurements appear to be at least as accurate as the
chemical (HMF) method.

¢) Reflectance gives a direct measurement of colour and is
hence an indirect measure of flavour development.

d) Reflectance measurements are quick, simple, and are equally
applicable to quality control of promoted browning in
cammercial production, as to a study of fundamental aspects
of browming.

The physical measurement of colour (reflectance) is used as an index
to browning throughout both the basic and technological sections which follow.
The slope of the plot of the % unaccomplished change in reflectance versus
time is expressed throughout this thod.auxr-marbitruyuuunofthe
rate of broming.
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From the literature review on factors affecting the rate of the browning

reaction in glm;::se-casein, milk, and milk powder systems, it was found that
for a system where the concentration of casein and lactose are approximately
constent, the principle variasbles affecting the rate of browning are:-

1. Temperature,

2, Moisture.

3. ©pH.

L4, Type of reducing sugar,

While it is expected that the qualitative efflects of these variables on
browning in sweetened condensed milk will follow the same pattern as that
described in the literature for related systems (82,65,66,19), the author is
not aware of any literature describing the quantitative effects, This lack
of information made necessary a study of the quantitative effects of tempera-
ture, moisture content, pH and sugar on the rate of promoted browning in
sweetened condensed milk and closely allied systems. This basic information
is essential to controlling promoted browning in milk systems so that the
desired caramel flavour is obtained in the most efficient way = with due
consideration for desired texture, appearance and process economics,

Although the accent of the present work is on the manipulation of
product and process variables to obtain a controlled amount of browning, it is
hoped that this work will contribute substantially to meking the knowledge of
milk and its behaviour more complete. It is with this latter thought in mind
that theories and results arising out of these studies are discussed in detail
so that the fundamental knowledge of the browning system in milk will become

more complete.
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I. STUDIES ON THE EFFECT OF TEMPERATURE
ON THE DEVELOPMENT OF DATRY CARAMEL,

From early observation, it wes obvious that the rate of browning
increased with temperature in sweetened condensed milk. ILea and Hannan (66)
found that the effect of temperature could be summarized in an Arrhenius plot
for the closely related system of casein-glucose, and Burton (19) has demon-
strated a similar relationship for browning in milk.

The purpose of the present study was to verify this relationship, and
to determine the quantitative effect of temperature on the rate of dairy

caramel development in sweetened condensed milk,

A, Experimental Method

Standard commercial sweetened condensed milk of 25% molsture content
was placed in test-tubes and heated in a water bath thermostatically controlled
at the required temperature + 1°c. A steam retort was used for temperatures
greater than 100°C. The tubes were taken from the bath at intervals after
knowm times of heating, and cooled rapidly in refrigerated water. A sample
was then taken from the tube and the % reflectance determined by the method
described in SECTION II, Part II - B, page 29.

B. Results

Results expressing the rate of change of reflectance as affected by
time and temperature are summarized in Figure 9. The initial reflectance of
sweetened condensed milk before heating was 34% when the No. 601 filter was
used. All results are expressed as the % unaccomplished change in reflectance
(i.e., a8 a percentage of 34) versus time. Hence, Figure 9 is, in fact, a plot
of log Y versus T, as explained in SECTION II, Part IT - C, page 32.
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It is apparent from Figure 9 that the linear relationship, between log

% unaccomplished change in reflectance and time, holds well over the earlier

section of the curve but that after some time the rate of browning sppears to

have slowed down. The reason for this is discussed later in SECTIMN III, Part

III - C, page 63,

From the curves in Figure 9, the values of K., (the empirical index of

browning rate), at various temperatures may be derived to plot the Arrhenius

Plot of log K, versus the reciprocal of the absolute temperature, This data

appears in Table II, and the Arrhenius plot appears in Figure 10,

TABLE II

DATA DERIVED FROM FIGURE 9 FOR THE

ARRHENIUS PLOT IN FIGURE 10

Temperature Temperature Reciprocal of Rate of Browning
absolute temp,

% v 1/°K or 1/% &
70 343 2,92 x 107 0,018
80 353 2,83 0,06
90 363 2,75 0.17
95 368 2,72 0. 24

100 373 2,68 0. 31

110 383 2,61 0.85

120 393 2,55 2.0
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C. Discussion of Results

On a theoretical basis the plot of log K, versus 1 /°K was expected to

give a straight line according to the Arrhenius equation:=

=E
K, = Ae =
where Ky = reaction rate
A = constant
R = gas constant

(1.987 cal/mole °K)
t = % or absolute temp.

therefore, log K, = log A = E
2, 303Rt

Also, over the small range of temperatures (70 to 120°C) vhich was used, a
plot of log K, versus temperature (%) is approximately a straight line, and
is a more convenient plot in practice., These results from the present study
on the effect of temperature on browning agree, in general, with the kinetic
studies that have been done on browning in different systems.

Thus Mohemmaed et al (77) have demonstrated this relationship for a model
bovine serum albumin-glucose system, and the same relationship holds for a
complex homogeneous system containing amino acids and glucose extracted from
cod muscle, Iea and Hannan (66) have demonstrated this relationship in a
casein-glucose system and Burton (19) has demonstrated it in milk. In contrast,
Lewin (71) showed a non-linear plot over part of the 20-50°C scale for model
glucose=histidine systems,

In Figure 9, a reduction in the rate of browning was observed during

the latter part of the run; i.e., after browning had occurred to a considerable
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extente This phenomenon is thought to be due to:-
1) a reduction in pH caused by a build-up of acid products which retard
the rate of browning. This is later shown to occur in fact, and is
discussed in SECTION III, Part III - C, page 63.
2) reduced accuracy of reflectance measurements (+ 2%) at low reflectance
levels which results in large errors in the plotted figure of %

unaccompli shed change in refleotance,

This problem was overcome by placing less "weight" on the latter points
vhen drawing the curves of Figure 9. Hence, the values of K, derived from

Figure 9 are considered to be a reliable index of the relative rates of browming.

D. Conclusgions
It may be concluded from the present work that the Arrhenius plot for
sweetened condensed milk yields a straight line relationship. From the slope
of Figure 10 an activation energy of =26,000 calories may be deduced. This
value agrees favourably with the value of about 29,000 obtained by Lea (66),
and later by Burton (19) on eveporated milk systems.
In practice the rate of browning approximately doubles for a 10°C rise

in temperature between 100°C and 110°C.
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II, STUDY OF THE EFFECT OF MOISTURE CONCENTRATICON QN THE
RATE OF BROWNING OF SWEETENED CONDENSED MIIK

It is well known that in dried foods there is an optimum moisture con-
tent, of 10-15%, at which browning is a maximum., At higher or lower moistures
the rate of browning decreases., However, most work has been done on the rate
of browning of milk powder end other foods in the dry state. Except for the
knowledge that browning in liquid systems is favoured by increasing solids
concentration (55), little is knowm of:=

1. the effect of water on browning in liquid systems;

2. the role of water in the browning reaction.

The present study was undertaken in an attempt to fill this lack of
knowledge on the effeot of water on browning in liquid systems similar to
that of sweetened condensed milk, Naturally, at the same time quantitative
data was collected on the effect of moisture content on the rate of browning

in sweetened condensed milk,

A, Effect of Moisture Concentration on Browning in Sweetened Condensed Milk

1. Experimental Method:=-

Standard sweetened condensed milk was taken and diluted to
the desired molsture content., Samples were placed in test-tubes
and heated in a water bath at 90°C + 1°C. At known time intervels,
samples were removed, rapidly cooled, and the % reflectance deter-

mined by the method desciibed in SECTION II, Part II - B, page 29,

2. Results:=
Results were plotted as % unaccomplished change in reflect-
ance versus time in the manner desoribed in SECTIQN II, Part II - C,
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page 32, This plot of % unaccomplished change in reflectance
versus time appears in Figure 11; from it a measure of the rate of
browming, Ky, may be derived. The plots in Figure 11 are based
upon an initial reflectance of 34% for 22% moisture; L5% for 30%
moisture; 40% for 35% moisture; 46% for 4O% moisture; and L8% for
50% moisture. The initial reflectance is expressed as 100% unaccom-
Plished change in reflectance in Figure 11.

The relationship between K., and moisture content, is shown

later in Figure 13, page 5.4

B, Effect of Moisture Content on Browning in a Model System Containing Skim

1.

2,

3

Milk Powder
Because of lactose and sucrose crystallization, it was not possible to
reduce the moisture of sweetened condensed milk below 20% and yet maintain it
in the liquid state. In an attempt to overcome this problem, glycerol was

chosen to replace sucrose, The reason for this choice is discussed below,

As sucrose is a non-reducing sugar it takes no part in browning and
only functions in the capacity of increasing the solids content.

There is no evidence that glycerol is involved in browning and
hence. it may be used to replace sucrose as an inert diluent to
increase the solids content.

Glycerol is miscible with water and hence is capable of maintaining
a solution of skim milk powder and water in the dispersed, liquid
state = even at negligible moisture levels,

Lactose is still soluble in glycerol at 90°C although only to the
extent of about 5 gm. per 100 gm. of glycerol as compared with

140 gn, per 100 gm. of water at the same temperature (110).
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Experimental Method

The solution was made up in a standserd manner as follows:=

31% full cream milk powder

69-X% glycerol
X% water

The mixture was vigorously dispersed in a Kenwood Chefette at top speed.
Samples were placed in test-tubes and heated in a water bath at 90°C,

At mown times of heating, samples were removed, rapidly cooled, and
the % reflectance determined by the method described in SECTION II,
Part IT - B, Page 29,

Results

Results were plotted as % unaccomplished change in reflectance
versus time after the manner described in SECTION II, Part II - C, on
page 32, This plot appears in Figure 12 where the % unaccomplished
change in reflectance is based upon an initial reflectance of 60% for
3% moisture; 66% for 15% moisture; 55% for 25% moisture; 55% for 4O%
moisture; and 58% for 4L5% moisture, The initial refleotance is ex-
pressed as 100% unaccomplished change in reflectance in Figure 12,

A measure of the rate of browning, K,, was derived from the
slope of the curves, and the relationship between Kr and moisture con=

tent is summarized in Figure 13, on page 5k,



5k

RATE OF BROWNNG - Ky

04—

EN

\ —v— LIQUID GLYCEROL-MILK POWDER SYSTEM
—e— LIQUID SWEETENED CONDENSED MILK

“DRY" LACTOSE-CASEIN SYSTEM

03

(o]
]

2

MOISTURE CONTENT - %
FIG13. COMPARISON OF THE EFFECT OF MOISTURE ON
THE RATE OF BROWNING IN “DRY" AND
“LIQUID" MILK SOLID SYSTEMS



55

C. A Proposed Theory to Explain the Effect of Moisture Concentration on

Browning in Liquid Systems - Arising out of the Previous Study of Sweetened
Condensed Milk and Glyserol-Milk Powder Systems

Jones (57) stated that "browning in heterogeneous systems is maximal
at a low critical moisture level, the exact value of which varies from system
to system., In general, systems of carbonyl compounds of high molecular weight
are in equilibrium with a higher relative humidity (moisture content) at the
point of maximum browning than reaction mixtures with relatively simple com-
pounds”, Lea and Hannen (66) studied the effect of water activity on the
primary reaction between casein and glucose in the "dry" state = a system quite
gimilar to skim milk powder in which casein and lactose are the principal reac-
tants. The general trend of their results is represented by the dotted lines
in Figure 13, They found a sharp maximum rate of browning at about 13-1L%
moisture or 70% R.H., and a rapid decrease in browning with any increase or
decrease in moisture content from this figure, At O% moisture, the reaction
rate would be spproximately zero. To explain this phenomenon, they developed

the following theory as to the effect of water on the rate of browning:=-

The relative humidity at which the reaction rate reaches a maximum
corresponds with the end of the approximately linear portion of the adsorption
isotherm for casein, above which the curve swings steeply upwards, Bull (17
has suggested, on the basis of the general multilayer adsorption theory of
Brunauer et al (15), that this point on the isotherm of proteins represents
the campletion of a double layer of water molecules between the protein
planes, and probably also represents the point at which the exposed polar groups
of the protein have become saturated with water. Under these conditions the
force of attraction between the protein molecules will be greatly decreased and

their capacity for movement and rearrangement increased. Mellon et al (76) con=
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cluded that at very low water vapour pressures (0 = 6% R.H.) cne molecule of

water is probably held between two amino groups. As the water vapour pressure
increases, the quantity of water held by the amino groups increases linearly
to reach saturation of the hydrogen bonding capacity, (about 2} molecules per
amino group), at 60 - 70% R.H. Above 70%, and particularly above 80% R.H.,
there is a rapid increase in the water adsorbed on the amino groups, probably
by condensation of water on water molecules already bound. A fraction varying
from one quarter to one third of the total water held by the protein at various
humidities was considered to be associated with the amino groups, but this
included none of the water responsible for the phenomenon of hysteresis.,

On the basis of these data it was not difficult for Lea et al (66) to
account for an increasing rate and extent of the reaction between casein amino
groups and glucose with increasing R.H. up to 65 or 70% but it was less easy to
understand the marked falling off in reaction rate as the humidity continued to
increase beyond this point. It may be that a simple dilution effect was caming
into play after sufficient water had been added to bring all the glucose into
solution, or that an inoreasing thickness of aqueous film was tending to keep
apart amino and potential aldehyde groups which, while both hydrophilic, had
no great affinity for one another as evidenced by their slow and incamplete
reaction in agueous solution. Separate experiments by Lea (66) showed that
the rate of reaction at 70% R.H. can be considerably increased by increasing
the concentration of glucose., ‘This would seem to militate against the simple
solubility theory.

While the above theory appears to be a plausible explanation for the
role of weter in the browning reaction of proteins (casein) in the solid state,
it cannot explain completely the results of the present work which is con=-
cerned with browning in the liquid phase.
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The results from the present study of sweetened condensed milk and glycerol-

milk powder systems, illustrated in Figure 13, show that for the liquid system
of glycerol-skim milk powder browning increases linearly with decreasing
moisture content to a maximum at O% moisture. Also, the hypothetical extre-
polation of the liquid sweetened condensed milk line suggests that a maximum
browning rate would also be reached at O% moisture if the system could be main-
tained in the liquid state. Hence, it would appear that the rate of browning
is directly related to the moisture content. This suggestion is supported by
the statement of Hodge (50) that ketoseamine formation (i.e., the initial
reaction between lactose and the E-emino group of lysine in casein) is favoured
by low moisture and high pH, Furthermore, many of the postulated intermediate
reactions leading to melancidins evolve water (50,69). These facts indicate
that browning as a reaction in a liquid system would be favoured by the

absence of water.

So far, this theory of the importance of water explains the inorease in
browning with reduced moisture content but does not explain the decrease in
browming below 70% R.H. (or 13% moisture) in "dry" systems. While the theory of
Lea et al (66) may be applicable, it seems likely that the movement of dissolved
lactose to the amino groups is so restricted at moistures below this that browmn=-
ing is reduced. That is, browning is not reduced simply by the deorease in
water but because of the immobility of lactose, a principal reactant. Hence,
if the milk powder is dispersed in an anhydrous system which will dissolve
lactose (and thus make it aveilable to react) the observation (Figure 13) of
an inoreasing reaction rate is compatible with the theory that browning is

favoured by complete absence of water.

Conclusion:~ From the above discussion, it is suggested that a minimum of water,
or complete absence of water, maximizes the browning rate as long as lactose

is still mobile and made available to react.



D, Chenges in Moisture Concentration During Browning of Sweetened
Condensed Milk

Iea (69) showed that the average amount of water liberated by glucose
in becoming bound to casein was of the order of one molecule of water per
glucose residue in the earlier stages of the reaction, although it showed
signs of increasing later. Furthermore, many of the postulated intermediate
reactions leading to melanoidin formation evolve water (50). In view of these
facts, it was decided to investigate the extent of moisture increase, if any,

during the "caramelization" of sweetened condensed milk,

A, Experimental Method

Sweetened condensed milk having a moisture content of 22, 7% was filled
into cans and heated in a retort at 100°C. At known time intervals of 25 33 Us
5 and 6 hours, the cans were removed from the retort, cooled, and their moisture
content determined by two methods.

1. A sample of 2 gm, was smeared evenly over the bottom of a moisture
dish and vacuum dried at 30°C for 48 hours. The % moisture was
determined by an accurate measurement of the weight difference,

before and after drying.

2, Dean and Stark toluene distillation at 110°0. This method is

described in AFPENDIX V.,
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B, Results

Results from the moisture determinations are summarized below in

Table III.,
TABLE III
THE EXTENT OF CHANGES IN MOISTURE DURING
HEATING OF SWEETENED CONDENSED MIIK
Time of Heating Initial Moisture Moisture after Heating
Vacuum Toluene Distillation
Hours % % %
2 2.7 22,6 22,5
3 22,7 22,8 23.0
L 22.7 22,6 23,0
5 22,7 22.7 22,5
6 22.7 22,8 23,0

C. Discussion of Results

It is clear, from the results recorded in Table III, that there is no
significant inorease of moisture content indicated by the techniques of measure-
ment employed., The apparent discrepancy between these results and the published
results of lea et al (69) mey be due to any one of the following reasons.

1. Iea et al (69) used a "dry" casein-glucose system of low moisture
content which is distinot from the liquid system of casein-lactose

which exists in sweetened condensed milk,
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2, The methods of moisture determination used in the present work

were not as accurate as those employed by lea (69). The vacuum
method has an acocuracy of + 0,1% and the toluene distillation
method has an accurscy of + 0.5% Hence, very small changes in

moisture content would not have been detected by these methods.

3. While it appears from the literature thet water is liberated
during some of the initial reactions of browning (50), it may

well disappear again in the secondary and final reaction stages.

D. Conclusion

There is no significant increase in moisture content during the heat

"carameligation" of sweetened condensed milk,
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III, STUDIES ON THE EFFECT OF pH ON BROWNING
IN SWEETENED CONDENSED MIIK

The main body of evidence indicates that, in general, Maillard-type
reactions increase in rate with increasing pH (e.g., 111,31) and that amino acids
do not react in the cationic form, only slightly in the zwitterion form, and fully
in the anion form, The rate of formation of ketoseamines increases with pH and
is subject to acid-base catalysis (90).

At present there is little doubt as to the way in which pH affects the
rate of browning in milk systems., Lea and Hannen (66) have shown that the
browning of dry casein-glucose mixtures increases with alkalinity, and Patton (82) _
has shown a similar relationship for autoclaved separated milk by using the trypsin -
digestion method of brownness determination, Using a reflectance method of measure-
ment, Burton (19) obtained a curve very similar to that obtained by Patton (82).

The purpose of this study was to verify the above general trend in sweet=-
ened condensed milk, and to determine the average rate of browning over 1 - 2
hours at a temperature of 90°C for an initial pH which varied from pH 5.4 to

pH 9.5.

A, Experimental Method

Semples of sweetened condensed milk were adjusted to en initiael pH
ranging from 5.45 to 9.5 with 1IN solium hydroxide or 1N citric acid. The samples
were heated in 1" test-tubes in a water bath at 9000. At known time intervals
samples were removed, rapidly cooled, end the % reflectance determined by the
method described in SECTION II, Part II - B, page 29.
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B, Results

Results were plotted as % unaccomplished change in reflectance versus
time after the manner desoribed in SECTIQN II, Part II - C, page 32. These
results appear in Figure 14 where the % unaccamplished change in reflectance
is based upon an initial reflectance of 44% for pH 5.45; 34% for pH 6.L43 39%
for pH 6.8; 34% for pH 7.4; 45% for pH 8.5; and 39% for pH 9.5. The initial
reflectance is expressed as 100% unaccomplished change in reflectance in
Pigure 1),

A measure of the rate of browning, KT, was derived from the slope of
the curves in Figure 14 (see SECTION II, Part II - C, page 32) and the rela-
tionship between K and pH is expressed in Figure 15 on page 6L,

C. Discussion of Results

By comparison of the results of the present work (summarized in Figure
15) with the results of Burton (19) and Patton (82), the rates of browning
above pH 7,0 are low as related to the rate at pH 6.4, (natural pH of condensed
milk), The reason for this is quite simple, Their (19,82) samples were only
heated for short time periods whereas in these experiments the rate was measured
over a period of 1 to 2 hours for a particular initial pH, If browning has
been allowed to progress to an advanced stage, the formation of acid degradation
products of lactose and the loss of the strongly basic amino groups inevitably
causes the pH to drop (55,66). Teble IV demonstrates that there is a marked
drop in pH during the "caramelization"™ of the sweetened condensed milk system
used in the present study. Due to the rapid drop in PpH from the initial value,
the browning reaction rate decreases. Hence, the average rate determined over
1 = 2 hours must be less than the real rate for the same initial pH determined

over a short initial period.
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Nonetheless, these data amply demonstrate the importance of pH in the
broming of milk during prolonged heating. Normal sweetened condensed milk
having a pH of 6.4 to 6.5 falls at a critical point on the curve = relatively
minor variations in pH towards greater alkalinity increased colour signficiantly

while corresponding changes towards more acid values gave appreciable reduction

in colour.
TABLE IV
pH CHANGES OCCURRING IN SWEETENED
CONDENSED MIIX DURING HEATING
TIME (Hours) " 0.0 0.5 1.5 2,0 2.5 3.0
Heating @ 90°C
PH: Batch No. 1 8.3 703 6.8 6.7 6.11- 6-1
Ba-'tch NO. 2 6.“- 6.3 601 6.0 518 506
(Initial pH) (Final pH)

In practice this effect of pH is most likely to be of importance in
chemical leavening of milk-solid foams and in the addition of sodium bicarbonate

for the manufacture of caramel "hokey-pokey™.

D. Conclusions
The rate of browning in sweetened condensed milk inoreases rapidly with
increasing pH up to pH 9.5, and most probably continues to increase with increas-
ing pH beyond this.
These results are in agreement with the findings from studies on model

systems which have shown that it is the anion, not the zwitterion, of the amino



acid which functions as the catalyst (50).

N, - G - 000"
I
R

Anion form of amino acid

The anion form of the E-amino group of lysine (in casein) becomes
increasingly dissociated with increasing pH and hence is better able to
catalyse the browning reaction.

Although browning is not likely to be controlled in practice by adjust-
ing pH, it is of practical significance where milk solids are heated with
alkaline chemical leavening agents.

IV, COMPARISON OF TiE EFFECT OF TWO SUGARS ON THE
BROWNING REACTION IN CONCENTRATED MILK

A, Effect on the Rate of Browning
In a product such as sweetened condensed milk, or similar sweetened

milk product, there are only two sugars which would be of any real commercial
use = glucose and sucrose. Lea (63) has shown that glucose is far more rapid
than lactose in its reaction with casein. Sucrose is inert and gave no browmm
discolouration when heated with pure casein. The purpose of this section is

to confirm that Lea's conclusions apply to sweetened condensed milk and to

determine the guantitative effect of sucrose and glucose on this system.

1. Experimental Method
Two systems were prepared in the following mammer:-

a) Stendard sweetened condensed milk of composition:
water 25%; suorose Li%; and milk solids 31%.
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b) Sweetened condensed milk with pure glucose completely

replacing the sucrose., Hence, the composition was water
25%: glucose L4%: and milk solids 31%.

Samples of both systems were placed in test-tubes and heated in a water
bath at 9000. At known time intervals, samples were removed, rapidly
cooled, and the % reflectance determined by the method described in
SECTION II, Part II - B, page 29.
Results

Results were plotted as % unaccomplished change in reflectance
versus time after the manner described in SECTION II, Part II - C, page
32, These results appear in Figure 16 where the % unaccomplished change
in reflectance is based upon an initial reflectance of 31.% for the
sucrose-sweetened system and 45% for the glucose-sweetened system.
Discussion and Conclusions

It is obvious from the results shown in Figure 16 that glucose
and whole milk browns about twice as fast as sucrose and whole milk,
This conclusion is in general agreement with the work of Lea (63).

Although glucose-sweetened condensed milk browns more rapidly
than sucrose-sweetened condensed milk, the resultant caramelized product
has a pronounced "malty" off-flavour which is slightly bitter. This
off-flavour is quite unpslatable and it is produced even when only small
amounts of glucose are substituted for sucrose, The cause of the off-
flavour is not known but it is probably due to the fact that the frag-
mentation products resulting from glucose-casein "caramelization" are
quite different from the fragmentation products of lactose-casein "cara-
melization"., The nature of the various fragmentation and/or condens=

ation produscts responsible for the various flavours is not known.
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B. Rate of Solubility Decrease

Lea (63) has demonstrated in the casein-lactose system that glucose
inoreased the loss of solubility of the protein while sucrose appears to protect
the protein from insolubility = even during severe browming. The decrease in
solubility of sweetened condensed milk upon browning is now compared, using
glucose and sucrose as the sweetening agent.

1. Experimental Method
Two mixtures were prepared as follows:-
a) Standard sweetened condensed milk of composition:
L)% sucrose; 31% milk solids; 25% water.
b) Sweetened condensed milk with glucose syrup replacing
the 4% sucrose.
Samples were heated at 100°C in 301 x 409 cans for known periods and the sol=-
ubility index determined according to the method desoribed in APPENDIX II.
2. Results
Teble V compares the results of the solubility index determinations.
A high solubility index denotes high insolubility.

TABLE V

COMPARISON OF THE SOLUBILITY CHANGES IN SUCROSE -
AND GLUCOSE-SWEETENED CQNDENSED MILKS

Time of Bsat:lng Solubility of Solubility of
at 100°C Glucose Sample Sucrose Sample
Hours mls. of sediment mls, of sediment
0 0.8 0,10
1 1.1 0.2
2 2.0 0.25
9 30 0.3
4 4.0 0.5
5 5.0 0.8

T e e
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3. Discussion and Conclusions

In agreement with the work of Lea (63), glucose promotes insolu-
bility and sucrose inhibits insolubility of the protein during browning.
This fact could be of real practical significance with respect to nu-
tritive value and where dilution of the caramel to a soluble drink may
be desired.

V. SUMMARY OF FACTORS INFLUENCING BROWNING
IN SWEETENED CONDENSED MILK

The reflectance determination of colour (SECTION II, Part II - B and C,
pages 29-34) was used for all studies on the factors affecting the rate of
bromning in sweetened condensed milk., While the accent of this section has
been on obtaining basic knowledge on the effect of product and process var-
iables on the rate of browning, results are discussed fully in the hope that
the knowledge of the browning reaction in milk may become more complete. The

salient conclusions are now summarized.

A. Temperature
At constant moisture and initial pH, there is a linear relationship
for the Arrhenius plot of the rate, K., versus reciprocal of the absolute

temperature. There is a temperature coefficient of 2,3 between 100°C and
110°.

B. Moisture Concentration
Evidence suggests that a minimum or complete absence of water maximises



e
browing in a liquid milk solids system, provided that lactose is still soluble

and available to react. The rate of browing in sweetened condensed milk
doubled if the moisture content was reduced fram 30% to 20%.
There is no significant increase in moisture content during the “caramel-

ization" of sweetened condensed milk.

C. pH

The rate of browning in sweetened condensed milk increases rapidly with
increasing pH from pH 5.4 to pH 9.5, and most probably continues to increase
with increasing pH beyond this.

Although the pH falls during browning to a neutral pH of about 6.0, an
initial pH of greater than 7.5 causes permenent damage to the flavour of the

caramelized product.

D. Comparison of Sucrose and Glucose
Sucrose is inert in the browning reaction of lactose and casein.

Substitution of sucrose with glucose results in a doubling of the rate of
browning. Although the addition of glucose accelerates browning, its use in
practice is not possible, due to the bitter end products and byproducts result-
ing from its reaction with casein.

Glucose promotes insolubility and sucrose inhibits insolubility of thé

protein during browning.
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INTRODUCTION

It is well knomn that caramelized milk products are a very popular food
eaten extensively in South America, India and Burope. On the basis of these
facts, investigation of the possibility of converting commercially available
milk products to caramelized forms would be a timely step towards diversifying
New Zealand dairy products. Such caramelized dairy products have export poss-
ibilities as well as some potential on the home market.

Ideas for the type of caramelized product to develop arise from an
appraisal of the way in which this type of product is used traditionally, and by
studying the eating hebits and trends of the consumer market for which the pro=-
duct is intended. It is from such a study that the following product types
were suggested for further study and development:-

1. Sweet caramelized spread, for use in the same way as jams;

i.e., spread, piefillings, cakes, etc.

2. Wafer or biscuit type of product = perhaps for use as high
protein supplement in a form with which the consumer is
familiar,

3+ Concentrated dairy caramel flavour in the form of a powder
or liquid concentrate, for addition to drinks, dilution to
topping, general food flavouring of such products as ice-
cream.

4. Confections - the production of caramel confections is well

documented and was not studied further.

With these general types of product as a basis, it was decided to
undertake a fundamental study of the factors affecting flavour, colour, and
texture of selected cammercially available milk products with an aim to achiev=
ing the abeove produot types.
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I. INTRODUCTION

Caramelized milk products are very popular in South America and Europe.
Traditional products prodused domestically include 'Dulce de leche' (Argentina,
Uruguay) and 'Manyar blanco' (Chile). A recipe used damestically is to add
1 Kg. of sugar to 4 litres of milk and & little sodium bicarbonate. The mix-
ture is boiled slowly for 2 hours and constantly stirred. Vanilla flavouring
is added to taste. Such a product is used as a spread on bread, as a cake
filling or topping, and in the flavouring of bakery goods and ice-cream.

This product is obviously very similar to jam - a product consumed in
large amounts throughout the European world. Caramelized dairy spreads are so
popular that they are made domestically from sweetened condensed milk in
countries where there is an absence of commercial produwction. In fact, a very
acceptable product may be made by heating commercial sweetened condensed milk
for 2 hours at 100°C, Consequently a readily available commercial sweetened
condensed milk was used in the present study.

Although the method of product preparation is traditionally well estabe-
lished, it was considered that a study of the fundamental factors affecting
flavour and texture would be essential to a successful cammercial application
of these variables to produce an acceptable product. With this thought in
mind the basic theory of texture and careamel flavour development in sweetened
condensed milk is fully discussed. From an understanding of the basis of
texture and flavour development, methods of measuring changes in them may be
developed. From measurements of texture, and flavour changes, an understanding
of the effects, and technological significance, of product and processing
variables is made possible.

It is by menipulation of product and process variables that the desired
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product flavour and texture i= obtained, Possible commercial production
methods and their effect on produst characteristics and quality may be dis=
cussed on the basis of a basic understanding of the effect of product and

process variables,

II._FLAVOUR DEVELOPMENT

A, Theory

The development of this distinctive dairy caramel flavour is an import-
ant congideration in the acceptance or rejection of the product. Although the
chemical nature or origin of the flavour is unknown, its development is a con=-
comitant of the browning of milk and, furthermore, the degree of caramelized
flavour is correlated positively with degree of browning and related changes
(83). It follows from this that a measurement of colour development is an
approximate measure of flavour development. It is believed that the caramel
flavour is a result of the end products and/or by-products of the browning
reaction initiated by the condensation reaction of the E-amino group of lysine
(in casein) with lactose, or other reducing sugar present (see SECTION I for
detailed discussion), Hence, generally the factors affecting browning will

similarly affect the flavour development,

1. Factors Affecting Flavour Development

The variables affecting browning and flavour development in
sweetened condensed milk are well documented and discussed in SECTION
III, page 41, The salient conclusions are summarized again here, but
SECTIMN III should be consulted for a more detailed presentation and
discussion of results,



e) Temperature
The rate of browning increases with increasing temperature in
accordance with the Arrhenius equation. In practice, the rate of
browning increases about 2.3 times for a 10°C rise in temperature
between 100°C and 110°C. The higher the temperature, the more readily
bitter flavours tend to develop.
b) Time
Flavour intensity inocreases linearly with time of heating to
about 6 hrs./100°C. Beyond this, bitter flavours develop which are
masked, to a greater or lesser extent, by the sweetness of the sucrose.
o) Moisture
Rate of flavour development increases rapidly with decreasing
moisture content between 50% and 20% moisture.
a) p
Any increase in pH markedly inoreases the rate of flavour
development. Any decrease in pH markedly reduces the reaction rate.
e) Sugar
Sucrose is inert in caramel flavour development but provides
the essential sweet background flavour. Replacement of sucrose
with invert sugar or glucose results in a sickly sweet product. The
presence of glucose causes rapid browning which is not accompanied
by a pure caramel flavour, but gives rise to bitter campounds which
are quite unpalatable.
£) Fat
Fat imparts a smooth rich flavour which is absent in sweetened
condensed skim milk. Hence, this product is of necessity a full

cream product.



78
2, Measurement of Flavour Development

As caramel flavour development is directly related to browning in
sweetened condensed milk, colour measurement of the degree of browning
would be an indirect measure of flavour development. The modified
reflectance method of Burton (SECTION II, Part II - B, page 29) appears
to be quite suitable for this purpose. Hence, reflectance measurement is
a useful method of comparing the flavour intensity developed in samples
of different time-temperature treatments.

While the objective method described above would be of real
benefit in routine quality control, its usefulness may be further
improved by relating reflectance measurements to & subjective flavour
assessment score. Subjective assessment is very important - only by
this method can the full=bodied caramel flavour of full cream sweetened
condensed milk be readily distinguished from the inferior flavour of

caramelized sweetened condensed skim milk,

B. Technological Applications
From the basic theoretical study (in SECTION III) of the factors

affeocting flavour development, the significance and manipulation of these factors
to obtain an acceptable caramelized sweetened condensed milk product, on the

commercial scale, may be discussed.

1.  Temperature
While browning would be more rapid at high temperatures, this is

not the only consideration in choosing the temperature for production.
At processing temperatures above 100°C, the following factors must be



considered:-

ADVANTAGES DISADVANTAGES
1. Shorter processing time 1. Possibility of bitter compound
development
2, Greater throughput per capacity 2, Expensive pressure processing
of heating equipment equipment
3. Smaller factory floor space 3. Less tolerance on any variation
required for a given capacity in the time of heating

A consideration of these factors suggests that atmospheric steaming (100°C)

is the most suitable method of heating for small to medium scale production.

2, Time of Heating

The time required will depend on the temperature used. From
subjective assessment, a flavour development equivalent to a process=-
ing of 2 hours at 100°C was considered to give a product of optimum
flavour., However, it is expected that the intensity of caramel flavour
considered as optimum will vary from person to person, The optimum
flavour for marketing must be determined by consumer tests,

A problem arises when it is necessary to brown to a very intense
caramel flavour for use as a flavouring or other special uses, While
a good caramel flavour may be intensified by browning for 5 - 6 hours
at 100°C, beyond this heat treatment bitter flavours tend to develop.
Table VI tabulates the heat treatments which mey be tolerated before

there is an incidence of bitter off=flawvours.
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The reflectance corresponding to this bitter flavour development varies
from less than 4% up to 6%.

TABLE VI

TIME TEMPERATURE REQUIREMENTS FOR THE
DEVELOFMENT OF BITTERNESS

Temperature Time of Heating Required
to Develop Bittermess
(Hours)
100% 7
110% 2%
120°% 1
f— ——— —— — — — e e —
3. pH

As the principal objective of this study is to promote browning,
the addition of sodium bicarbonste, or other agent to increase the pH,
would be desirable, Table VII demonstrates the flexability allowed in

ed justing the pH as an aid to increase browning rate,

TABIE VII

EFFECT OF INITIAL pH ON THE FLAVOUR OF
CARAMELIZED SWEETENED CONDENSED MILK

Initial pH Final pH Flavour Score
after heating fgr
3 hours at 100°C

6.k 5.6 Good

7.0 5.8 Good

7.5 6.0 Good

8.0 640 Slight off-flavour
8.3 6.1 Marked ammoniacal

of f =flavour

W
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It is obvious from Teble VII that the pH should not be increased

beyond about pH 7.5, as beyond this, changes ocour in the protein which
have undesirable effects on flavour and texture. It is pertinent to
note that the final pH of the caramelized product is neutral despite

a high initial pH before browning.

L, Moisture
While a decrease in maisture increases the rate of flavour
development, it has more important disadvantages.
a) The less water, the greater the product costs and the
greater the probability of lactose crystallization.
b) If the moisture content is reduced much below 25% the
excellent spreadability and smooth texture of the
product rapidly deteriorates.
Subjective assessment indicates that the optimum moisture for an accept-
able product is 25 = 30%.

5. Sugar
While glucose syrup and invert syrup increase browning, they
cause unacceptable changes in flavour and texture. For this reason their
use in the making of the caramel spread is not reccmmended.
Sucrose provides an eassential background flavour to the dairy
caramels. Levels of 30 - L4LO% are recommended for caramel spread manu-

facture.

6. Fat
As fat is an integral part of flavour development, it is recommended

that full cream milk (at least 26% milk solids as fat) solids be used.
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FIGURE 18, ‘The 'BRISTOL' recorder, 301 x LO9 can fitted with thermo-
couples, and retort which were used for heat penetration
studies on sweetened condensed milk.
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I1I. TEXTURE DEVELOPMENT

A. Theoretical Study

1. Studies Ieading to a Postulated Theory for the Mechanism of Gelation
in Heated Sweetened Condensed Milk

It was apparent from visual inspection that the texture of
sweetened condensed milk changed, on heating at 100°C for 2 hours, from the
viscous flow texture characteristic of fresh sweetened condensed milk to a
smooth, spreadable gel texture. It would have appeared at first glance that
the mechanism was very similar to the sugar-pectin gelation of most jams.
However, while sugar-pectin gels only occur on cooling after heating, the
sweetened condensed milk system had already gelled when the can was opened
immediately after heating for 2 hours at 100°¢C.

If there is a large change in texture from a viscous liquid to a gel
within a can of sweetened condensed milk, it logically follows that there
will be some change in the rate of heating of the can. To determine the
temperature at which this change in texture occurred, heat penetration data
was obtained by the method described below. The significance of the results
obtained are disoussed with referemnce to the literature and a postulated

theory is presented to explain the cause of the thickening or gelation.

a) Experimental Method
A 301 x 409 can was fitted with thermocouples positicned as

shom in Figure 17. The can was then filled with sweetened condensed
milk and sealed. The themocouples were connected to a 'BRISTOL'
temperature recorder which recorded the T, C and B temperatures as
well as the stesm temperature within the pressure cooker (retort).

The can, fitted with thermocouples, was then heated at the desired
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retort temperature. A continucus record of the changing temperatures
within the can was kept by the 'BRISTOL' recorder. Figure 18 portrays
the type of equipment used.

b) Plotting of Results

The curve in Figure 19 typifies the shape of the heating and
cooling curves obtained when temperature is plotted as a function of
time on rectangular co-ordinate paper,

A conventional plot of time-temperature heat penetration data on
semilogarithmic graph paper yields a straight line described by two
parameters fh and j (56), The majority of heating curves when conventim-
ally plotted yield a straight line which may be described by the
equation

log RT =T) = - %fn + log j (RT - IT)

Where the come-up-time of the retort is very rapid (1 - 3 minutes), j

tends to 1.0, and the equation now becomes (56) =

log B® = T - _%Y/p

RT ~IT
where RT

Retort temperature

IT = Initial product
temperature in the can

T = product temperature in
the can at time t

t = time of heating of the
can

th

heating rate

For a given "run" at constant retort temperature, RT - IT is constant,

Hence, by plotting the conventicnal plot of
logRT =T wvs. t

the heating rate within the can, fh, is simply derived by determining the



slope of the curve,

While the majority of cooling curves, when plotted on semilogar=
ithmic paper, can be represented by a straight line, there are products
which have a heating or cooling curve where the initially straight line
abruptly changes slope or "breaks", Such a curve requires two straight
lines to represent these data and is called a broken heating curve.

Such curves are illustrated in Figures 20, 21, and 22, on pages 87, 88,
and 89, Broken heating curves are usually due to the nature or consist-
ency of the product. For instance, in "cream style" corn the heating
rate, fh, is initially quite rapid due to a predominsnce of conveoction
heating, After the gelation temperature of the starch has been reached,
a gel forms and the slower conduction heating results, A similar change
in texture is believed to be the cause of the broken heating curve of

sweetened condensed milk,

o) Disoussion of Results

A conventional plot of time-temperature heat penetration data
appears in Figures 20, 21, and 22, for the retort temperatures of 100°C,
110%, 120°C., The obvious broken heating curve represents a sudden
change in the heating rate of the can contents. Under the steady state
conditions of heating that prevailed, this sudden change in the rate of
heating could only be caused by a change in state of the can contents,
with a resultant change in thermal conductivity or mode of heating.

Such a change in state is most probably due to the gelation of the viscous

liquid, Before the break in the curve, conveotion heating predominated
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as T >C >B., This indicates that the typical convection circulation

of a viscous liquid was occurring, Refer to Figure 23,

—— -+— LUOUID RISING AS IT IS HEATED
—»—>— LIQUID FALLING AS IT COOLS

AS THE LIQUID COOLS WHILE FALLING THE
TEMPERATURE OF T>C»>B

FIG23. CLASSICAL CONVECTION CIRCULATION OF
A LIQUID WITHIN A HEATED CAN

After the bresk in the curve, conduction heating predominated as:=-
1. heating rate, fh, was markedly reduced;
2, both T & B> C, indicating that convection circulation of
the liquid had ceased.
Furthermore, the change in state occurs rapidly as is indicated by:=-
1. the sharp break in the curvej
2, visual appraisal of the change in consistency (from a
viscous to a gel texture) of the sweetened condensed milk
af'ter opening cans immediately prior to, and after the
change in state indicated by the heating curve,
Figures 20, 21, and 22, show that the change in state occurred at vary-
ing times of heating, depending on the retort temperature, but in all

cases a product temperature of 8500 was reached before the change in
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state ocourred. From this it was concluded that when the product
has been heated to at least 8500, gelation occurred, and any further
heating occurred at a slawer rate by simple heat conduction through the

can and produocte.

No change in state ococurred during cooling as indicated by the
unbroken cooling curve; see Figure 2.

d) Postulated Theory of the Cause of Gelation

On the basis of this experimental evidence, a tentative
explanation of the gelation of heated sweetened condensed milk is posse
ible, The above evidence supports the theory that at 85°C/20 mins.,
k—casein and /-laotoglobulin interact completely to give a camplex of
lower electrophoretic mobility, which may be due to an increase in
molecular size or change in moleocular configuration (48). It is suggested
here that this complex formation, as manifested in sweetened condensed
milk, is the major cause of the marked change in consistency from a liquid
to a gel texture. Complete knowledge of what happens to the protein
molecule during gelation and the part that acids, salts, and sugars have
in this process, is lacking (74). Coagulation of casein is ruled out
as it takes 12 hours at 100°C for denaturation to ococur (107). The
complexing of the 4 -casein and the 4 -lactoglobulin could quite likely
form a three dimensional network. Sucrose and water could fill the inter
vening spaces and thus impart the observed plastic consistency to the

gel structure.

Measurement of Gel Texture

On the basis of the classification system for food texture pro-



FIGURE 25.

'CENTRAL' penetrometer model used for the determination of the gel strength of

caramelized sweetened condensed milk. Both the complete unit (left) and a
closer view of the type of plunger used (right) are shown.
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posed by Matz (75), the caramelized sweetened condensed milk is a gel; i.e., the

predominant influence on texture is a two phase colloidal system with a high
degree of interface between a continuous, or at least intermeshed, system of
solid material holding an aqueous phase which may also be continuous or finely
dispersed. A ocertain degree of structural rigidity is contributed by the
extended skeleton of the protein continuous phase so that the system as a whole
possesses many properties of a solid; e.g., rigidity, and elastic response to
applied distorting surfaces,

It is these properties of the gel which are the key to an objective
measurement of gel properties, A detailed review of methods for determining
jelly properties can be found in Joseph and Baier (58). For the system under
discussion, the most convenient method appears to be the measurement of the
resistance offered by the gel to penetration by plunger, probe, or paddle.

An empirical method of measurement based on this principle is described below.

a) Equipment
Equipment used was the commercially available ‘CENTRAL’pene-
poneter model shown in Figure 25 A and B, The plunger used was a custom-

made stainless steel cone of dimensions shown in Figure 26, page 95.

b) Preparation of Sample and Method of Operating Equipment

1) A semple of the spread to be tested was equilibrated at 30°C.
i1) The surface of the sample was then soraped until a fresh surface
was exposed.
1ii) The plunger wes fitted to the CENTRAL machine; and then allowed
to just come in contact with the surface of the gel.

iv) Button at left (Figure 25 A) was then pressed, allowing the plunger
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to fall freely under gravity for an automatically determined time of
5 seconds,

v) The objective index of texture was then obtained by turning the pointer
until its attached rod just came into contact with the top of the
Plunger attachment., Readings were obtained by reading directly from
the scale of the penetration depth.

vi) This procedure was repeated until five measurements were obtained at
different points on the gel surface, according to the pattern shown
in Pigure 27, The measurement had to be taken at least 3" from the
side of the can to prevent the side of the can from interfering with
the measurement.

vii) The mean of the five readings was taken., Any given reading must not
vary more than + 15 units from the mean if the reading is to be

accepted as a valid index of the texture of the bulk spread.

o) Test of the Method

Cans of sweetened condensed milk were heated for known time
intervals and the gel strength determined by the penetrometer method
described above,

Results of time of heating versus penetrometer reading are plotted
in Figure 28, pesge 97.
It is apparent from this graph that no appreciable gelation

ocours until 40 mins./100°C. At this point, a marked "Knee" occurs in

the curve and the rate of gelation falls off at about 3 hours/100°C,
whereupon little further inocrease in rigidity of the gel ocours. The
"knee" in the curve coincides with a completion of the change in state
of the can contents as indicated by the heat penetration curve, Refer

to Pigure 20, page 87.
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Table VIII shows that the objective measurement of gelation is also

correlated with subjeotive assessment of spreadability.

TABLE VIII

RETATTIONSHIP BEIWEEN OBJECTIVE AND SUBJECTIVE
ASSESSMENT OF SPREADABILITY

Penetrometer Sub jeotive Spreadability
Reading Assesmment
> 200 too thin
160-200 good
<160 too thick
d) Conglusions

It may be considered that this method:-
i) does measure the change in state ocourring during heating;
ii) provides an objective measure of spreadability.

3. Faoctors Affecting Gel Structure Development
From a knowledge of the factors affecting the formation and nature
of the gel, the product and process variables may be manipulated to
yield the desired texture. It was for this reason that the effect of
several variables was studied.

a) Time-temperature
At & given temperature, the rigidity of the gel texture
inoreases with time of heating (Figure 28) until a stage is reached
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where the gel becomes too rigid for convenient spreading. Subjective

assessment indicated that the time required to reach this "too thick" or

"too rigid" stage deoreases with increasing temperature of heating,

b) Aeration
Aeration during gel formation disrupted the gel structure,
and yielded a grainy, viscous texture which had a penetrometer reading
of >600,
Aeration before gel formation resulted in a semi-porous frothy
texture which inoreased in density towards the bottom of the can; i.e., a
non=uniform product resulted which was considered to be unsuitable for a

a consumer market,

o) Agitation

Agitation during gel formation is most probably the cause of
the effect observed when the product is aerated. A grainy, viscous
liquid results which tends to be free flowing; i.e., it has lost its
gel properties, This is presumably due to a continuous breakdown of

the gel structure as it forms,

d) Sugar
The adverse effect of glucose and invert sugar on caramel
flavour development made any further study on the effect of these sugars

on gel texture of academic interest only.

e) Solids Concentration
Table IX demanstrates that, for a standard process time, with

increasing moisture content there is a decrease in gel strength.

MASSEY UNIVERSITY
LIBRARY
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e) Fat
Fat was an integral part of the smooth texture, and hence, full

cream milk was used,

TABLE IX

THE EFFECT OF MOISTURE CONTENT ON GEL STRENGTH OF SWEETENED
CONDENSED MIIK AFTER 2 HOURS HEATING / 100°%

]

e ———— -
—_— —

Moisture Content Gel Strength
(Penetrameter Reading)

25 150 - 160
30 200
35 240
LO >600

|

B, Technological Applications

From the basgic study of the theory and factors affecting gel formation,
the manipulation of process variables to obtain the desired texture may be

discussed.

1. [Time = temperature

The optimum time of heating at any given temperature should be
such as to give a product of Penetrometer Reading 160 = 200, This was
the P.R. found to correspond to the optimum texture as evaluated sub-

jeotively, At 100°C this degree of gelation is accomplished by 2 hours

heating.
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Agitation

Even with gentle stirring, the gel structure, typical of sweet=-
ened condensed milk heated in the can, is broken, and a grainy, lumpy,
texture results. To eliminate the grainy, lumpy sppearance, the product
may be homogenized to a thick, viscous, free=flowing dairy caramel syrup.
A gel texture is completely absent in this type of product and its use
as a spread is limited., However, it may be used as a free-flowing
caramel concentrate for use in jam spreads, toppings, ice=cream flavour=

ing, eto.

Full cream milk is & necessity if the smooth spread character-

istics of the gel is to be maintained.

Moisture Content

Any reduction in moisture content of either the gelled product
or the viscous liquid form (produced by agitation during heating) would
increase the problem of "graining" or orystallization of lactose. Hence,
a moisture content below 25% is to be avoided in practice,

Increasing the moisture content decreases the strength of the gel.
A moisture content of 25 - 30% yields an optimum gel texture of Pene-

trometer Reading 160 = 200 after 2 hours heating at 100°c.
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IV, POSSIBLE COMMERCIAL PRODUCTION METHODS

Having discussed the factors affecting the laboratory production of a
dairy caramel spread having acceptable flavour and texture, it is now possible
to discuss and compare possible commercial production methods, Whatever the
method used, the aim is to develop an acceptable caramel flavour by heating
sweetened condensed milk to the equivalent heat treatment of 2 hours at 100%.
Although flavour development is an important consideration, attention must
also be given to the effect of the production method on the texture of the
finished product. In heating any food product, there are two possible methods
(56).

1., Heating the food in the container; and

2, heating the food in a heat exchanger prior to filling the product

into the container.

In the pregent discussion, the food is sweetened condensed milk and the
purpose of heating it is primarily to develop caramel flavour, and secondarily
a gel texture. An important result of the heating process is pasteurization of
the milk, The high solids content (75%) prevents the growth of spoilage bac-
teria not destroyed by pasteurization treatment. Any moulds or yeasts which
may grow at this level of solids are quickly destroyed at the temperatures of
90 - 100°C used to carsmelize the sweetened condensed milk,

The suitability of two methods of heating (to develop flavour and tex-
ture) are now discussed on the basis of previous studies on the effects of

produot and process variables.

A, Caramelization in the Packaging Conteiner

Basically this method entails filling sweetened condensed milk into

the container to be used for marketing - either a can or glass container., The
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can is then given the heat treatment necessary to yield the desired caramel
flavour., Heating of food products in containers is, in general, a slow and
inefficient process compared with heating in a heat exchanger. However, the
problems encountered in manipulating some types of foods such as asparagus

or pickles, and the inability to pump other types of food products through
heat exchangers due to their physical consistenoy, are reasons why most foods
are sterilized in the container after packaging. In the case of sweetened
condensed milk, any agitation during heating disrupts or prevents gel formation
and the unique gel texture, which is excellent for a spread, is destroyed. The
only way to evenly heat such a product without agitation is in the can, The

heat treatment and other factors required to uniformly develop optimum flavour

and texture in the can contents is now discussed.

1, Effect on Flavour

Teble X expresses the nature of % reflectance changes of sweet-

ened condensed milk retorted in a 214 x 301 can at 10000.

TABLE X

REFLECTANCE CHANGES OF SWEETENED CONDENSED MILK
RETORTED AT 100°C IN A 214 x 301 CAN

Time of Heating @ 100°C % Reflectance
Hours Using "EEL" Filter No, 601
0 3k
1 20
2 11
3 9
L T
5 6
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Sub jective assessment indicated that from 2 to 3 hours heating at 100%
yielded the optimum dairy careamel flavour, This may be objectively specified
as a % reflectance of 9 to 11 when using "EEL" Filter No, 601. The relation-
ship between time of heating and optimum caramel flavour development for can
sizes other than the one listed could be readily determined,

Uniformity of heat treatment throughout the can is very necessary if a
uniform product is to obtained, Fortunately cans as large as the 301 x LO9
showed a remarkable uniformmity of browning throughout the can af'ter 3 hours of
heating at 100°C, A slight variation in browning ooourred from centre (light)
to the outside (darker) of the can when a higher retort temperature of 120%

was used, The explanation of these observations is as follows,

a) At a retort temperature of 100°C the product slowly heated by
convection to 85 = 95°C before gelation ocourred. After gelation,
conduction heating predominsted and the product near the outside
of the can quickly reached 10000. However, since the difference
between the centre temperature and the can wall temperature was
comparatively small for the last 2 hours of the 3=hour heating
cycle, there was no more than 1% difference in % reflectance
between the product at the wall, and the product at the centre, of
the can. Such a small difference in % reflectance was not visible

visually,

b) At a retort temperature of 120°C, the product reached 85°C more
rapidly, and convection heating stopped before the can contents had
a uniform temperature distribution. Hence, at the advent of conduc-
tion heating, the product nearest the wall rapidly reached about

120°C while the centre product was only at 100°C. From Figure 10,
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page 46, it is apparent that browning ooccurred seven times as fast
at 12000, as compared with 100°C, As this differential in the rate
of browning persisted for 20 minutes of a 60-minute processing cycle
(Pigure 22, page 89) it was not surprising that there was a visual
variation in colour from the outside to the centre of the can,

This problem of non-uniform browning throughout the can will increase
with:=-

i) inoreasing can size

ii) inoreasing retort temperature
This means that for small can sizes up to 301 x 409, there is little
problem of uneven browning even at a retort temperature of 12000.
However, for large cans, the temperature of the centre will lag well
behind the wall temperature, This problem could be minimized by
slowly heating to 85°% by convection heating so that the whole can
contents are uniformly heated to 85 - 95°C., Hence, at the advent
of conduction heating, after gelation, there is little temperature
difference between the centre and wall of the can if the retort temp-
erature is as low as 100°C (or slightly less). At the start of
conduction heating, the walls are at 100°C while the centre is at
about 90°C and this differential is reduced to an insignificant
5°C within a few minutes, This technique of using a low retort
temperature could possibly be used to uniformly brown sweetened

condensed milk in an A10 can for use as a caterers pack.

Vhile the A10 can must be heated at 100°C the smaller cans may be retort-
ed at higher temperatures. A comparison of the rates of browning at
various temperatures appears on Figure 10, page 46, However, there is

no real substitute for processing trials which determine the time
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required at a given retort temperature to achieve optimum caramel

development; i.,e.,, 9 = 11% reflectance,

Effect on Texture

The gel texture which results when sweetened condensed milk is
"caramelized" is an important factor in the popularity and acceptance of
the product as a spread. This phenomena of gelation is also a very
important consideration in processing so that the can contents are evenly
heated (i.e., caramelized)., At the advent of gelation, convection heat=-
ing ceases and the slower conduction heating results, It is this change
from convection to conduction heating which is largely responsible for
the previous consideration of non-uniform browning throughout the can.

It is now well established that the product must be heated to
85°C before gelation will occur. The relationship between increasing
gel strength and time of heating in a 214 x 301 can at a retort tempera-
ture of 100°C has been well documented in Figure 28, page 97. Subjeotive
assessment of spreadability on bread, indicated that a Penetrometer Read-
ing (P.R.) of 160 to 200 corresponded to optimum spreadsbility. From
Figure 28, it is apparent that this texture is obtained by 2 = 3 hours
retorting at 100°C in the 214 x 301 can, This time of heating fortunately
corresponds with a conourrent optimum flavour development. Two to three
hours heating in the larger 301 x 409 can at 100°C also yields a product
of optimum flavour and texture,

The relationship between time of heating and texture for other
can sizes could be readily determined by similar techniques to that
described on page 96,

To summarize, this method of deiry caramel production has been

well documented by present studies using a laboratory scale retort.
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Furthermore, this method of production has been shown to yield a product
of good texture and flavour by retorting at 100°%C for 2 hours in a 301 x
214 or 301 x LO9 can, As the recommended retort temperature is only
100°C, either glass or metal containers could be used. A screw-top
glass container is recommended for marketing as the product surface
dried out and crystallized into a hard cake when a can was opened and

lef't to stand for a few days.

B, Caramelization Before Packaging

It is much easier to heat a food product that can be pumped through
a heat exchanger than to heat it after it has been sealed in a container,
Under a given set of conditions the rate of heating a product depends upon
the distance the heat has to flow (rate of heat flow varies inversely with the
square of the thickness) and the degree of agitation or mixing, In heat ex-
changers, the distance heat must flow is small, and the rate of fluid flow of
both the heating medium and product are as high as economical pumping will
permit, since short heat flow distances and high velocities produce the high-
est heat transfer rates, The chief limiting factor is that the product must
be of such consistency that it can be pumped through the heat exchanger, Common

types of heat exchangers are:=-

1, The tubular heat exchanger (round or flattened tubes are used
and the product normally flows through the tubes and the heat-

ing medium surrounds the tubes),

2, Plate heat exchangers - a series of plates are built up with
appropriate openings and gaskets so that the heating medium is

on one side of the plate and the product is on the other side.
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3« Scraped-surface heat exchangers are in reality large diameter

tubular heat exchangers in which there is a mechanical scraping

device to help agitate the product and keep the product next to

the wall continuously scraped away from the wall and mixed with

the remainder of the product. Scraped swrface heat exchangers

have very large heat transfer coefficients., They are mainly

used for difficult materials which are very viscous and tend

to foul other types of heat exchangers (56).

Another type of scraped surface heat exchanger which has a smaller

heat transfer coefficient is a steam-jacketed pan fitted with a

double action stirrer.

Sweetened condensed milk is a viscous food which may be pumped at room temp=-
erature, However, it tends to gel when heated to temperatures greater than
85°C, This gelled form of sweetened condensed milk tends to cling to the
side of the pipe when it is pumped through the pipe under viscous (Newtonian)
flow. Hence the product tends to "burn-on" to the side of the pipe, reduce
the heat transfer, and thus cause uneven heating of the product. Because of .
this property of heated sweetened condensed milk, the only type of heat ex=
changer suitable for efficiently heating the product is a soraped-surface
heat exchanger.

Initial experiments to determine the effect of continual agitation
during heating were conducted in a stainless steel beaker fitted with a motor-
driven low speed scraping agitator. Fat or boiling water was used as the
external heating medium for the beaker. These experiments indicated that the
product prepared by this method differed widely in textural characteristics from

the product prepared by heating in the can., The changes in flavour and texture as



109

a result of heating the product in a scraped-surface heat exchanger are now

discussed.

1.

2e

Effect on Flavour

The time-temperature effect of heat on flavour development is
well documented in the basic studies of SECTIMN III, page 43. The most
desirable flavour wes obtained by heating for 2 to 3 hours at 100°C.
This corresponds to an objective index of 9 = 12% reflectance. The time
required to achieve the same flavour at higher temperatures may be
derived from Figure 10, page 46; and Figure 9, page LL4. Generally, there
is no difference in flavour produced by this method when compared with
the flavour resulting from heating in the can.

Effect on Texture

One of the most important physical factors affecting gel texture
formation is stirring or agitation. As previously discussed on page 99,
even gentle agitation of sweetened condensed milk during hesting either
prevents the gel texture from forming or breaks up any gel that does
form. The result is a caramelized product having a grainy, lumpy appear-
ance. As such a product is unacceptable, it was homogenized to yield a
thick, viscous liquid which flowed freely. While such a product is
unsuitable as a caramel spread it may well be used as a dairy caramel
concentrate for flavouring purposes. The free-flowing nature of such a
product facilitates handling by pumps and easy filling into any type of
container which can be pasteurized. This type of production has the
advantages of bulk processing and packaging. Packaging in any container
such as glass, metal or films is possible so long as the packaging

material can tolerate being filled at pasteurizing temperatures.
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Left: Typical gel products obtained from heating sweetened

condensed milk (far left) in the can for 1, 2, 3, 4,
and 5 hours at 100°C.

Right: Viscous liquid formed by heating sweetened condensed
milk in bulk (with stirring) for 3 hours at 100°C,

FIGURE 29, The two basic caramel products =~ gel spread and viscous
liquid.
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C. Possible Commercial Product Types

The product (formed by heating standard sweetened condensed milk in
the can) has a texture and flavour which mekes an excellent spread. There is
a host of possibilities of varying and improving the flavour of such a product.

Some of the possibilities which have been explored, are discussed below.

1. Vanilla at low levels of 0,1 = 0.2% adds a pleasing background
flavour which enhances the basic dairy caramel flavour.

2, Spices such as cinnamon, mace, and cloves, at low concentrates
may appeal to some palates,

3., There are numerous possibilities of modifying the flavour by

adding fruit pulp (jam) or flavouring essences,

The thick viscous dairy caramel base formed by heating in bulk, is not ideally
suited for use as a spread., This type of product could be flavoured in any
of the methods described above, The addition of jam or similar additive would
thicken the product to a spreasd consistency, The caramel base could be used
as jam in cake fillings, ice-=cream flavouring, and cske toppings., The basic

caramel flavour could be favourably incorporated inio many desserts,

Figure 29, page 110, demonstrates the basic characteristic product
types discussed in this section. It is from these basic product types that
a host of variations in flavour and texture is possible, Hence, this allows
some latitude in developing a "tailor-made' product to comply with given

market specifications,
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V. STUDIES ON THE CHANGES OCCURRING DURING STORAGE
OF CARAMEITZED SWEETENED CONDENSED MIIK

A, Introduction
The succegsful marketing of any food product depends on the customer

receiving the product in the same condition that it passed factory quality con-
trol stsndards. To determine the changes occurring in the product during
storage and transit, the product must undergo storage trials, These storage
trials are a crucial part of the final steps in developing a new product for
marketing, and the product must not be marketed until its behaviour under
expected storage conditions has been evaluated, Consequently the next logical
step in the study of caramelized sweetened condensed milk was to investigate
the changes which occurred in the product during storage.

Early observations indicated that caramelized sweetened condensed milk
(3 hou.t-a/‘IOOoC) developed large lactose crystals after 10 week storage at
ambient temperatures (about 2000). Although these orystals could be readily
"erunched" between the teeth they detracted from the pleasant smooth gel
texture, characteristic of the freshly prepared product., The cause of this

crystallization is believed to be explained by the following facts.

1. During the manufacture of sweetened condensed milk, the super-
saturated solution of lactose formed is seeded with crushed lactose
crystals, The seeding precipitates the crystallization of the
supersaturated solution of lactose into numerous microscopic
crystals which are unable to be detected by the sensory organs
of the mouth (i.e., crystal size is less than 50 microns), This
is the reason for the apparent absence of lactose corystals when

commercial sweetened condensed milk is tasted,
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2, When the sweetened condensed milk is heated from sbout 20°C to 100°C

for the purpose of caramelizing it, the solubility of lactose increases
from 20 gm., per 100 gm, of weter to 160 gm. per 100 gm. of water (110).
This marked increase in solubility results in a redissolving of the

mieroscopic lactose crystals,

3. Upon cooling of the carsmelized condensed milk, the solution (gel)
again becomes supersaturated with lactose as the solubility is
reduced from 160 gm, /100 gm, water to 20 gm./100 gm. water. At
the first opportunity this lactose crystallizes. Crystallization
may be precipitated by factors such as:=

a) seeding (heterogencous nucleation)
b) homogeneous nucleation due to the oritical supersolubility
limit being reached

c) heterogeneous nucleation by minute inclusions

In the case of slow cooling of a supersaturated solution, homogeneous
nucleation ocours and a few nuclei form., Subsequently, these few
orystals grow as lactose precipitates from the supersaturated solution.
In the final stages of growth these orystals become large enough to
be a very important factor affecting the textural changes occurring

during storage.

Lowe (74) has reviewed the factors affecting sugar crystallization in
super-saturated solutions, The principal factors which could be altered to
inhibit the formation of large orystals are:-

1. Temperature of storage, Low temperatures increase supersaturation

and favour crystallization.

2., Mixture of sugars. Crystallization of a mixture of sugars is slower
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than that of a single sugar.

3. Concentration of sugar.

These factors are capable of manipulation in an attempt to oo:_ntrol crystalliz-
ation of caramelized sweetened condensed milk which has been processed in the
cam,

Dairy caramel produced in bulk by heating before canning shows no large
crystals. The possibility of agitation during crystallization and the practice
of seeding ensure that only microscopic crystals form, Hence the problem
resolves itself into a study of the possibilities of preventing the formation

of large lactose crystals in dairy caramel formed by heating in the can,

B, Experimental Method

To overcome the problem of lactose crystallization in sweetened
condensed milk heated in the can, some of the standard methods of inhibiting
crystallization used by confectionary manufacturers were tried, The methods
used were:=

1. adjustment of the solids concentration.
2, partisl substitution of the sucrose solids with other sugars
such as invert sugar and glucose.

3, temperature of storage.

To determine the practical feasibility of these methods, the following experi-

ments were conducted.

1e les

Three groups of samples were prepared as described below:

a) Solids Concentration

Semples of commercial sweetened condensed milk (75% solids)

were diluted to the desired solids concentrations of: 75% (standard
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or control), 708, 65%, and 60%. Samples were filled into cans,

labelled, and retorted for 3 hours at 100°C.

Subgtitution of Sucrose with Glucose

Commercial sweetened condensed milk is composed of 25%
moisture, 31% milk solids, and L4% added "sugar solids" which is
usually in the form of suorose. Glucose syrup was added to commer-
cial sweetensd condensed milk in such a way that the LL% "sugar
solids" was made up by the desired ratio of glucose:sucrose., Both

the milk solids concentration (31%) end moisture concentration (25%)

were unaltered,

TABLE XI

PROPORTION OF GLUCOSE:SUCROSE IN THE L4% "SUGAR SOLIDS" OF

SWEETENED CONDENSED MILK STORAGE TRIAL SAMPLES

Sample No. Parts of GLUCOSE Parts of SUCROSE
1 (control) o} 10
2 1 9
3 2 8
4 3 7
5 4 6
6 5 5
7 6 L

1]

Table XI shows the range of samples that were prepared having a

glucose:sucrose ratio ranging from 0210 to 6:4, Samples were canned,



labelled, and retorted for 3 hours at 10000.

c) Substitution of Sucrose with Invert Sugar

116

Invert syrup was added to commercial sweetened condensed milk

in such a way that the 44% "sugar solids" of sweetened conden

sed milk

was made up by the desired ratio of invert sugar : sucrose. Both the

milk solids concentration (31%) and moisture concentration (25%) of

standard sweetened condensed milk were unaltered., Table XII shows

that a range of samples were prepared having an invert sugar

ratio ranging from 0310 to 6:4.

TABLE XII

PROPORTION OF INVERT SUGAR : SUCKOSE IN THE 44% "SUGAR SOLIDS" OF
SWEETENED CONDENSED MILK STORAGE TRIAL SAMPLES

Sample No. Parts of Parts of
INVERT SUGAR SUCROSE
1 (control) 0 10
2 1 9
3 2 3
b 3 7
5 b 6
6 5 5

I
I
|
|

Samples were canned, labelled, and retorted for 3 hours at 100°¢.

2, Storage Conditions

The three groups of samples, (prepared as described above)

: sucrose

, were
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stored at 500 for 12 weeks. The low storage temperature of 500 was chosen
as it was thought that this would increase the supersaturation of the
sugars (decrease solubility), and hence accentuate the problem of
crystallization.

During the same period of 12 weeks, control samples of standard
sweetened condensed milk heated for 3 hours at 100°C were stored at 500-

’

embient (approx. 20°C); 37°C; and 45°C.

3. Methods Used for Examining The Samples

At the termination of the 12 weeks storage, the sample cans were
opened and the following types of measurements taken.

1. Subjective assessment of the degree of crystallization

2. Subjective assessment of flavour

3. Subjective and/or objective assessment of colour

4, Penetrometer readings on some of the samples having varying

moisture contents,

C. Observations on the Condition of Samples Af'ter Storage

1. Effect of Storage Temperature

This discussion is based on observations of the condition of
caramelized standard sweetened condensed milk (3 hours/100°0) after
storage for 12 weeks at 5°C, ambient (20°C), 37°C and 45°C. Results
expressed in Table XIII show that the samples stored at 5°C, 37°C, and
h.5°0 exhibit less severe crystallization than the sample stored at
ambient = in fact, the 5°C sample showed very little crystallization
and was quite acceptable. As the temperature control of the 5°C, 3700,
and 45°c storage environments was quite accurate, it is considered that

the fluctuating temperatures of the ambient enviromment is the cause of the
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formation of the larger crystals in the sample stored at ambient

temperatures,

TABLE XIII

EFFECT OF STORAGE TEMPERATURE ON THE INCIDENCE OF CRYSTALLIZATION AND
ON CHANGES IN COLOUR OF CARAVMELIZED SWEETENED CONDENSED MIIX

—_————eeeeee =
Storage Incidence of Changes in Colour
Temperature Lactose Crystals
i 5°C few macroscopic orystals No change in colour

- product is of acceptable
quality

24 20°¢ large number of very large No change in colour
macroscopic corystals
- unacceptable product quality

3. 37°% a few large orystals but not Slight darkening in
as bad as in 2, colour
- acceptable quality

L, 145°C a few large crystals but not Marked darkening in

as bad as in 2, colour
- acceptable quality

Table XIII also shows that at the higher storage temperatures (37%,

!4.500) there is a marked increase in intensity of "caramelization" during

storage. This is accampanied by an inoreased intensity of caramel
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flavour, Such colour and flavour changes are important factors when
considering the possibility of marketing and storing the product under
tropical conditions.

Effect of Solids Concentration

The following observations are based on the condition of sweet-
ened condensed milk samples, (having solids contents of 75%, 65%, and
60% -(see Part V - B, 1, (a), page 114), after 12 weeks storage at 5°C,
Table XIV compares the effect of solids concentration on three main
properties of the product = colour, gel strength, incidence of large

lactose crystals,

1. Reducing the solids concentration has little effect on
crystallization until the solids is reduced to as low as
60%., Although the sample heving only 60% solids hed not
crystallized, this system failed to form a gel with good
spread characteristics., These results demonstrate that
reducing the solids concentration is not a prectically
feasible method of producing a quality spread free from

crystallization during storage.

2, The colour was unaltered during storage, but there is the
usual inorease in browning with increased solids concen=
tration, This effect is described more fully in SECTION

IIT, Part II - A, page L9.

3. There is a decrease in Penetrometer Reading (increase in
gel strength) with increasing solids concentration. This

effect has been discussed on page 99.
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TABLE XIV

EFFECT OF SOLIDS CONCENTRATION ON THE FINAL QUALITY OF
DAIRY CARAMEL AFTER 12 WEEKS STORAGE AT 5°C

Il

—
T —_—

Solids Incidence of Penetrometer Colour
Concentration Lactose Crystals Reading
75% (control) few macroscopic orystals 150 = 160
able quality
7% n n 200 Degree
65% " 1 zw of
60% no crystals present > 600
’ Brownness
3. Pertial Substitution of Sucrose with Invert Sugsr and Glucose

In all the samples tested (Refer Part V - B, 1 (b) & (c), pages
115,116) there was no improvement in the incidence of lactose crystals
compared with the standard sweetened condensed milk control. Even with
small additions of glucose or invert sugar there was a pronounced off-
flavour, This flavour resembled a "malty" flavour rather than the
characteristioc caramel flavour, and tended to have a "sickly-sweet"
taste which was quite unacceptable. This off-flavour effect is discussed

more fully in SECTION III, Part IV - A, 3.

D, Discussion and Conclusion

From the storage trial results it is clear that the main defect occur-

ring in carsmelized sweetened condensed milk during storage is the formation of
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large lactose crystals, In an attempt to eliminate this crystallization several

variables were studied and it was concluded that:=-

1. Substitution of sucrose with invert sugar or glucose did not
decrease the incidence of large crystals, Moreover, the resultant
flavour is quite undesirable if the sweetened condensed milk con-

tains even small quantities of invert sugar or glucose.

2. Decreasing the solids concentration to 65% did not help., A solids
concentration of 60% eliminated crystallization, but this solids
concentration was too low for the characteristic gel formation to
occur, Also the microbiological stability of sweetened condensed

milk having only 60% solids is doubtful.

3, High (45°C) or low (5°C) storage temperatures do not promote

crystallization,

4. Fluctuating storage temperatures appear to be the main cause of
crystallization, As this is unavoidable in practice the anly
solution at present appears to be a control of product turnover.

Some crystals may form at ambient temperatures after 8 - 12 weeks,

High temperature storsge (37°C and 45°C) causes further browning in the product
which results in an appreciable increase in intensity of the caramel flavour.
This problem would have to be considered when determining the optimum process

times for dairy caramel intended for marketing in the tropics,
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VI. SUMMARY

This section describes the development of a dairy caramel which was very
gimilar in flavour and texture to the indigenous carsmelized dairy products of
South America and India., From a basic study of the cause of the characteristic
flavour and texture, methods of measuring changes in these characteristics were
developed, Further study of the integrated effect of product and process
variables, production methods, and storage on the final product quality, led to

the conclusions and recommendations summarized in Table XV,

TABLE XV

PRINCIPAL FACTORS OF IMPORTANCE
IN DAIRY CARAMEL MANUFACTURE

A, PRODUCT VARIABLES

1. pi
Initial pH before heating may be adjusted to as high as pH 7.5
without flavour or texture changes, pH adjustment is not

recommended.

2, Moisture Content
Optimum product moisture is 25 = 30/ Above 30% gel texture
becomes very weak, Below 25% lactose orystallization during

storage becomes a serious problem,

3. Suger
Sucrose provides essential background flavour = 30-40% is the
recommended concentration, Glucose and invert sugar substitution
of sucrose has no advantages and a bitter flavour results, Hence,

this practice is not recommended.



4, Fat
Fat is an integral part of the smooth texture and flavour of
the product., Thus, the dairy caramel is of necessity a full

cream milk product; i.e., 8% fat or 26% of the milk solids,

B, FROCESS VARIABLES

1. Time-temperature

Equivalent time=temperature heat treatments ranging from
1 hour/100°C to 6 hours/100°C will produce palatable products.
Heat treatments equivalent to 7 hours/100°C, or more, produce

a bitter flavour. Recommended optimum is 2 hours/100°C,

2, Agitation during Heating

Agitation during heating disrupts the gel texture and makes
possible two basic types of products,
i) No agitation = gelled spread

ii) With agitation = viscous flowing caramel base.

C. PRODUCTICN METHODS
There is basically two types of methods:
i) Heating in packaging conteiner - no agitation during
heating.

ii) Heating in bulk by heat exchanger prior to packaging -
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agitation during heating which disrupts any gel formed.

D. PRODUCT TYPES

1. Two basic types of product, depending on whether agitation
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occurred during heating,
i) gelled spread type (No agitation)

ii) viscous flowing caramel (With sgitation)

To these two basic forms of dairy caramel may be added spices,
essences, jam, etc., to form a large range of products to comply

with diverse market requirements.

E. STORAGE STABILITY

1.

The main problem is the formation of large lactose crystals,
No known method of control and some crystals may form at

ambient temperatures after 8 - 12 weeks,

Tropical storage (37°C) causes further browning and increases
the intensity of caramel flavour, Overcome by adjustments in

process time-~temperature,
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I. INTRODUCTION

Foams include those foods in which small bubbles of gas constitute a
major portion of the volume, These products consist of a discontinuous phase
of gases (usually those of air) and a continuous solid phase which supports
and maintains the structure.

Many commercially important foods rely on a foam structure for consumer
acceptance. Some of the most important types of foods included in this category
are meringues, mousses, souffles, whipped toppings such as whipped cream, "fluff"
desserts or chiffon, marshmallow, and leavened bakery products. Leavened bakery
products are probably more important economically than all the others combined.
Products in this group range in texture from the soft heavy texture of bread
and light spongy texture of sponge cakes, to the crisp short texture of biscuits
having little entrained gas and low moisture.

New foods which have made an impact on the consumer market frequently
feature a porous or foam texture. A large group of breakfast cereals, include-
ing puffed rice, puffed wheat, etc., have a porous structure. Poam structures
figure prominently in many snack foods and confections; for example, hokey-pokey,
"Cheez=pops", popped corn, dessert biscuits, honey-combed chocolate.

It is apparent that there are meny foods having a foam texture which are
familiar to, and accepted by the consumer. Hence, in an attempt to diversify
the use of milk solids, it appears that the development of a porous milk
solids wafer has considerable potential in the light of present consumer
trends. To develop such a texture from milk solids, the problem resolves it-
self into a basic study of the factors affecting the foaming of milk solids
concentrates, followed by a study of possible methods of stabilizing this
strusture.
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II. THEORETICAL BACKGROUND DISCUSSION

A, Bubble Mechanics

Fundamental to the development of a porous structure having maximum
stability is a basic knowledge of bubble mechanics., Handleman et al (43) have
provided an excellent discussion of bubble mechanics in cake batters while the
texts of Bikerman (14) and Adamson (3) furnish a more general treatment of the

subject., Most of the following analysis is derived from these three sources.

For a single submerged bubble in an ideal thick-walled foam:-

®, = 7 P, (1)
Fp = 277ry, (2)
Fy = Y370 g (-/7), and (3)
F, = 67r 3 7 (%)

In these expressions:=-

¥y = force tending to expand the bubble;

F, = force tending to contract the bubble;

I“3 = Dbuogyant force tending to make the bubble rise;
F), = frictional force exerted against a spherical body

moving in a viscous fluid (Stokes' law);

b = radius of bubble;

)
"

pressure of gas in bubble in excess of the hydrostatio
pressure;

= surface tension at the gas-liquid interface;

= gravitational constant;

density of gas in bubble;

density of liquid in foam;

Newtonian viscosity;

rate at which the sphere moves in the fluid.

AN AN & %
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Equating the expression for Fy and F, and solving for P, it can be shown that,

for a bubble in equilibrium (3),

P = 2¥ (5)

From equation 5, it is apparent that, as bubbles become extremely small, their
internal pressures become exorbitantly large, so that spontaneous nucleation
of bubbles in a continuous fluid is extremely unlikely. One proof of this
statement is based on equation 5, The dissolved gas of the solution, being in
equilibrium with a gas at pressure P, would lose gas to a bubble in which the
partial pressure of the gas is less than P and would take up ges from bubbles
in which the partial pressure is more than P, Therefore, it is clear that
bubbles can only grow when 2§/r is less than P, The surface tension remsin-
ing the same, P becomes less likely to be reached as r becomes smaller, Thus,
for infinitely small values of r, only infinitely large values of P will permit
the formation of bubbles,

This difficulty in oreating a foam is overcome by injection of gas through
small orifices from outside sources, chemical or steam leavening, and by mechan-
ical agitation. In the latter case, bubbles are drawn into the material by
the paddle and are trapped on the surface as the plastic material folds in
upon itgelf to form cavities, These bubbles then provide the majority of sites
for collecting leavening gas and/or water vapour as they are evolved. If the
number of nucleating sites is few, then individual cells will tend to be large
and the foam structure will be open-grained. Conversely, with a large number
of sites available to be inflated, the cells will be small and the grain fine
or close., In viscous systems undergoing agitation by any method, the bubbles
in the centre of the mass tend to become subdivided and approach a more uniform

size, In a system at rest, large bubbles tend to increase in size at the expense
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of the smaller bubbles, Also, leavening gas is expelled into bubbles of low

Pressure; that is, large bubbles, This conclusion follows from the equation
quoted previously, 2¥r = P, which shows that higher pressures are present
in smaller bubbles., Hence, the more uniform the bubbles are, the more stable
the foam will be,

If the expressions for F3 and Fh- are equated and the expression solved

for {f , it is found that the terminal rising velocity of a bubble is =

7 = 2312(/;-/,0)/9,7 (6)

Equation 6 shows that, in a liquid of given viscosity, the rate of rise of a
bubble due to its buoyancy is proportional to the square of the bubble radius
and is inversely proportional to the viscosity. These relationships show that
a foam composed of small bubbles suspended in a viscous Newtonisn fluid would
be more stable with respect to buoyasncy-induced segregation than a foam com=-
posed of larger bubbles in a less viscous Newtonian fluid,

During the drying of a milk solids foam, rapidly rising bubbles cause
loss of volume and "layering"; i.e., a gradient in wafer texture, varying from
tight at the bottom to open at the top of the wafer, Fewer bubbles should
reach sufficient size to rise out of the batter during baking (or drying) when
the number in which the leavening gas or steam collects is large, than in the
case where only a few bubbles are available to serve as nuclei. This is assumed,
because, if only a few sites receive all the gas, these sites must each attain
a relatively larger size. An inorease in viscosity should also reduce volume
loss by increasing the critical size which a bubble must attain to rise rapidly.
Yield values of a non-Newtonian liquid should have the same effect of stopping
bubble movement as very high viscosities,

Foams are spontaneously destroyed by collapse and drainage., Collapse
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results from rupture of the bubbles at the surface or elsewhere, with consolid-
ation of gas spaces or loss of gas to the atmosphere. Collapse generally causes
the remaining bubble walls to become thicker, Drainage is the thinning of the
bubble walls resulting from the outflow of fluid under the influence of gravity
or suction. Suotion effect at the periphery of the film (Plateau's Border) (3)
due to the high curvature of the film, has a more pronounced effect than gravity
which results in a pronounced thinning adjacent to the concave edge of the foam
film, These thin portions of the film situated between thicker patches are
unstable and rise in the film until they reach a stable position in a portion
of the film the same thickness - so drainage continues, Suction increases

with increasing diameter,

Summary of Bubble Mechanics

1. Systems of uniform bubble size are more stable than those having a wide
range in bubble sizes, In systems with uniform bubbles, the system
having the smallest bubbles will tend to be more stable. The stability
has been empirically estimated to be inversely proportional either to
the diameter of the bubbles or to the square of their diameter,

2, Increased viscosity, or the presence of a yield strength in the foam li-
quid increases stability. Although many phenomena with conflicting effects
result from temperature changes in foams, these systems are usually more
stable at the lower temperatures due to the increased viscosity.

3, Substances which affect interfacial tension can exert pronounced effeots
on foam structure, but the gross results of these changes are difficult

to predict., Generally, decreased interfacial tension makes the form-

ation of a foam easier;

i-eo, P = 2:

et

r
but need not improve foam stability.
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B. Foam Preparation

Preparation methods for food foams always involve two stages; an
aerating step in which a liquid of relatively low viscosity is filled with
bubbles by whipping, by injection of gas, or by evolution of dissolved gas;
and a fixing phase which gives the product sufficient rigidity to withstand
handling and transportation ('.75). The serating stage can usually be sub=-
divided into two phenomena which of'ten overlap or even occur more or less
simultaneously., These are the introduction into the fluid of bubbles having
widely varying dimensions, and a reduction process in which these bubbles are
subdivided until they reach a smaller and more nearly uniform size. In
whipping, the two stages overlap but in chemical leavening the second phase
occurs separately, if at all.

The fixing phase involves a firming or hardening of the continuous
phase as a result either of denaturation of the protein component, or of a
hardening due to drying or cooling of a plastic mass, During the drying of
a milk foam, denaturation may ocour by thermal treatment and/or surface energy
absorption. However, the principle factor in stabilizing the foam would appear
to be simply the drying of the continuous phase to a rigid framework,

With these basic steps for the formation of a stable foam briefly defined,
a study was undertaken to apply these steps to the development of a porous milk

gsolids structure. The study was divided into two broad fields:-

1, Methods of, and factors affecting the incorporation of air into a

stable milk solids concentrate foam,

2, Methods of, and factors affecting the drying of this stable foam

to a solid porous structure,
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III, STUDIES ON METHODS OF, AND FACTORS AFFECTING AERATION
OF MILK SOLIDS SOLUTIONS

A, Methods of Aeration

As discussed previously, the first step in foam formation is aeration,

Aeration may be accomplished by any one of the following ways:=-

1. Vhipping end/or injection of gas.

2, Chemical leavening.

3, Thermal liberation of moisture wvapour.

4. Vacuum liberation of moisture vapour and expansion of

entrapped gases,

Experiments were undertaken to determine the practicability, and relative

advantages of each of these methods, A review of the results and conclusions

from these experiments follows,

1.

2,

Whipping and/or Injection of Gas (Air)

This is one of the most commonly used aerating methods in both
commercial and domestic use, It is particularly used in whipping of
confections such as marshmallow, meringues, eto., and of course the
method by which whipped cream and egg foams are obtained., Whipping
of concentrated (hS% solids) skim milk solution in a Kenwood Chefette
indicated that this method was particularly suitable for this system.
Aeration by injection of air or beating under pressure is a further

possibility but it was not pursued in the present study,

Chemical lLeavening

This is a commonly used method for cake, bread and biscuits.

Extensive experiments were conducted on the use of leavening agents
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Typical structures obtained from the oven drying of 45% skim milk
powder solutions (0.2% Edifas B) using the following levels of
leavening agents:=

A. 0.4% emmonium bicarbonate.

B. Control - 45% skim milk powder solution with 0.2% Edifas B
and no leavening agent added.

Coe 0.3% sodium bicarbonate and 0.6% glucono- S=lactone.
D. 0.16% sodium bicarbonate and 0.3% tartaric acid.
E. 0.67% sodium bicarbonate and 1.0% tartaric acid.

FIGURE 30, Effect of chemical leavening agents (pH) on the final texture
of oven dried (hot air) skim milk powder foams.
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as an aid to increasing the aeration of the milk foem during drying. A
L5% skim milk foam was formed by beating at top speed in the Kenwood
Chefette for 2 = 3 minutes and a known amount of leavening agent and
0.2% Edifas B added. The foam was then poured on trays at a loading
Of 1.2 1b./ft> and dried in a 200°F oven. While the foams containing
only 45% skim milk and Edifas B remained stable throughout drying, no
foams containing any leavening agent were stable to any appreciable
extent. The exact reason for this is not clear but the following
factors may be significant:-
i) Upon heating, the leavening gases are liberated and the
previously formed bubbles expand. During this expansion there
is a balance of forces between expansion and contraction at any
instant of time. However, as more gas is liberated and expansion
increases, the bubble becomes so large, and the walls so thin
that the resisting or contracting force approaches zero and the
bubble "explodes®™. This is not likely to be the case as the
very little expension caused by 0.16% sodium bicarbonate (Ne.H003)
still results in pertiel foam collapse (Figure 30 D).

ii) It is possible that the liberated gases which expand the
structure may escape before the bubble walls are sufficiently
stabilized and hence the contraction forces cause collapse as
the expansion forces deorease. The fact that slow leavening
throughout drying with gluwone= §-lactone and NaHCOz did not
improve stability appears to militate against this theory. The
effect of glucone=§-lactone and NaHOO; on texture is demonstrated
in Figure 30 C.

iii) A more plausible theory is that the alkali leavening agents
such as HaHCO; and emmonium bicarbonate (Nﬂkmdj) cause a type of
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peptisation of the swrface active milk proteins during heating.

Figure 30 E shows the coarse gelatinized foam which resulted when

only 0.67% NaHCO; was used. If denaturation of the protein is

obvious at this level, it is quite possible that even small amounts

of

alkali could cause denaturation of the surface active proteins.

This theory is substantiated by the fact that foaming of 45% skim

milk powder is markedly inhibited by raising the pH above 6.4 = 6.5.

Refer to page 153.

By comparing the control sample (Figure 30 B) with the other tex~

tures formed by adding leavening agents, it wes apparent that all

the leavening agents tried were unsuccessful. It was concluded

from these studies that chemical leavening was an unsuccessful

method of aerating milk-solid foams.

Thermel Iiberation of Moisture Vapour

puffed

This method of obtaining a porous structure is used in popped=cornm,

gels, etc. To obtain any significant volume of increase of the

wafer by thermal expansion of dissolved gases and liberation of steam,

temperatures in excess of 250°F are required. However, at this tempera-

ture the browning was extremely rapid, and as heat and moisture transfer

through the foeam film was slow, the foam structure formed at temperatures

greater than 250°F had not dried sufficiently to be stable before the

foam surface had become dark brown or charred.

Hence, at present this method of aeration must be discarded as

being impracticable.

Vaouum

sion
It is known that dissolved and entrapped gas will expand under
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vacuum according to Boyle's Law (39). If the vacuum is sufficiently low,
the vapour pressure of the moisture in the food exceeds the pressure in
the vacuum chamber, When this occurs the food moisture flashes off into
any entrapped gas vesicles or forms bubbles of water vapour = the liquid
food puffs and forms an expsnded honey-combed structure. For a food at a
temperature of 5000, simple vacuum expansion ocours at a pressure of 760 mm.
of Hg, down to 93 mm, of Hg.; below 93 mm. of Hg, moisture vapour flashes
off, (i.e., liquid boils), and "vacuum-puffing” of the liquid occurs. In
general, vacuum-puffing may be defined as the formation of a highly
expanded sponge-like structure of dried material from a liquid concentrate,
under conditions of high vacuum and low temperature.

While vacuum expansion has not been used to obtain a porous biscuit
(or wafer) as such, vacuum=puffing is widely used to obtain a porous,
soluble powder fram liquid concentrates. Copley et al (28) have reviewed
the early developments in vacuum drying of fruit and vegetable powder
and the work of Morgan et al (38 ,l..?) demonstrates the modern application
of vacuum puffing in the form of Foam-Mat and Micro-flake drying. Foam-Mat
drying has recently been successfully applied to the drying of milk (100).

Laboratory trials indicated that a 45% skim milk concentrate, with
or without Edifas B as stabilizer, could be successfully puffed to four
times the original volume and dried without foam collapse, This process
was not "vacuum-puffing" as previously defined. At all times the vacuum
chamber pressure was higher than the moisture vapour pressure of the
liquid concentrate and hence expansion was almost wholly due to expansion
of dissolved and entrapped gases.

This method was investigated further and a detailed discussion of

its successful application appears in SECTION V, Part IV - B, page 167.
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1. Introduction and Iiterature Review

Fundamental to the development of a porous structure was the

ability to incorporate air into the milk solids, Initial experiments

with sweetened condensed milk indicated that, despite the use of a wide

variety of foaming agents, foaming (by whipping) to a fosm density less

than 90 gm,/100 ml. was not possible., A foam structure was achieved by

vacuum=puf'fing,

This difficulty in foaming sweetened condensed milk led to a

study of the parameters affecting the foaming of "made-up" concentrated

skim milk powder solutions.

Whipping at atmospheric pressure was used

ags the aerating method because this method of aerstion was more sensitive

than the vacuum method to successful foaming and drying.

The following parameters were studied:-

1s
2.
e
ke
5
6.
7e
8.

Heat treatment of the powder

Milk solids concentration

Temperature of foaming

Fat content

pH

Addition of other solids; e.g., sucrose
Foaming agent

Stabilizing agent

Holden et al (52) found that very little information has been

gathered concerning milk concentrate foams and not much has been learned

about any dairy product from the standpoint of determining how foaming is

affected by physical properties. Other workers (34,96) using a variety

of foam tests, have investigated relationships existing between the foam-
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ing properties of deiry products and the various protein fractions, fat
levels, and minor chemical constituents encountered in these products,
Most of these investigations have been carried out on either unconcentrated
fluid milk or water solutions containing specific milk constituents near
the levels in which they appear in fluid milk, The effects of physical prop=-
erties on foams have also been studied. However, these studies have been con=
fined in most cases to detergent-water solutions (18), which are not compli=-
cated by the great profusion of chemical constituents found in dairy products.

Pure liquids do not foam, nor does the formation of a stable foam
depend on a low surface tension since meny pure liquids possess this prop=-
erty. Broadly speaking, a good foaming agent must be adsorbed at the
air-water interface and it must have a structure that endows the layer
with certain mechanical properties (16)., Foams are formed by mechanical
means, and in order to avoid rupture of the films by local stresses during
formation it is necessary that, (a) a stretching of the film should rapidly
increase the surface tension and a contraction should rapidly lower it, or
(b) that the film should possess some of the properties of an elastic or
plastic solid, The first factor sppears to predominate during the formation
of soap foams, and the second during the formation of many protein foams,
The maintenance of the foam involves additional factors, and foaming power
and foam stability do not always go hand in hend,

The surface properties of protein foams were investigated by
Ramsden (88) in 1903, and later work has amply confirmed his original
conclusions, He found that solutions of proteins showed a superficial
resistance to shear that could only be attributed to a solid coating or
a highly viscous and coherent coating on the surface, By purely mechan-

ical means, it was possible to sweep up these coatings into visible
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aggregates which were usually permenently insoluble; e.g., egg-albumin,
Coagulation is caused by adsorption, denaturation, and aggregation of
the protein at freshly made surfaces.

It is now known (2,4) that molecules of globular protein (e.g.,
lactalbumin) become unfolded when they enter an air-water interface,
presumably by means of the resident asymetric forces, and that, in con-
sequence, the thickness of the adsorbed protein layer is approximately
that of a single polypeptide chain lying with its long axis parallel to
the surface. When a few molecules are placed on the surface, a ccherent
surface layer results. These surfaces or films are better characterized
by surface elasticity than by surface tension. The marked stability of
many protein foams is attributable to the fact that the films behave as
elastic or plastic solids. The mechanical strength may also be rein=
forced by the tendency of proteins to form polymolecular surface layers.
Talmud (103) relates the maximum foam stability to the concentration that
allows for maximal hydration at the interface. At the optimum concentra-
tion the protein molecules are orientated, inclining at a certain angle
to the surface and interlacing with each other to formm a kind of gel
structure or a film with the highest tensile strength. El-Rafey (34)
discussed the stability of protein foams by a consideration of micellar
size, solubility, orientation, and degree of hydration.

Even though the experiments presented in this section were under-
taken to gein information for direct application to foaming of milk solids
for drying to a crisp, porous structure, any information obtained about
milk concentrate foams should be applicable to other dairy operations where
foeming of a milk concentrate is encountered. In fact, the information
could also assist, at least qualitatively, in understanding the properties
of foams formed from any proteinaceous material of high viscosity.



140

w 'S (4] o
I 1 1 T

PROTEIN NITROGEN- mg.N./ gm. S.N.F

LV
T

WHEY

0 " 1 I 1 I 1 L | = i | i |
60 65 70 75 BO a5 20
FOAM  DENSITY — gm./i00 mi.

F1G.31. EFFECT OF HEAT TREATMENT OF MILK
POWDER ON THE FOAMING ABILITY OF
TS SOLUTION,




144
2. Experimental Studies

a) Effect of Whey Protein Nitrogen (W.P.N.) or Heat Treatment of the
Skim Milk Powder on the Foaming Ability of its Solution

During early preliminary experiments it was found that
evaporated skim milk (46% total solids) taken from a triple effect
evaporator, prior to preheating for drying, yielded a foam of density
57 gn./100 ml. In contrast, a sample of milk powder (having a W.P.N.
of 3.0) when made up to a 45% solids solution yielded a foam of density
76 gn./100 ml. This large difference in foaming ability was thought to
be due to the denaturation of important surface active constituents (34)
during the preheating and drying of the milk powder.

It was with this thought in mind that a study was underteken to
determine the effect of heat treatment of the powder on the foaming
ability of its solutian.

i) Method
Samples of skim milk powders which had undergone a range of
heat treatments were collected and their W.P.N. determined as an index
to the degree of heat treatment (6). A 135 gm. sample of powder wes
reconstituted in 165 gm. of water (28 - 30°C) by beating at speed 1
in a Kenwood Chefette until the powder dissolved, followed by foem-
ing at speed 3 (top speed) for half 2 minute. Within one minute the
foem density wes measured by the method described in AFPENDIX III.
ii) Results
Results are summarized in Table XVI on page 142, and further
amplified in Figure 31.
iii) Discussion of Results
From Figure 31 there is apparent a definite relationship of
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increasing foam density with increasing heat treatment (decreasing

W.B.N.), Hence, the original supposition that the cause of the large
difference in foam density between 46% T.S. evaporated skim milk and

reconstituted powder solution would appear to be correct,

TABLE XVI

EFFECT OF HEAT TREATMENT (W.P,N.) ON THE FOAM DENSITY
OF WHIPPED 45% MILK SOLIDS SOLUTICNS

Sample No, W.P.N. Foam Density

mg. N./gm, S.N.F, gm, /100 ml,
1 0. 48 83
2 0,66 86
3 1.9 78
L 1.4 76
5 1.5 76
6 2,9 76
7 3.0 72
8 1.5 = 5,99 I
9 4,65 68
10 5: 7 65
1" 7.1 6l
12 8.0 63
13 6.0 64

—_—_—  — —————— ——— ———— —————
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iv) Conclusion
As the foam density is directly dependent on the W.P.N. of
the milk powdér used, a powder having a W.P.N. of at least
4.5 mg. N,/gm, S.N.F. is necessary to yield a foam of minimum density

for drying to a porous structure,

b) Effect of Milk Solids Concentration on the Foaming of Skim Milk
Powder Solutions

Preliminary experiments indicated that milk solids concentration
was an important factor affecting foam density, and particularly foam
stability. The effect of milk solids concentration in the range 30 - 55%
is discussed below and the optimum solids concentration for minimum

foam density and maximum foam stability detemmined.,

1) Method
A sample of powder having a W.P.N.of 5.7 mg. N./gm, S.N.F,.
was dissolved in the required amount of water and then foamed at a
temperature of 25 = 3000. Speed 1 of a Kenwood Chefette was used
until the powder was dissolved, followed by foaming at speed 3 (top
speed) for half a minute, The foam density and stability was deter-
mined by the method described in AFFENDIX III,
ii) Results
Results are recorded in Table XVII and Figure 32,

iii) Discussion of Results

From Figure 32, there is evident two definite relationships.
1. There is a sharp minimum fosm density at 45% milk solids,
2, Foam stability increases rapidly with increasing % of milk

solids between 40% and 50% milk solids,
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A detailed explanation of these results is not possible due to the

Paucity of information available, However, it is suggested that the vis=-
cozity effect may provide a possible explanation. With increasing milk
solids concentration, the fluid viscosity inoreases. This viscosity
increase readily explains the increasing foam stability with increasing
concentration but does not obviously explain the sharp meximum in foam
density at 45% solids concentration. It is probable that with increasing
viscosity the foaming ability increases to an optimum, but any further
inocrease in viscosity makes foam formation increasingly diffioult. It
appears that 45 - 46% solids concentration corresponds to such an optimm
viscosgity.

TABLE XVII

DATA ON THE EFFECT OF MIIK SOLIDS CONCENTRATION TO THE FOAM
DENSITY AND STABILITY OF MIIX POWDER SOIUTIONS

—— ——

Solids Content Foam Density Stebility
% gn./100 ml, mls, of liquid separated
30 64 60
35 69 60
40 70 58
43 69 52
45 65 20
7 67 5
50 72 3
55 82 1

ez
=

NOTE: A low figure for stability; e.ge, 1 ml, of liquid separated,
indicates a foam of high stability and vice versa.
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iv) Conclusians
A milk solids concentration of 45% corresponds to a foam
of minimum foam density and good stability. With the use of a suit=-
able stabilizing agent, the problem of stability would not be great
between 40% and 50% solids. In drying, the greater the initial con-
centration, the shorter the drying time. Hence, the maximum foamable
concentration would be used in practice. Fortunately, 45% solids

not only foams well, but is sufficiently concentrated for drying.

o) Effect of Temperature on the Foaming of a Solution of 45% Skim
Milk Powder
i) Method

A sample of powder having a W.P.N., of 5.7 was made up to a
4L5% solids solution and adjusted to the required temperature. The
solution was then foamed in the seme manner as in the previous experi-
ments (page 143). The foam density and the stability after 3 hours
was measured (APPENDIX III).

ii) Results

In Table XVIII are recorded the results for the effect of
temperature on the foam density and foam stability of 45% skim milk
powder solutions after whipping under standard conditions. Figure
33 portrays the effect of temperature on the foam density of a L5%
solution of milk powder having a W.P.N. of 5.7 mg. N./gm. S.N.F.

iii) Discussion of Results

From Figure 33 and Table XVIII it is apparent that with
increasing temperstures from 28°C - 65°C there is an increase in
foam density and a decrease in foam stability.

Holden et al (52) have reported a minimm in the tendency of
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whole milk concentrate to foem (i.e., maximum foam density) in the
region of 70°F (21°C). Rogers (94) has similarly reported a minimum in
the tendency of unconcentrated whole milk to foam at temperatures be=-
tween 68 - 86°F (20 - 30°C). El-Rafey and Richardson (34) also found &
minimum in their foam parameter, (half volume time), in the region
about 70°F followed by an increase in foaming with increasing temperature

to 55°C.

TABLE XVIII

DATA ON THE EFFECT OF TEMPERATURE ON THE FOAM DENSITY AND STABILITY
OF A SOLUTION OF 45% SKIM MILK POWDER

Temperature Foam Density Stability
°c gn, /100 ml, mls. of liquid separated
25 6l 12
28 65 12
46 72 20
56 79 30
65 82 LO
p— ecee——— e — e ———

In apparent contrast with these results of previous workers, the present
results indicate that for the foaming of reconstituted skim milk powder
solutions, foaming ability and stability decreases with increasing temp=-
erature, This apparent anomality may be explained as follows:-
1. The systems desoribed in the literature are for whole milk
containing a large % of solids in the form of fat, This fat is

responsible for the minimum foaming in the 20 - 30°C range. (34).
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The system used in this study was reconstituted skim milk powder

solution with very little fat present and hence the effect of fat
is reduced, if not covered by other factors which have a greater
effect on foaming,

2., El-Rafey (35) concluded from his studies with undenatured milk
protein systems, that the foaming properties of skim milk are
due to the presence of calcium caseinate, lactalbumin and milk
fat, They concluded thet calcium caseinate was the foaming
substance of milk at low temperatures while lactalbumin is the
substance contributing to the foam at temperatures above the

melting point of milk fat.

In the system used for the present experiments the whey protein
(i.e., lactalbumin) has been denatured to a greater or lesser extent
during the drying of the skim milk powder, as is indicated by the reduced
Whey Protein Nitrogen value, At the same time the calcium caseinate
would be denatured during drying also, As the whey protein has lost much
of its foaming ability, due to denaturation, the foaming characteristics
of the reconstituted skim milk powder solution is most probably character-
ized by the remaining major foaming protein - partially denatured sodium
caseinate,

El-Rafey (34) has shown that solutions of partially denatured
caseinate prepared by the Van Slyke and Besker (106) or Cohn and Hendry
(27) methods yielded foams which increased in density and decreased in
stability as the temperature increased from 5°C to 5500. The greater
the extent of denaturation, the poorer the stability of the foam. This
agrees with the conclusion of Section 2 (a), page 141.

It is believed that the foregoing discussion explains why the
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partially denatured protein system used in these experiments yielded
foams which increased in density and decreased in stability as the
foaming temperature increased, In this case the effect of temperature
most likely acted through viscosity changes in the milk concentrate.

iv) Conclusions
The lower the temperature, the lower the foam density and
the better the foam stability. However, as the foam was to be sub=-
sequently dried, foeming at room temperature (20 - 5000 was used to

obtain the best foams for further drying.

d) Effect of Fat Content on the Foaming Ability of 45% Skim Milk
Powder Solutions

Full creeam milk powder yielded foams having very high foam den=
sities of 80 = 100 gm./100 ml., while the skim milk powder foams had a
foam density of 65 = 70 gm,/100 ml, Hence, it is apparent thet fat content
is a major factor in the ability of a reconstituted milk powder system to
foam, The actual effect of fat content on foaming at room temperature is
demonstrated below,
1) Method
Skim milk powder (W.P.N. of 5.7 mg. N./gm. S.N.F,) was dis-
solved in water at 28 = 30°C until a 45% solution of milk powder was
obtained, The powder was dissolved by beating at speed 1 in a Ken=-
wood Chefette., The desired amount of butter fat was added and the
mixture was then fosmed by beating at speed 3 for half a minute in the
Kenwood Chefette. The foam density and foam stability were then deter=-

mined by the method described in AFFENDIX III.
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ii) Results

Results are tabulated in Taeble XIX,

TABLE XIX

EFFECT OF BUTTER FAT ON THE FOAM DENSITY AND STABILITY
OF A L45% SKIM MIIK POWDER SOLUTION

Fat Content Foam Density Stability
% gn, /100 ml, mls. of liquid separated
0 65 20
0.3 70 30
1.0 4 40
L0 80 50

iii) Discussion
These results agree with the work of El-Rafey (35). He
has clearly demonstrated that the presence of any fat, in model
milk constituent systems, has a depressant effesct upon foaming,

He also showed that this effect increased with increasing fat

content,

iv) Conclusions
As any fat present has a depressant effect on foaming, it
was decided that skim milk powder should be used and that no fat
be added when preparing the solutions for foaming end subsequent

drying to a porous wafer,
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e) Effect of pH on the Foaming of 45% Skim Milk Powder Solutions

It has previously been stated (on page 139) that the form-
ation and stability of protein foams is dependent on micellar size,
solubility, orientation, and degree of hydration of the protein at the
sir-water interface (34). Hence, it is expected that slight changes
in the charge of the polar groups could radically alter the ability of
the protein to form an elastic ccherent film, pH will affect the charge
of the polar groups and thus alter the foaming characteristics of the
milk,

i) Method
A standard 45% skim milk powder solution (W.P.N. of 5.7
mg. N./gm. S.N,F.) was prepared in the Kenwood Chefette, and adjusted
to the desired pH with 1N citric acid or 1N sodium hydroxide. The
solution was then fosmed by beating at speed 3 (top speed) for half
a minute and the foam density determined (Refer to APPENDIX L)
ii) Results
Results are plotted as pH versus foem density in Figure 3k,

iii) Discussion of Results

It is apparent from Figure 34 that any change in the natural
pH of the skim milk concentrate causes a change in the nature of the
protein film which decreases the foamability., The exact nature of
this change in the protein, and whether other physical characteristics
such as viscosity are affected also, is not known.

iv) Conclusion
The natural pH (6.2) of the skim milk concentrate is the

optimum for foaming,
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f) Effect of Other Solids on the Foaming Properties of L45% Skim
Mlk er Solutions

It was anticipated that, in the formulation of a solution for
foaming end drying to a porous wafer, other ingredients, such as sweet-
eners, would have to be added for flavouring, It was with this thought
in mind that the following experiments were undertaken to determine the
quantitative and qualitative effect of added sucrose and invert sugar
on the foam density and stability,

i) Method
Skim milk powder (W.P.N. of 5,7) was used to make a solution
having a composition of L45% milk solids; 55-X% water; and X% sugar.,
The solution was foamed at 28 = 30°C according to the standard
procedure and the foam density snd stability determined (Refer to
APPENDIX III).,
ii) Results
In Table XX are recorded the results for the effect of added
invert sugar and sucrose on the foaming properties of a 45% skim milk
powder solution,
iii) Discussion and Conclusion
It is apparent that any added sugar increases foam density
and stability. The effect could possibly by due to an increase in
viscosity beyond the optimum for foaming., (Refer to Part III - A,
2 (b), page 143). Invert suger has less effect than sucrose. Also,
because of its greater sweetness its use would be preferred in the

formulation of a wafer having a minimum foam density.
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TABLE XX

EFFECT OF ADDED INVERT SUGAR AND SUCROSE ON THE FOAM DENSITY
AND STABILITY OF A 45% SKIM MILK POWDER SOLUTION

% Sucrose Foem Density Stability - 3 Hours
gm, /100 ml,
e 0 65 12
2, 5 71 6
3 10 75 3
ke 15 81 1
% Invert Sugar
(75% Solids)
1. 0 65 12
2. 5 68 2
3. 10 L 3
15 17 1

|
n
rJ

g) Effect of Foaming Agents on the Foeming Properties of L5% Skim
Milk Powder Solutions

Although milk contains its own foaming agents it was thought
that the foam obtained from the reconstituted milk solution could be
improved by the addition of cammercially available foaming agents. To
check this, commercially available foaming agents were obtained eand
tested under standard conditions,

1) Method

A 45% skim milk powder (W.P.N. of 5.7) solution was foamed
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at 28 - 3000 with the addition of known amounts of foaming agent.

Foam density and stability were measured. (Refer to APPENDIX III.)

ii) Results

Results are summearized below in Table XXI,

TABLE XXI

EFFECT OF ADDED COMMEKCIAL FOAMING AGENTS ON THE FOAMING PROPERTIES
OF 45% SKIM MIIK POWDER SOLUTIONS

Foaming Agent % Foaming Foem Density Stability
Agent Added gn./100 mls, mls, liquid separated
45% S.M.P, Standard 0.0 65 12
Hyf oama 0.5 65 12
1.5 63 2
2,0 62 1
Lactalbumin 1.0 66 5
2,0 69 2
Sodium Caseinate 1.0 67 5
2.0 7 3
Edifas A 1.0 il 10

2. 0 82 -
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iii) Discussion
The only foaming agent which improved the foam density at
this temperature was Hyfoama - even this improvement was very slight.
Hyf'oama is a special multipurpose foaming agent made by controlled
hydrolysis of casein,
iv) Conclusion
Milk contains sufficient of its own surface sctive agents
to yield a near minimum foam density. The addition of commercially
available foaming agents resulted in insignificant changes in foam
density snd only slight changes in stability., Hence, the cost of

addition is not warranted,

h) Effect of Stabilizing Agent on the Foaming Properties of 45% Skim
Milk Powder Solutions

While the milk solids system is capable of yielding a fosm of
near minimum foam density, without the addition of foaming agents, there
is scope for improving the stability. The 45% milk solids foam suffered
extengive collapse at the temperatures of 80°¢ to 100°C required for
drying the foam, In an attempt to develop a foam of minimum density
and yet sufficiently stable to withstand drying at 100°C, the commer-
cially available stabilizing agents - Edifas B and Alginate - were
tested,

i) Method

To a 45% skim milk powder (W.P.N. = 5.7) solution was added
the desired amount of commercial stabilizing agent. The mixture
was foamed at 2 temperature of 28 - 30°C by beating for half a minute

at speed 3 in the Kenwood Chefette., Foam density and stability were



158
measured by the methods described in APPENDIX III,

ii) Results

Regults are summarized in Table XXII.

TABLE XXII

EFFECT OF EDIFAS B AND ALGINATE STABILIZING AGENTS ON THE
FOAMING PROPERTIES OF 45% SKIM MILK POWDER SOLUTION

Type of % Foam Density Stability
Stabilizer Stabilizer ml, liquid separated
1. Edifas B 0.0 65 12
0.17 6l 0
0.33 66 0
0.50 7 0
2, Alginate 0.0 65 12
0.22 66 7
0.37 68 10

iii) Discussion of Results

W¥hile Alginate makes no significent improvement in foam
density or stability, the addition of 0.2% Edifas B causes a slight
decrease in foam density and completely stabilizes the foam. An
oven drying test at 100°C on the foam, verified that 0.2% Edifas B
imparted a rigidity to the foam which enabled complete drying with

little collapse of the foam, It is pertinent to note that Edifas B
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is a commercial preparation of carboxymethyl cellulose.
iv) Conclusions
Edifas B is not only suitable, but necessary for complete

stability during drying of the foam at temperatures greater than 80°c,

Conclusions
From the foregoing basic studies of the factors affecting foaming
and stability of aerated concentrated skim milk solutions, conclusions
may be drawn as to the optimum manipulation of these variables to obtain
a stable foam for drying.
From a review of the data, the following variables are specified
to obtain the optimum foam for drying,
1., W.P.N,; as high as possible and at least»4.5
2, Solids Concentration: L46% milk solids
3. Teuperature: 25 - 30°C
4, Fat content: nil, or as little as possible
5. PH: leave at natural pH
6., Other solids: as little as possible
7. TFoaming agents: none necessary
8. Stabilizing agent: 0.2% Edifas B

These specifications are very necessary for successful oven dry-
ing of the milk foam, Although foam formation and drying in vacuum of
full cream milk concentrates may be successful if variables such as
vacuum~teMperature cycle are carefully controlled, the above specifications
should yield a more stable system which would make the vacuum-temperature

cycle less critical,
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To a 45% solution of skim milk powder was added:-

A. 0.2% Edifas B (uneven browning).
B. 17% invert sugar (even browning).
C. 17% sucrose (slight variation in browning).

FIGURE 35. Typical foem strusctures obtained from oven g_;%y:\ng a
fosmed L45% skim milk powder concentrate (0.2% Edifes B).
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IV. METHOD OF DRYING TO A SOLID FOAM

The stable foem (developed in the previous section) needs to be dried
to yield a crisp porous wafer. Of all the techniques available, only two
methods were chosen for further study.

1« Oven or hot air drying

2, Vacuum foam drying
The characteristics, and operational variables, of these two methods were
studied and the results are reported below.

A. Oven or Hot Air Drying
1. Method of Drying and Characteristics of the Dried Foam

To accomplish hot air drying on the laboratory scale a thermo-
statically controlled electrical oven was used. The concentrated milk
solids foam (by whipping) wes spresd on a trey at a loading of 1 1b/ft°
and at a temperature of 3000. The loaded tray was then dried in the
oven at a temperature of 100°C until the foesm strusture had beccme
brittle; i.e., about 2 = 4% moisture.

A foem prepared according to the specifications listed on page 159
and dried by the method described above, yielded a foam of texture shown
in Figure 35. From this photograph, it is apparent that a dense, fine
foam with a solid impermeable upper layer is the result. A variation
of brown colour from dark brown at the bottom to pale brown or white
at the top is a&lso apparent. A very important characteristic of the
foam dried in such a mammer is that little variation is possible in
foam structure, due to:-

a) any increase in oven temperature to cause steam leavening,

accentuates the uneven browning of the foam.
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b) There is a very definite limit to the minimum foam density

which may be obtained by whipping,

2, Factors Affecting Drying and Characteristics of the Dried Foam

It is by manipulation of operational and product variables that a
range of foam structures and characteristics may be obtained while still

minimizing the drying time. Some of these variables are now discussed,

a) Oven Temperature

While increased oven temperature might be expected to increase
the drying rate, the temperature cannot exceed 100°C if a marked
difference in brown colour between the bottom and top of the wafer
is to be avoided,

A possible explanation of this problem is discussed below.

1. The top of the foam collapses and forms a condensed
impermeable layer, and all moisture vapour must pass
from the bottom of the foam through this layer.

2, After a short period of time the top layer dries out to
below 10% moisture, end less as drying progresses. At
this low moisture content, browning is very élow (66) -
even at 100°C.

3, Meanvhile the underlayers approach oven temperature
(100°C), and as the moisture content is reduced a long
period of drying occurs between 25% and 14% moisture
content., This moisture content corresponds to the
optimum for browning. Therefore at the end of the dry-
ing ocycle browning has progressed more near the bottom

of the foam than the top.
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This problem also precludes the possibility of forming a lighter

foam by steam leavening at temperatures in excess of 10000.

b) Loading

The greater the tray loading (or thickness of foam) which must
be dried, the longer becomes the drying time (104). Experiments
showed that the problem of uneven browning of the wafer became greater
as the loading was increased, Both the increase in drying time and
the problem of uneven browning is most probably associated with the
increased resistance of the structure to the escepe of moisture
vapour. These factors place sn economic limit on the thickness of
wafer which may be dried; i.e.,, the thinner the wafer that is accept=-

able, the better the economics of production,

c) Effect of the Foam Density of the Initial Iiquid Concentrate on the
Texture and Density of the Dried Foam

Milk-solid foams were prepared from three milk powder samples
by whipping a L45% solution of the powders, The foam density before
and after drying was determined and the results are summarized in

Table XXTITI,

TABLE XXIII

DATA FOR THE EFFECT OF INITTAL FOAM DENSITY
ON THE DENSITY OF THE DRIED WAFER

— el
———

Milk Powder Density of Foamed Density of Dried Wafer
Sample No, Concentrate (45% solids) gn, /ml,
1 6.7 .33
2 8.5 42
3 10,1 .50

[ ———————————————
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These results are also plotted later in Figure 38, page 171.

From the plot for a vacuum chamber pressure of 760 mm, of Hg. (i.e. s oven

drying at atmospheric pressure) it is clear that the density of the dried

wafer is directly proportional to the foam density of the milk solids

cancentrate prior to drying.

It may be concluded that, within definite limits, the density

of the dried wafer may be varied (from 0,33 gm./ml. to 0.5 gm./ml,)

by manipulating the foam density of the milk solids concentrate.

a)

Addition of Sweetener

Any addition of sweetener during whippring increased the
density of the foam before and after drying. However, the sweetener
is necessary to make the wafer palatable, Sucrose and invert sugar
were used. Sucrose yielded a sweeter wafer of increased density.
Invert syrup increased the browning and caramel flavour intensity
while less was required than sucrose to achieve the same sweetness.
Addition of invert sugar also yielded a more evenly browned product.
of lower density than the addition of sucrose. Refer to Figure 35,

page 160,

Browning Before Drying

To overcome the uneven browning in the wafer it was thought
that either browning before drying, or addition of a dairy caramel
concentrate to the foam would minimize this problem, This possibility
was investigated but was found to be unsatisfactory for the following
reasons,

1. Any browning or heat treatment of all the milk proteins
reduced foaming ability and increased foam density to

an unacceptable level.
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2. Addition of a concentrated carsmel flavour (of the desired
intensity) to unbrowned skim milk powder solution also

increased foam density to an unacceptable extent.

3, To achieve even browning the oven temperature must be
reduced to below 8000. This temperature drop causes the
drying time to increase from 5 hours (at 100°C) to 7

hours (at 8000).

From Figure 35, page 160, it would appear that the addition of invert
syrup yields the most evenly browned wafer. The invert sugar also

imparts an acceptable flavour,
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FIGURE 36, Typical foem structures obtained by evolution of water-
vapour from a deaerated concentrate (bottom), and by
expansion of entrained gas of low solubility (top).
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B. Vecuum Foam Drying

1.

2.

Method of Drying end Characteristics of Dried Foam

While vacuum of itself will develop a foam structure by evolution
of water-vapour from a deaerated concentrate, the structure thus formed
is characterized by large, non-uniform bubbles and a preponderance of
unpuffed intercellular material. (Refer to Figure 36.) This texture
was unacceptably coarse in appeerance and mouth-feel, The foam structure
formed by expansion of entrained gas of low solubility (e.g., air) is
characterized by small, uniform bubbles snd a minimum of unexpanded
intercellular material (Figure 36), The latter texture is obviously the
more desirable, (100). Hence, the skim milk concentrate was prepared
according to the specifications of page 159, and whipped as for oven
drying,

The vhipped foam was loaded onto trays at the desired loading and
at a temperature of 3000. The fosm was then dried at 80°C under vacuum,
The vacuum could be adjusted to yield the desired foam density., The
effect of vacuum is fully discussed below. However, in any vacuum
small uniform bubbles were formed, the size of which varied with the
vacuum, As in the case of oven drying, there was a solid impermeable

gkin formed on the upper surface of the wafer,

Factors Affecting Drying and Characteristics of the Dried Foam

It is by manipulating temperature, vacuum, tray loading, and
the addition of flavouring agents that a range of textures and flavours
are possible, Hence, from the wide range of flavoured structures so

produced, a wafer may be chosen to comply with given merket requirements.

a) Temperature
As in the case of oven drying, high temperatures resulted in
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Size of wafers formed by vacuum foam dé'y'lng the aerated milk
concentrate (tray loading of 9 gm./in.“) at chamber pressures
of 500, 360, 240, and 110 mm. of Hg.

Size and texture of wafers formed by vacuum foam ng the
aerated milk concentrate (tray loading of 7 gm./in.“) at chamber
pressures of 500, 360, 240, and 110 mm. of Hg.

FIGURE 37. Effect of vacuum on the volume and texture of the vacuum foam
dried wafer.
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uneven browning of the product. A temperature of 8500 to 90°C gave

a good drying rate without unevenly browning the product.

Vaouum

It is well knowm that dissolved and entrained gas will expand
under vacuum according to Boyle's Law. Hence, it is to be expected
that the volume of a given weight of original foam will increase with
increasing vacuum. Figure 37 illustrates the effect of vacuum on
both volume and texture of the wafer. These samples were prepared
by beating 200 gm. of 45% skim milk powder solution with 200 gm. of
caramel concentrate (Composition: 33% skim milk powder, 4O% sucrose,
20% water - heated for 3 hours at 100°C). The resultant aerated con-
centrate had a foam density of about 80 gm./100 ml. The foamed con-
centrate was loaded onto small pans at a tray loading of 7 gn./in.z
and then dried at the desired vacuum with an oven temperature of 80°c.

Figure 37 demonstrates that a whole range of foam textures
may be obtained by adjusting the vacuum. This is of real advantage
in the marketing of such a product which often has to be 'tailor-made'
to suit the market requirements.

It is also apparent from Figure 37 that as the vacuum is in=-
creased there is an increasing tendency for the centre of the wafer
to collapse. This problem is mainly one of vacuum control. The
chamber pressures of 500 mm. of Hg. and 360 mm, of Hg. were quite
easy to control and maintain, but the lower pressures of 240 mm. of
Hg. and 110 mm. of Hg. were difficult to control in the laboratory
vacuum oven. This is the reason for the partial collapse of the
semples dried at low oven pressures (Refer to Figure 37 C). This

collapse is believed to be due to the following series of events.
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1., During the early stages of the drying cycle, the vacuum

slowly increases due to the decreased water vapour load,

As the outer layers dry first, they will be "set" to a

solid structure at a lower vacuum than will the inner layers

of the wafer, It may be possible to eliminate this effect

by good control of commercial vacuum units, but on the

laboratory vecuum oven (used for these experiments) any fine

ad justment of the vacuum caused a significant drop in

vecuum with a resultant partial collapse of any undried

foam.

2, If, (in the process of controlling the vacuum), there is a
significant drop in vacuum, the wet centre of the wafer
recedes from the dry "crust" and partially collapses. This
means that the wet centre becomes partially deaerated and
any further increase in vacuum will not fully restore the
collapsed foam, Henoce, the hollow centres of foasms dried
at higher wvaouum,

This problem is minimized, or eliminated, if the vacuum is
very carefully controlled and any significant drop in vacuum
is prevented., Control is much easier at pressures higher

than 360 mm, of Hg,

c) Effect of Foam Density of the Initial Liquid Concentrate on the
Texture and Density of the Dried Foam

Samples of 45% skim milk powder foamed solutions were prepared
with foam densities ranging from 0.7 gm./ml. to 1.0 gm./ml. The foams

were dried at pressures of 500 mm, of Hg., and 240 mm, of Hg. in a vacuum
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chamber, The foam density before and after drying was determined and

the results are summarized in Table XXIV,

TABLE XXIV

DATA FOR THE EFFECT OF INITIAL FOAM DENSITY
ON THE DENSITY OF THE VACUUM~DRIED WAFER

Sample No, Density of Density of Wafer Density of Wafer
Foamed Concentrate. Dried at 500 mm, of Hg, Dried at 240 mm., of Hg,
g, /ml, g, /ml. gm, /ml.
1 0.7 0.21 0.13
2 0.8 0.26 O.14
3 1,0 0, 32 0,20

T
I

These results are also plotted in Figure 38 where it is clear that, for
both atmospheric and vacuum drying, the density of the dried wafer is
directly proportional to the foam density of the milk solids concentrate
prior to drying, Figure 38 demonstrates the wide range of wafer densities
(and textures) which are possible by controlling both the initial foam
density of the milk concentrate and the vacuum used for drying,

Figure 39, page 173 shows the large difference in texture between
a foam density of 0.7 gm./ml., dried at a vacuum chamber pressure of 500 mm.
of Hg to yield a wafer density of 0.13 gm./ml., and a foam density of
1.0 gm./ml. dried at the same vacuum to yield a wafer of density 0.20 gm./ml.
Figure 39 demonstrates that, for a given vacuum, the lower the initial

density of the foamed concentrate, the more porous will be the texture of



Left: wafer of density 0.20 gm./ml. resulting from the drying

of a foamed concentrate of density 1.0 gm./ml. in a vacuum
chamber pressure of 500 mm. of Hg.

Right: wafer of density O.13 gm./ml. resulting from the drying
of a foemed concentrate of density 0.7 gm./ml. in a vacuum
chamber pressure of 500 mm. of Hg.

FIGURE 39. Effect of foam density of the 45% skim milk concentrate on
the texture and density of the dried foam.

173
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Size of wafers formed by vacuum foam drying the aerated
concentrate at a chamber pressure of_ 360 mm. of Hg. and
tray loadings of 5, 7, and 9 gn./in.‘?‘.

Size and texture of wafers formed by vacuum foam drying
the aerated concentrate at a chamber pressure 240 mm,.
of Hg., and tray loadings of 5, 7, and 9 gm./in.“.

FIGURE 40. Effect of tray loading on the volume and texture of
the vacuum foam dried wafer.
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the wafer when dried,

These results are for studies on skim milk concentrates only;

foaming of full cream milk concentrates was not studied in detail.

d) Tray Loading

Increased tray loading markedly increased the drying time and
consequently increased the cost of vacuum drying. Figure 4O shows
that the size of the dried wafer is approximately proportional to the
tray loading.

Figure 40 also shows that the texture varies with tray loading.
There are two principal changes in texture with increased tray
loading,

1. With increased loading, the pore size increases. This is
believed to be due to a slow increase in the vacuum through-
out the drying cycle., This means that foam layers which
dry, or "set" first, will have a smaller pore size than
those which dry at the latter part of the drying cycle,

2, A more obvious effect of inoreased tray loading is the diffioc-
ulty of preventing foam collapse in the wet centre. The
greater the loading, the longer the drying time, and hence,
the greater the chance of vacuum changes causing collapse

of the large volume of wet foam encased in the dried crust.

e) Browning Before Drying

Vacuum drying at temperatures below 80°C resulted in very little
browning., Hence, the product must, of necessity, be browned before

drying to develop the deiry caramel flavour. A satisfactory procedure
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was to foam a mixture of 200 gm. of 45% skim milk powder solution
and 200 gm, of dairy caramel concentrate (sweetened condensed milk
heated for L hours at 100°C). The resultant foam could readily

be vacuum=dried to a palatable wafer,

V. POSSIBLE COMMERCIAL ASPECTS OF THIS
WAFER TYPE OF FRODUCT

This major section of the work has traced the basic and technological
studies undertaken to develop the porous milk-solids wafer or biscuit, All
work has been carried out on a small scale with laboratory-sized equipment,
and hence, there will likely be problems in scaling up these well-defined
laboratory operations to commercial equipment, No attempt is made here to
outline commercial detail, However, it is possible to comment and make

suggestions on the basis of these laboratory studies.

A, Texture

The most outstanding feature of the milk wafer is its texture.
SECTION V, Part IV, has discussed and illustrated the wide range of textures
which are possible, The principal variables which may be controlled to
produce a product of the desired texture are:-

1, Foam density of the L45% milk concentrate prior to drying.

2, Vacuum at which the wafer is dried.

3, Tray loading,
It is by manipulation of these variables that a whole range of product textures

are possible with densities ranging from less then 0.1 gm./ml. for a foam dried
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et a pressure of 110 mm, of Hg., to 0.5 gm./ml. for a foam dried at atmospheric
pressure, (Refer to Figure 38, page 171.)

The texture can be best described as crisp and crunchy to the bite with
a smooth "melting" mouthfeel, The only undesirable textural characteristic is
the tendency for the milk solids to cling to the teeth and palate. This

problem was overcome to some extent by the addition of sucrose,

B. Flavour
As in the case of the caramelized dairy spread, there are hosts of
possibilities of varying and improving the flavour of the wafer, Some of the

successful possibilities explored are enumerated below.

1, Venilla at low levels of 0,1 - 0.2% adds a pleasing back-
ground flavour which enhances the caramel flavour. The
intensity of the caramel flavour may be adjusted by con=
trolling the amount and intensity of the caramel concentrate

added to the milk concentrate foam before drying.

2, Spices such as ginger, cinnamon, cloves, etc,, at low con-

centrations may appeal to some palates.

3. Sugar is a necessary part of the flavour, Either invert
sugar, glucose, or sucrose may be used as sweeteners - less
invert sugar or glucose being necessary for a given level

of sweetness,

4, There is also the possibility of developing a wide range of
flavours by use of the wide range of commercially available
natural and synthetic flavouring essences.
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C. Use of Full Cream Milk Solids
Just as the presence of milk fat enhances the flavour and texture of
the carameliged deiry spreads developed in SECTION IV, so its presence also
enhances the flavour and mouthfeel of the porous wafer. It is true that, for
all the studies of foam drying discussed here, skim milk solids were used = in
fact, the use of skim milk foams was essential to meintain a stable porous
structure throughout oven (hot air) drying. However, in the case of vacuum
drying, a foam structure may be developed and maintained by careful control
of the vacuum during drying. Thus, vacuum drying enables a full cream milk con=-
centrate to be foamed and dried to a porous wafer. Preliminary investigation
of this possibility indicated that sweetened condensed whole milk could be success=-
fully vacuum dried to & porous wafer. It was impossible to foam and dry this
product at atmospheric pressure without forming a collapsed hygroscopic mass,
While the foaming and vacuum-drying of whole milk concentrates to a
porous wafer was not studied further, it is clear that this is a definite
product possibility. The wafer product formed from whole milk concentrates
has an improved flavour and texture compared with the product formed from skim
milk concentrates. The undesirable tendency of the milk solids to cling to

the mouth is substantially decreased by the presence of milk fat and sucrose.

D. Packaging and Storage
Time did not permit either a study of packaging materials and tech-

niques or a study of the effect of various storage conditions on the quality of
the product. The purpose of this study was principally to suggest and develop
new product possibilities. The specific details of production and packaging
were unable to be studied in the time aveailable. There are, however, a few

product characteristics which would dictate, to a large extent, the nature of

packaging required to minimimize the physical and chemical damage occurring during
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handling and storage.

1. The hygroscopicity of dry milk solids and sugar would
necessitate the use of a packaging material having high

moisture barrier properties,

2, The wafer foam structures are quite robust and can with-
stand considerable mechanical shock., Hence, it would
seem that the standard commercial techniques of packing

baked biscuits would be applicable,

3., Vhile it is certain that a packaging material having a low
moisture permeability is required, the importance of
excluding oxygen has not been determined. The rate of
autocatalytic oxidation will most probably be quite low,
or inhibited, due to the presence of reducing substances

formed as a result of the non-enzymic browning reaction.

There is no substitute for proper packaging and storage trials before any attempt

is made to produce or market the product on a commercial scale,
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VI. SUMMARY

New foods appearing on the consumer market frequently feature a palatable
porous, or foam, texture. Hence, in an attempt to diversify the use of milk
solids a study was undertaken to develop a porous wafer from milk solids. This
involved two steps:=

1. Aeration of the milk solids concentrate.
2, Stebilization and drying of the foamed concentrate to a
solid porous milk wafer,

Aeration of milk concentrates could be accomplished by either whipping or vacuum
expansion of entrained gas,

A, Specifications For a Stable Foamed Milk Concentrate

A basic study of the factors affecting the foaming and stability of
aerated concentrated skim milk solutions enabled specification of the variables

necessary to form a stable foam which could be oven dried to a porous structure,

1. Whey Protein Nitrogen (of milk powder)

as high as possible and
at least>L.5

2, Solids Concentration L45% skim milk solids
3, Temperature : 25 - 30%

L4, Fat Content

NIL, or as little as possible

5. pH : leave at natural pH

6, Other solids; e.g., sucrose : use as little as possible
7. Foaming agents ! none necessary

8, Stabilizing agent : 0,2% Edifas B

While these specifications are necessary for successful atmospheric oven dry=-
ing of the milk foam, vacuum drying may be successfully applied to full cream milk

concentrates if the variables such as vacuum-temperature cyocle are carefully applied,
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B. Drying of the Specified Milk Concentrate Foam
The foam prepared according to the above specifications was success-

fully oven or vacuum dried and a study was undertaken of the factors affecting
drying and the characteristics of the dried foam., A wide range of textures

were possible by controlling:-

1, Foam density of the 4L5% milk concentrate prior to drying.
2, Vacuum at which the wafer is dried,

3. Tray loading,

C. Commercial Aspects of the Wafer

As in the case of the caresmelized dairy spread (SECTION IV), there is
a host of possibilities for improving the flavour of such a product. The wide
range of textures which may be developed by controlling the method of drying,
together with the large choice of wafer flavours, make the development of a
commercial product very flexible, That is, the wafer texture and flavour
may, to a large degree, be 'tailor-made' to comply with specific market spec-
ifications.

A full cream wafer may be made by vacuum drying under carefully controlled
conditions, While some full cream wafers were made, the details of the variables
affecting their production were not studied.

In the absence of storage trials, it is suggested that these wafers could
be packed in the same way as baked bisocults. A packaging material which is

impermeable to moisture vapour would be a necessity.



SECTION VI

STUDIES ON THE DEVELOPMENT

A CONCENTRATED CARAMEL FLAVOUR BASE
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I. INTRODUCTION

As the milk caramel flavour is very palatable, another form in which it
could be marketed is a concentrated liquid or flavoured powder. In such a
form the concentrate could readily be dissolved or diluted for use as a flavour=
ing agent in drinks, desserts, confections and biscuits.

Many common flavours are marketed in the liquid concentrate or powdered
form; e.g., vanilla, malt, strawberry, etc. It is possible that the distinctive,
desirable flavour of milk caramel in a concentrated, readily dilutable form,
could find a market along with these types of products, Also, a caramel powder
could be added to water to give a beverage of 20% solids, Such a product could
form part of light-weight rations of high energy food for use by trampers,
campers, and the armed services, With these thoughts in mind, the possibility

of producing either a liquid concentrate or caramel flavoured powder was investigated.

II, LIQUID CONCENTRATE

The development of a suitable caramel base for flavouring milk was
developed during World War II by Webb and Huffnagel (109). They found that the
best caramel flavour was developed when a milk and sugar mixture was concentrated
by boiling in an open kettle by methods similar to those used by caramel manu-
facturers, The formula for the base finally developed by them is given in
Table XXV, Factors affecting the formulation of this caramel concentrate are
discussed in the literature (109).

Initially, the carsmel base was developed to flavour sterilized milks

(109). A 1:6 dilution of caramel base with milk yielded a caramel milk which
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possessed an attractive flavour when served either hot or cold. While the

caramel flavour is most suited to milk products, there is undoubtedly use for
such a caremel concentrate in the flavouring of other types of foods, As a
suitable caramel concentrate had already been developed, further work was not
pursued in this area of study except for the observation that sweetened con-
densed milk heated for 3 hours at 100°C yielded a very soluble, attractively
flavoured, milk caramel concentrate, The caramel flavour was intensified,
(without any ooccurrence of bitterness) by heating to 100°C for 6 hours, Suffice

to say here that a liquid caramel concentrate is a practical possibility with a
potential market,

TABLE XXV

FORMULA FOR CARAMEL FLAVOUR BASE

Ingredients Weight of Weights of Components

Ingredient Fat SNF T.S.

1lbs. 1bs, 1bs, 1bs.

Cream (30% fat) 33,3 10 2.1 12,1
Condensed skim milk (30% solids) 15.0 - 4.5 k.5
Corn syrup 45,0 - - 36,0
Sucrose 14,3 - - 1.3
Salt 007 - ot 007
TOTAL 108.3 10 6.6 67.6

Heat the complete mixture with stirring to 160°C, and homogenize at 2,500 lbs.
pressure, Cook in a cendy kettle with double action stirrer to 238°F, cool
slightly and add 8% lbs, of water and vanilla flavouring to suit the taste.
Stir well and pour into a suitable receiver., Approximately 84 pounds of base
containing 20% water will be recovered.
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III. POWDERED CARAMEL FLAVQUR

A readily soluble powder has several economic and practical advantages
when compared with a liquid concentrate. The principal advantages are:-
1. Ease of reconstitution and dilution.
2. While cost of production may be higher, packaging and
storage is cheaper due to the greater concentration of solids.
3+ Cheaper and easier transport by the user; e.g., troops,
hikers.

Hence, the development of a milk caramel flavour in a suitable powdered form
is en important market possibility. With this aim in mind, two methods of
obtaining a caramel powder were explored:-

1+ Heating of dry milk powder.

2, Heating of milk concentrate, followed by vacuum drying.

A, Heati of Milk er

Wright (112) has clearly shown that at 13 - 14% moisture where brown-
ing is 2 maximum, only 0.5 seconds heating at 100°C is required to induce 50%
insolubility of the milk solids. Even at 50°C, where the browning is extremely
slow, only one hour is required for 70% insolubility to ocour. Wright (112)
presents evidence which indicates that this insolubility induced by liquid or
moist heating is due to denaturation of the milk proteins, and particularly of
casein. There is every reason to believe that the production of an insoluble
form of protein during the process of milk drying is identical in natére to the
ordinary heat coagulation of a protein, such as cccurs, for instance, in the
manufacture of evaporated milk., It is unlikely that browning has a great in-
fluence on this denaturation process which is almost complete in 87% milk solids

after 1 hour heating at 50°%C - a heat treatment during which little browning
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would have taken place.

It is obvious from the above discussion of the literature that any
heating of milk powder, reconstituted or dry, will result in denaturation and
insolubility long before there is appreciable "caramelization". This conclusion
is supported by the many futile attempts of producing a soluble "carasmelized"
milk powder. Both whole milk powder and skim milk powder at a range of moisture
contents, with or without the protecting influence of sucrose on protein
solubility, were heat "caramelized". But in every case where appreciable
"caramelization" occurred the milk protein became completely insoluble.

After a consideration of such experimental results and the available literature,

any further attempt at producing a caramel powder by heating dry milk powder
appeared to be futile.

B. Heating of Milk Concentrate Followed by Vacuum Drying

During previous studies on sweetened condensed milk it was observed
that even after 6 hours heating at 100°C or 1 hour at 120°C the resultant
caramelized sweetened condensed milk had a solubility index as low as 0.7 = 0.8
ml. The excellent solubility of this caramel concentrate hints that if the
soluble concentrate was dried under mild conditions the desired soluble dairy
caramel powder would result.

"Vacuum=-puff* drying at TOOC and a pressure of 4 mm. of Hg. was selected
as a mild method of drying. To obtain a range of dairy caramel concentrates for
drying, samples of sweetened condensed milk were heated for 1 hour at 100°C and
6 hours at 100°C. The concentrates were then vacuum dried and the solubility
index of the powders determined by the method described in AFPENDIX II. Results

are recorded in Table XXVI vhich shows that both the low heat (1 hour/100°C) end
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high heat (6 hours/100°C) samples showed no inorease in solubility index (i.e.,
decreased solubility) during drying.

TABLE XXVI

EFFECT OF DRYING ON THE SOLUBILITY OF
DAIRY CARAMEL CONCENTRATE

Heat Treatment Solubility Index

of Caramel Before Drying Af'ter Drying
1 hour at 100°C 0.1 = 0.3 0.2 = 0.3
6 hours at 100°C 0.7 - 0.8 0.7 - 0.8

Purthermore, the crushed caramel powder readily dissolved in water to
give a pleasant tasting caramel drink, Because of its excellent solubility,

the powder would also be suitable for use as a general flavour concentrate,

NOTE: Both the liquid concentrate and the caramel powder
studied and discussed in this section, are, of
necessity, full cream milk products. The milk fat
is an integral part of these caramel flavours.
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The studies described in this thesis are very broad in scope and touch
on several fields of investigation. As a consequence of this scope, it clearly
was not possible to study every phase of the work in great depth or detail.
Arising from these studies on promoted "caramelization" and texture development
in milk solids, were several questions which required further study. It is the
purpose of this section to outline some of the limitations of the present work,
and to suggest fields of further study which would contribute in a practiocal
way towards food technology generally, and specifically make the knowledge of

milk more complete.

I. BASIC STUDIES OF FROMOTED BROWNING IN MILK SOLIDS

1. It is true that both the development of brown colour and caramelized flavour
are closely associated reactions of the non-enzymic browning reection in
milk. In general, it is indicated that the degree of caramelized flavour
is correlated positively with the degree of browmning and related changes
(83). This is easily verified subjectively by the observation that as the
brom colour of sweetened condensed milk becomes darker, so does the inten-
sity of the dairy caramel flavour increase. The question arises, however,
as to how closely colour (as measured by reflectance) and flavour are
correlated. This could best be determined by carefully controlled taste
panel correlations of caramel flavour intensity with the objective measure-

ment of colour (reflectance).

2., Patton (55,83) has proposed a tentative definition of caramelized flavour
by listing four components (Refer to page 14). It is known that casein is
directly involved and is essential to flavour development. Patton (84)

has discussed the possibility of several aromatic campounds being an
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integral part of the caramel flavour in whole milk., However, it is still
not known what components are responsible for the integrated caramel fla-
vour response known as milk caramel flavour. The paucity of information
in this field still leaves the following questions unanswered:-

a) What compounds are responsible for caramel flavour? - could
they be blended artificially to give a synthetic dairy caramel
flavour?

b) ®hat are the bitter compounds formed in advanced browning? Are
these bitter compounds associated with the bitter by-products of
glucose-casein "caramelization"? Could caramel flavour be

intensified without the formation of bitterness?

The study of the effect of moisture concentration on the rate of browning
in sweetened condensed milk (SECTION III, Part II, page 49) has injected
new ideas into the concept of the browning model at low moisture contents.
The theoretical discussion on pages 55 = 57 concluded that in "liquig"
systems browning was favoured by a minimum, or complete absence, of water
provided that the lactose (or reducing suger) was soluble and available
to react. While it is possible that the model proposed by Lea and Hannan
(66,67) could well apply to the reaction between proteins and reducing
sugars in the "dry" state, evidence suggests that a different model is
applicable to the "liquid" system. There still remains the question:=-

Is the role of moisture in the dry systems of Lea (66,67)

one of adsorption and attraction between protein mole-

ocules or does water function merely as a solvent for

lactose?
Present evidence suggests the latter to be the case = browning being fav-

oured by a complete absence of water so long as lactose is dissolved in a
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suitable solvent which makes it available to react, More study of
model "liquid" and "dry" protein-reducing sugar systems is needed to

determine which view is more likely to be correct,

4, 'The present study of the effect of glucose and sucrose on the rate of
solubility decrease during browning in sweetened condensed milk (SECTION III,
Part IV - B, page 69) has added little to the observations of Lea and
Hannan (63) on the reaction between milk protein and reducing sugar (glu-
cose) in the "dry" state., They (63) observed that the combining of the
Potential aldehyde group of reducing sugars with the free amino-groups
tends to destabilize the protein and produce insolubility. The mechenism
of producing insolubility is far from completely understood. Glucose
shows a definitely harmful effect on solubility while disaccharides (e.g.,
suorose) when present in relatively high concentrations, show a retarding
effeot on insolubility whether aldose or not, Similar effects of the
same sugars occur in dried egg systems,

A further study of the mechanism of sucrose protection from insolubility,
would undoubtedly elucidate much of the mechanism of denaturation., While
the protecting effect of sucrose on protein insolubility is of real tech-
nologicel importance, a study of the protein chemistry involved is beyond
the scope of the present study.

II. QUESTIONS ARISING OUT OF THE STUDIES ON THE DEVELOPMENT
OF A CARAMELIZED DAIRY SPREAD

1. Vhile a good deal is known about the mechanism snd factors responsible for
the flavour of caramelized sweetened condensed milk, knowledge of the gel

texture (formed during heating of sweetened condensed milk) is very meagre.
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A comparison of the heat penetration studies with existing knowledge on
the heat reactions of milk proteins suggests that the gel texture is a
result of an interaction between & -casein and &-lactoglobulin. While
it is quite likely that the complex formed by this interaction could
form a three-dimensional gel network, the present evidence is purely
circumstantial.

Further study is needed to determind if 4 -casein and /#/-lactoglobulin,
are, in fact, the proteins responsible for the gel network. Also, the
role of sugar, moisture, fat, and ions in the formation of the gel is
unknown. There is a paucity of reported work on this gel formation and
its study would be a significant contribution towards making the know-

ledge of milk and its behaviour more complete.

2, Possible cammercial production techniques of producing the caramelized
spread have been discussed in SECTION IV, Part IV, page 102. This dis=-
cussion has been based completely on laboratory-scale trials and a know-
ledge of the commercial handling of similar food products. Pilot plant
trials would be required to determine the relative advantages of the
possible production techniques before such a product could be manufactured
camnercially., While the broad types of equipment have been described and

suggested, the details of handling, filling, etc., remain to be determined.

3. The range of possible cammercial product types has been suggested (SECTIQN
IV, Part IV - C, page 111) and the recommended control of product and
process variables to yield an optimum deiry caramel flavour has been
summarized in Table XV, page 122, These recammendations are based purely
on the subjective assessment of flavour and texture by the experimentor,

and it is obvious that consumer preferences will vary from that of the
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experimentor, Hence, a consumer survey or market needs and preferences
would be an essential step in the final stages: of developing a product

for a given market,

4, Storage trials of sweetened condensed milk "caramelized" in the can
(SECTION IV, Part V, pege 112) indicated that the most serious change
occurring during storage was the formation of meoroscopic orystals. The
normal methods of inhibiting the formation of these large crystals proved
unsuccessful or impracticable (Refer to Part V - D, page 120). One poss=
ibility would appear to be the removal of most of the lactose from the
sweetened condensed milk prior to "caramelization" in the can., It is
suggested that this could be done by promoting the formation of large
lactose orystals in sweetened condensed milk and then removing them by
centrifugal soreening, Studies on the feasability of such a technique

may supply the answer to this important practical problem,

III, QUESTIONS ARISING OUT OF STUDIES ON THE DEVELOPMENT
OF A POROUS WAFER FROM MIIK SOLIDS

1. Foam Formation and Drying

The specification of product variables to obtain an optimum foam has been
very empirical, VWhile El-Rafey (34,35) has made a detailed study of factors
affecting foaming in milk, there is a paucity of information on foaming in
concentrated milk systems, The present study (SECTION V, Part III - B, page
132) has defined the qualitative effects of seversl variables on the foam
stability and density of concentrated milk powder solutions, However, much
work remains to be done in determining the quantitative effects of these
variables on the surface active proteins of concentrated milk systems. The

present study has concentrated on studying "made-up" concentrated solutions
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from a supply of milk powder having uniform quality, but indications are

that concentrated fresh milk may behave in quite a different manner.

The present study has been restricted to the study of factors
affecting the porous wafer structure formed by drying foems of "made-up"
concentrated skim milk powder. A few experiments with concentrated fresh
milk indicated that porous wafers formed from it had different textural
and mouthfeel characteristics. Thig is most probably due to the solu=-
bility of such a wafer - wafers formed from "made-up" concentrated skim
milk powder solutions are quite insoluble. Obviously much work remains
to be done on the relative advantages of using "made-up" milk powder

solutions or concentrated fresh milk.

SECTION V, Part IV, page 161, has described the possibility of
developing a wide range of flavours and textures which should be capable
of slight modification to comply with a given market specification. The
present study in this field has been limited and a greater study of the

effect of additives on bubble and pore formation is required.

A brief study of vacuum drying of sweetened condensed milk indi-
cated that full cream milk concentrates could be successfully vacuum
dried to a porous wafer. Hence, it is quite possible to develop a whole
range of porous wafers having a range of desirable fat contents - depend-
ing on consumer preferences. To achieve this a further study would have
to be undertaken to determine the manipulation of process variables to

achieve the desired texture.

The possibility of achieving a wide range of wafer textures and
flavours has been outlined. From this range, a product may be selected
to meet specific market requirements. The purpose of this study was to
develop and demonstrate the range possible, and chly a consumer survey

could answer the question as to which wafer was the most desirable.
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I, DETERMINATION OF 5-HYDROXYMETHYLFURFURAL (HMF) BY SPECTROPHOTOMETRIC
MEASUREMENT OF THE 2-THIOBARBITURIC ACID (TBA) REACTION PRODUCT

Notes:-

This method was originally developed by Keeney and Basette (60) and
has been successfully used by Richards (93) for his quantitative study on
bromning in "dry" skim milk and lactose-casein systems. The method was found
to be directly applicable as a chemical measurement of the rate of browning
in sweetened condensed milk. The standard method used in the present study
is basically the Keeney and Basette method (60), except for a few minor
modifications in the method of obtaining the TBA extract.

Method:-

1. 20 gm. of caramelized sweetened condensed milk was dissolved in
180 ml. of water by beating for 2 mins. at top speed in a Ken=-
wood Chefette.

2. The resultant solution was centrifuged at 2000 RFM in a centrifuge
of 194 "head diameter" (distance between inside bottoms of
opposite cups measured through the centre of rotation of the
centrifuge, while the cups are horizontelly extended). The
supernatant was then decanted and filtered through Whatman No.1
filter paper.

3, 10 ml. of filtrate was pipetted into a 50 ml. test tube.

4o 10 ml. of 4O% trichlorocacetic acid solution (40 gm. TCA diluted
to 100 ml, with water) was added to the filtrate from a burette.

5. The contents of the tube were mixed well and filtered through
Whatmen No.42 filter paper.

6. 4.0 ml. of filtrate was pipetted into a test tube and 1.0 ml. of
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0.05 N TBA added. (0.72 gm. 2-thiobarbituric acid in 100 ml., solu-
tion prepared by warming slightly and cooling to 25°C before use.)
7+ The tube was then placed in a hOOC water bath for 30 = 40 minutes.
8. The tube was then removed from the bath and rapidly cooled to room
temperature (20°C) before measuring the absorbance at 453 milli-
microns,
(The absorption spectrum of the TBA derivative of sweetened cone
densed milk, obtained by the above method, is shown in Figure 41.
The peak absorbance is at 453 millimicrons.)
9. The optical density of the solution was measured against a blank
Prepared in the same way as the sample except that 10 ml. of water

is substituted for the 10 ml. of milk extract in step (3).

II. DE ON OF SOLUBILITY INDEX

Notes:=

This is an adaptation of the method outlined by the American Dry Milk
Institute, Inc. Bulletin 916. (5).

Progedure:-

1. To 200 ml. of water at 60 - 70°F add a sample conteining 20 gm. of
skim milk solids; i.e., a sample of 13 gm. for full cream milk pow-
der. For sweetened condensed milk, a sample of 60 gm. was used.

2, Add 3 drops of en antifoeam (optional)

3, Disperse the mixture in a Kenwood Chefette at speed 1 for exactly
90 seconds.

4o Allow the sample to stand for & period not to exceed 15 minutes.

Mix the sample thoroughly and fill a comical graduated centri-
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fuge to the 50 ml, mark with liquid.

5« Centrifuge the tube for 10 minutes at 1000 REM in a centrifuge of
"head diameter" 19% inches.

(Te "head dismeter" is the distance between the inside bottoms
of opposite cups measured through the centre of rotation of the
centrifuge while the cups are horizontally extended.)

6. Immediately siphon off the supernatant liquid to within 5 ml. of
the surface of the sediment level, using care not to disturb the
sediment layer.

7. Add about 25 ml, distilled weter at 60 - 70°F and shake the tube
gently to disperse the sediment, dislodging it if necessary with
a wire.

8. Fill the tube to the 50 ml. mark with distilled water at 60 - 70°F.

9. Again centrifuge at 1000 REM for 10 minutes.

10, Hold the tube in a vertical position with the upper level of the
sediment on a level with the eye and report the millilitres of
sediment in the tube to the nearest graduated scale division.

The sediment is easily distinguished when the tube is held between

the eye and a strong source of light.

III. MEASUREMENT OF FOAM CHARACTERISTICS

The two basic parameters of a foam are its volume, or foam density, and
its stability. Simple techniques of measuring these two parameters are described
below.

A, Foam Densgity
Foam density wes measured simply by pouring 100 ml. of foam into an
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FIGURE 42. Demonstration of the difference between an unstable foam
(A, B, and C with 65, 54, and 52 mls. of liquid separated)
and a stable foam (D, with only 10 mls. of liquid separated).
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100 ml, measuring cylinder and determining the weight of this volume of foam.

Foam density is hence expressed as gm./ml. of foam, or gm./ml.

B, Foam Stability

Several methods have been described for measuring foeam stability,
some of which depend on the measurement of half-volume time, rate of collapse,
and rate of drainage to the bottom (3). In the present work a simple measure
of drainage of liquid to the bottom of the foam was found to correlate well
with the stability of the foam to oven and vacuum drying.

The method simply consists of allowing 100 ml. of foam (from foem density
measurement) to stand at room temperature for 3 hours in an 100 ml. measuring
cylinder. After 3 hours, the volume of liquid separated at the bottom of the
foam was recorded as mls. of liquid separated.

Figure 42 demonstrates the simplicity of this measurement. Samples
A, B, and C are unstable foams of 25 - 40% milk solids solutions. The instab~
ility of these foams is evident by the high drainage of 54 = 65 mls. of
separated liquid, and the collapse of the upper foam layers. Collapse and
drainage is complete in these samples after 6 hours.

Sample C is a 50% milk solids solution showing very little collapse or

drainage. Hence, it is obvious that this is a very stable foam.

Note:=

The greater the mls. of liquid separated in 3 hours, the less is the

foam stability, and vice versa.



IV, MEASUREMENT OF WAFER (DRIED FOAM) DENSITY

The density of the dried foam was simply measured by taking a known
weight of foam and measuring its volume by volume displacement of rape seed.

The density is then expressed as gm./ml.

V. TOLUENE DISTILLATION DETERMINATION OF MOISTURE CONTENT

This was determined by the standard method described by the American

Dry Milk Institute, Inc., 1954. Standard Methods of Analysis. Bull. No.911,

page 18.
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