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anogsis

The experiments described in the thesis were
mainly concerned with the nature and the pre#entien of
deterioration In spray-dried, whole and separated milk
Part I describes the analytical methods and techniques
used, Part II deals with the work on whole-milk powder
and Part III with the work on separated-milk powder,
Part IV describes an investigatlion to determine the
valldity of the methods which have been proposed to
measure the solubility of milk powders.

Part I Methods

(a) In thils section a brief description
is given of the methods used in the
routine analysis of powders, i.e.
measurement of moisture, 'crude!

protein, fat, lactose and ash,

(v) In the second section, the various
physical and chemlcal methods used
to measure deterioration and eother
miscellaneous analytical methods

are described,

Part II The effect of a hlgh pre-heating

temperature with and without ethyl

gallate on the storage life of whole-

milk powder spray-dried on 8 Gray-

Jensen drier
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Two methods of Improving the keeping quality
of whole-mllk powder prepared on & Gray-Jensen spray-
drying plent bhave been teéted separately and together,
These methods are pre-heating the liquid milk to a
high temperature (1909?. asvcompared with 160°F.) and
the addition of an antioxidant (ethyl gallate) to the
milk just before drying. . -

Some 500 gallons of milk were dried, samples
ef the various powders packed in small cans (plain
and lacquered) and then stored in incubators at 47 and
37%. and also‘at laborafory temperature (c.17%.).
Deterioration of the stored powders was measured by
examinatioh at intervals for palatability, absorption
of oxygen and production of carbon dloxide, and
apparent peroxide value,

It was found that the use of a high pre-
heating temperature or the addition of ethyl gallate
‘made the storage-life of the powders three times as
long as it was when these modifications were not
introduced., The use of both methods together
extended the storage~life by about seven times that
of the control powder at the same storage temperature,
Lacquered cans improved storage-life by about 10%
compared with plain tinplate cans. The resultsA
showed that the use of a high pre-heating temperature
Plus ethyl gallate would be a valusble alternative to
gas-packing for moderately long storage periods.




Part III The deterioration on storage of

spray-dried separated milk with

special reference to the influence

of moisture content

This work was initlated by reports that when
a spray-dried whole-milk powder containing excessive
moisture was stored, the ensulng deterieration
involved protein (in addition to fat) and that when a
separated-milk powder had been stored for some time
under conditions which did not exclude molsture, the
blological value of 1ts proteins had decreased.

To investigate these deteriorative changes,
900 gallons of separated milk were spray-dried and
three powders obtailned, of low (2.9%), medium (4.7%)
and high (7.3%) moisture content. ‘The powders were
étored,in air:and also in nitrogen at 37, 28.5 amd
20°c. and examined at intervals for palatebility,
colour, pH, absarption of oxygen, production of carbon
dloxide, solubility in water at 20 and 50°C. and
molsture content., A study was also made of the
rélative amounts of &= and £ - lactose present, the
distribution of soluble 'nitrogen!, the bacterial
count and the composition of insoluble sediment,

After storage for more than thres years, very
1ittle change had occurred in the powders with 2.9
and 4.7% moisture except for a decrease in palatability
and somé absorption of oxygen and production of carbon

dioxide. On the other hand, the thigh moisture!




powder (7.3%) deteriorated very rapidly at 37°C. and
more slewly‘at 28.5 and 20°C.; palatabllity decreased
markedly, a brown dlscoloration devdoped, a decrease 1#
the solubllity of the protein and ether important
changes took place., Evidence was obtained which
showed that a reaction had occurred between protein andg
lactose, énd it was found by other collaborators that
this reduced the blological value of the milk protein
by rendering its lysine less avallable, However, the
powder became unpalatable long before its mutritive
value decreased.

It was concluded that a moisture content of
4% 1s a safe maximum for spray-dried separated milk
dﬁring storage at normal temperatures but that the
value should bé kept as low as possible particularly if]
the powder 1s to be stored at high temperatures or in
the tropics.

. Part IV. The solubllity of milk powders

To determine the sources of error in the
methods which have been ﬁroposed to measure the
solubility of milk powders, six whole-mllk powders,
twoe roller-dried and four spray-dried by different
processes, were reconstituted at 20 and 5o°c. and
contrifuged. The distribution of the milk constituents
ih the three layers, top or fat, middle or liquld and
bottom or sediment was then determined., It was feund
that the more insoluble a powder, the greater was the




amount of insoluble protein in the top (fat) layer
and the greater the amount of fat in the sediment.
The sediments were examined in greater detail by
preparing a large bulk of them in a Sharples super-
centrifuge. The washed and dried sediments consisted
mainly of insoluble protein which appeared to be in
the form of the calcium caseinate~ tricalcium
phosphate complex known to exist in ligquid milk. The
solubility methods were criticized in the light of
these findings.




General Introduction

Types of milk powder

Milk is dried by two main processes, spray-

drying and roller-drying. In spray-drying, the milk 1ﬂ
condensed and projected as minute globules (formed

either by pressure-spray or centrifugal‘sﬁray) into a |
blast of hot air, In roller-drying, milk is dried as |
a thin film on the surfaces of heated rollers, Spray:
process powder of good quality 1s very soluble even in
cold water and although it may have a slightly !'cooked!
flavour, clesely resembles liquid milk when reconstitutied
with wéter. Roller=dried powder 1is subject t o more

intense heat during the drying process with the rqsult
that while it is fairly soluble in hot water, it has a
poor sSolubility in cold and has a pronounced 'cooked!

flaveur.

Nutritive wvalue

Much research has been done in the past two
decades to improve the methods of dehydration so that
the nutritive value of the dried product approaches as
nearly as possilble to that of the fresh milk from which
it was produced, and in experiménts publishﬁd a few
years ago by Henry, Houston, Kon & Osborne (1939) it
was shown that when milk 1s dried by modern spray-drying
methods, the only s ignificant decrease in the mtritive
value of the fresh powder is a decrease in the content

of ascorbic acid. The partial destruction of this




Table 1. Average analytical figures for the composition
and food value of dried whole and separated milk™

Dried whole Dried separated
milk milk
Moisture (%) 2.3 3.0
Protein (%) 26 .5 3649
Fat (%) 26.7 0.9
lactose (%) 38.5 51.0
Ash (%) 6.0 8.2
Calcium (%) 0.97 1.31
Phosphorus- (%) 0.75 1.02
Vitamin & (I.U./100g.) 1092. 36.
Riboflavin (mg./100g.) 1.5 2.0
Thiamine ~ (mg./100g.) 0.3 0.4
. Niascin (mg./100g.) 0.7 0.9
Pantothenic |
acid (mg./100g.) 2.9 3.3
Pyridoxin (mg./100g.) 0.3 0.4
Blotin (mg./100g.) 0.04 0.04
Choline (mg./100g.) 8s. - 110,
Energy (kg.cal./100g.) 499. 360,

* Data taken from Production Trends, Dry Milk and

Related Products, Bull.no.1147, p.l4 (Nov., 1947).

Chlcago: Amer.Dry Milk Inst., Inc.
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contalns but little vitamin C and is not regarded as an
important source of this vitamin. The high nutritive
value of dried milk 1s characteristic not only of whole
milk powder but also of the separated product which 1is
rich in proteln and minerals. Typical figures for t he
more Iimportant constituents of drled whole and sepa;'ate
milk are shown in Table 1. Only typical approximate
figures can be given because the analysis varies slight
according to the composition of the liquid milk from
which the powder 1s made.

Keeping quality

Although some years ago spray-dried zﬁilk was
shov}n to be highly nutritious when freshly made, it had
the disadvantage that it dld not keep long in good
condition. Sometimes spray-dried whole-milk powder
became unpalatable after only about 3 months, and
ebviocusly it was Important that powder made from milk
|in the early summer when milk was plentiful should keep
at least throughout the following winter when milk woull
be scarce, The preventlion of the deterioration of
whole- and separated-milk powders presents two different
problems and they will be discussed separately.

(2) Whole-milk powder

The most important defect likely to eccur in a

tallowy flavour. It is caused by the presence of

vitamin is, however, no dlsadvantage since liquid milk

whole-milk powder 1s a most objectiocnable and nauseating

1y

A\LJ




;pero:cides and thej.r decomposition products (such as
hydroxy~-aldehydes, aldehydes and ketones) which are
formed by the oxidation of the unsaturated fatty acid
components of the milk triglycerides,

Since 1939, much research has been devoted to
finding methods of preventing or inhibiting this
oxidaticn of milk fat in spray-dried powders. For
example, 1ln 1943, Lea, Moran & Smith published the
result of an extensive series of experiments which they
made to determine to what extent the storage life of
dried mllk could be extended by packing the product in
nitrogen instead of alr, The results showed that by
reducing the amount of oxygen in the atmosphere of a
can of dried milk to below 3%, spray-dried whole-milk
powders would keep in goqd cordltion for several years
at ordinary temperatures. As a result of this work
much of the powder produced during the recent war for
the use of forc;es overseas was gas~-packed in large 21
b, cans. Gas=packing, however, has the disadvantage
that special equipment and really gas-tight cans are
required and on & large factory scale it is difficult |
to ensure that the process is dome with 100% efficiency
Moreover, relatively slight damage to a gas=-packed can
in transit or during storage may cause & small leak
which admits air and renders the gas~packing useless.
Other methods of prolonging the storage-life of dried
milk have therefore been sought.

Compressing the milk powder into blocks was
investigated at the Hannah Institute some years ago.




By greatly reducing the amount of oxygen Iin contact with
the powder this process lengthened its storage life,
but it could not be adopted in practice because the
blocks of powder had to be so hard that they required
speclal machinery to reduce them to a powder again.
At the time when these matters were being
considered it was known that the fat 1n roller-dried
powder did not oxidize so readily as that in spray-dried
powder, and it was belleved that this might be due to traces
of sulphydryl compounds formed from the milk protein
as a result of the more intense heat treatment which the
milk received in the roller-drying process., Two large
scale collaborative investigations (Mattick, Hiscox,
Crossley, Lea, Findlay, Smith, Thompson, Kon & Edgell,
1945; Findlay, Higginbottom, Smith & Iea, 1946 ) were
therefore done to determine the effect of raising the
tempersture at which the llquild milk was heated before
it was dried, on the keepling quality of the resulting
powder. It was found that by using a pre-heating
temperapure of 190°F. instead of the more usual 160°F. !
the storage life of the powder mede on two different
types of spray-drier could be greatly extended. The
two types of spray-drier used were the Kestner and the
Krause (Scott, 1932) both of which meke the spray by

centrifugal force.

Another method by which the oxidastion of fat
in dried milk might be retarded was by the addition of
suitsble chemicals with antioxidant properties to the
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milk before 1t was dried. When & number of possible
antioxidants were tested by Findlay, Smith & Lea (1945
it was found that ethyl gallate was the most effective
It was therefore decided to investigate further the

I

value of a high pre-heating temperature with and without

the addition of ethyl gallate to milk when dried by th

©

Gray=-Jensen process in which the spray is made by forcing

the milk through a small aperture under high pressure.
This 1s the method by which spray-dried powder is
manufactured in Scotland. A description of the work
is given in Part II of thls thesis.

(b) Separated-milk powder

Since the amount of fat present in separated-
milk powder is so low (see Table 1), it 1s unlikely
that oxldation of fat will be an important form of
deterioration when this type of powder is stored, ahd
certainly 1t has been found that the unpalatable
flavours which develop in dried sepérated-milk cannot
usually be described as tallowy but are of a type whicl
can more accurstely be called gluey or !cardboardy!.
It was found several years ago (Henry & Kom, 1945;
Henry, Kon & Rowland, 1946 ) that on storing dried
separated milk for some years its nutritive value
decreased significantly, and it has since been found
in an extensive investigation that the development of
the'gluey-cardboardf flavours and the decrease in

nutritive value are assoclated with the moisture content

=
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of the powders, high moisture contents accelerating
these types of deﬁerioration. ’ The present writerts
part in the experiments done to investigate this

problem in detail is described in Part III of this thesis.

Fhysical differences between the particles of reller-

and spray-dried whole-milk powders

It has already been mentioned that the more
severe heagt treatment given the milk during the roller-
drying process reduces the solublility of the protein
but at the ssme time, probebly through the influence of
liberated sulphydryl compounds, confers resistance to
oxldation on the fat. Another important factor when
considering the relative keeping properties of roller
and spray powders is the difference in the physical
structure of the particles of the two types of dried milk.

The partlcles of roller-dried whole-milk powders
are irregular platelets whose slze depends on the degree
of disintegration given the sheet of dry milk which
leaves the rollers, Microscopical examimation reveals
that the particles have a wavy or 'ridge anmd valley!
appearance with the fat present in fairly large fragments
and much of the lactose crystalline. In contrast, the
particles of spray powders consist of minute spheres
usually with a core of trapped air. The fat is very
finely subdivided and scattered uniformly throughout the
mass of each particle and the lactose is in a wholly

amorphous 'glass! form.

The finbly divided fat of spray powders is
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thus subject to oxidation both from the outside and th‘
inside of the particles. Moreover, during spray-
drying, the temperature of the milk globules or the dr
particles probably never exceeds about 30°C. so that the
extent of liberation of sulphydryl compounds will be 1435
than In roller-drying and will depend wholly on the pre-
heating of the 1liquid milk, Although the fat of roller
powders 1s more resistant to oxidstien, there 1s
evidence (Washburn, 1922; King, 1948) thg; the protective
protein membrane normally surrounding esach fat globule
in liquid milk is disrupted during the roller-drying
process but only to a slight extent during spray-drying.
The influence eof this factor on the keeping quality of
the fat is not known but that it does influence the
appearance and behaviour of the constituents of
reconstituted milk, especially when centrifuged te
sediment insoluble material in solubility determinations,
is shown in Part IV of the thesls,




PART I

Methods
A. Analysis of the Milk Powders

In thils section, the methods used to measure
the amount of molsture, 'crude' protein, fat, lactose and
ash in the milk powders are described briefly.

Before proceeding with an analysis, the sampl?
of powder was mixed thoroughly but with minimum
exposure to the atmosphere,

(1) Moisture

The method was to weigh a small amount of powder inte
a metal dish and heat the powder In an oven at 100°C.
The details.are as follows:~

Dishes. Two types of dish were used:
aluminium, 6 em, in diameter and 1.5 cm.
in depth, and stainless steel, 6.5 cm. in
- dlameter and 2.5 cm. In depth. The dishes
had close fitting but easily removable lids,

Procedure. The uncovered dish and 1id were
placed in an electrically heated ove

meintained at a temperature of 100° 3 1°c.
- for 1 hr. The 1id was replaced, the dish

removed from the oven, allowed to cool for
30 min, in & desiccator containing Po0s

and weighed, Approximately 1 g. of the
powder was transferred to the dish, the 1lid
replaced and the dish weighed rapidly. The
uncovered dish and 1id were replaced in the
oven for 3 hr. The dish was then covered
and allowed to cool in the desiccator as
before, Finally, the dish was welghed
rapidly and the loss in welight expressed as
grams of moisture per 100 g. of the original
powder,

This method is very similar to that recommended in the
;Report of the Milk Products Sub-Committee of the Society
of Public Analysts (1936), It requires no specilal -
apparatus and readlly gives réproducible results, Two
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other methods of determining the moisture content of
milk powder have been described, the vacuum-oven methoh
(Methods of Analysis of the Associlatlion of 0fficilal
Agricultural Chemists, 1945) and the direct determinatfion
of water by distillation with toluene (Grading of Dry
Whole Milk, 1947). The latter method especially has
been thoroughly Investlgated 1n Great Britain and the
U3 .A. but both procedures reéutre speclal apparatus
and have no real advantage over the simpler method
described above.

(2) tcrude! protein

The usual KJeldahl procedure was gdopted to
obtain the content of total nitrogen in thq powders,
The amount of 'crude! protein was then obtained by
multiplying the nitrogen value by 6.38, the factor
generally accepted for milk products. The catalyst
used for the Kjeldahl process consisted of Ko804(40
parts), CuS0,.5H;0 (5 parts) amd selenium powder (1 part)
ground together In a mortar, It was used at the rate
of 46 g. per 100 ml. of conc. HgS04. The digestions
were conbtinued for 2 hr. after the cantents of the
Kjeldahl flasks had become 'clear!. This was found to
be sufficlient for dried milk; - the 8 hr, digestion
period recommended by Chibnall, Rees & Willlams (1943)
is only necessary for pure proteins. For the titrations,
a modification of de Wesselow!s mixed indlcator (gole,
1933) technicue was used. It consisted of adding 3
drops of a saturated solution of methyl red in 95~96%
(v/v) ethanol and 1 drop of a 1% solution of methylene




LCOrrection for the volume of precipitatq

blue in 95-96% (v/v) ethanol.
(3) Fat

The method for estimating fat was that
recommended in the Report of the Milk Products Sub- .
Committee of the Society of Public Analysts (1936).
This procedure incorporates the advantages of the RbBse-
Gottlieb and Werner-Schmid methods. In principle, it
consists of digesting the dried milk with.hydrp#hlorio
acid and extracting the fat with ether and light
petroleum in special apparatus gnd under strictly.
specified conditions.
(¢4) lectose

a po1arimstric method was used because this isg
probaebly the quickest and most accurate method of
estimating lactose in milk products, The only draw=-
back is that a correction has to be applied for the
volume of the precipitated protein and fat., Vieth's
method (Richmond, Elsdon & Walker, 1942) of estimating

lactose in liquid milk was used with slight medifications.

Reagent., 5 ml. of mércury were dissolved
§n 96 ml. of conc.nitric acid and diluted
with an equal volume of water,

Procedure. 9 g. of separated-or 12.5 g. of

~ whole-milk powder were weighed into a
100 ml., volumetric flask (with the
graduation mark low in the neck) and ghe
powder dissolved in warm water (30-40°C.).
After being cooled, the solution was made
up to 100 ml. Then 3 ml, of acid mercurie
nitrate solution were added and the flask
sheaken vigorously. Thereafter, the method
was the same as for liquid milk and merely
involved filtering the contents of the
flask and finding the rotation of the clear
filtrate in a polarimeter,

(a) Protein. Vieth found that the volume of the



precipitated proteins from 100 ml. of milk
averaged about 3 ml. His method, as
described above, compensates for this
average volume of protein., When, however,
the protein content of the powder is known,
an alternative and more precise procedure
1s to calculate the volume of the precipitated
proteins, This can be done since the
specific gravity of milk protein 1s known

to be 1.346 (Davies, 1939; Richmond et al.,
1942), corresponding to a specific volume of
0.734., When this method 1s adopted, the
reconstituted powder can be made up to 100 ml.
including the 3 ml. of reagent if more
convenient, ‘

(b) PFat. The average specific gravity of milk

— fat is about 0.94 (Davies, 1939) and hence
its specific volume 1is 1.064. The volume
of fat iIn 13,5 g. of whole-milk powder can
therefore be calculated from the percentage
of fat in the sample. For a detalled
discussion of the effect of the volume of
the precipitate on the accuracy of polarimetric
determinations of lactose reference should
be made to papers by Perkins (1920) and
Garrison (1939).

It is fairly certain that in _freshl
prepared powder (both spray and roller) and in
stored powder which has a low moisture content,
the lactose is in the form of a non-crystalline,
anhydrous fglass! (Troy & Sharp, 1930; Schloemer
& Catravas, 1940). The lactose content of a
normsl powder was therefore expressed as grams
of anhydrous lactose per 100 g. of powder,

(5) Ash
The determinatlion of mineral matter is probably
the least precise of the elementary analyses, If the
charred powder 1s heated to too high a temperature in
the muffle furngce, some constituents of the ash may
volatilize, or if heagted insufficlently, combustion of
carbon may not be complete, The following method has

proved rapld and satisfactory:-

Procedure. 4 small silica crucible (5 cm. in
ameter) was heated in a muffle furnage
adjusted to a temperature of about 550°C.

(checked by a thermoéouple) for 1 hr, The

crucible was removed, cooled for 30 min. in
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a desiccator and about 5 g. of powder
weighed intc it. The mllk powder was
then charred slowly over a Bunsen flame
until no more smoke was evolved. The
cruclible was placed in the furnace for

2 hr., It was then taken out, left to
cool, and the ash molstened with a few
drops of diluted nitric acid (1l:1). The
moist ash was dried over a small Bunsen
fleme or in an oven and replaced in the
furnace for 1 hr. The crucible was then
cooled and weighed as before and the
heating continued for 1 hr. periods until
the ash was constent in weight., The welight
of the residual material was expressed as
grams of ash per 100 g. of the original
powder,

By the addition of a little diluted nitric acid, a
white ash completely free from carbon, was obtained

with a minirum amount of heating.

Be. Special Analyses and Methods

The special methods common to Parts II and IIT
of this thesis will be described first and then the
procedures relevant to each part in turn. The reasons
for using a particular method are given together with
a brief outline of 'the experimental details.

Special methods and analyses
common to Parts TII and III

(1) Palatability

Although chemical tests can often give helpfull
informetion, one of the most important criteria of the
sultability of a milk powder for human consumption 1is
its palatability. The obvious way of finding whether
a powder is palatable 1s to taste and smell the powder,
But tasting the solid powder 1s of little use as the
palate becomes ‘clogged! and the concentration of

lactose masks any 'offt!-flavours. 4nother difficulty

i



is the different response of individuals to the same

' powder and also the variable sensltivity of one person
at different times. The variability would probably be
even more marked if assessment of smell were'attempted.
In the experiments described later, 1t was necessary to
Judge the palatability of powders which were being
stored for 2-3 years and hence 1t was essentlal to
maintain as consistent a standard of tasting as possible.
The tasting technique has therefore been to reconstitut
and code the powders, use é small but experlenced tasting
panel of five persons and have a simple system of scoring
or grading. The size of the tasting panel may seem
small but as will be shown later, good agreement was
obtalined with another panel tasting the same powders at
another Research Institute, and moreover, Weaver (1939)
has shown that valid scoring of the flﬁvour of liquid
milk can be obtained by a panel of seven even when two
of them are Inexperienced.

Procedure. The powder was mixed with slightly
warm water (c.35°C.) using a powder/water
ratio of 1/8 for whole-milk powder and 1/10
for separated-milk powder. (To have the
same solids content as liquid milk, a whole-
milk powder should be reconstituted with water
in the ratio 1/7 but experience has shown that
it 1s easler to detect minor variations in
palatability with the more dilute recomstituted
milk). A little water was first added to
the powder and the mixture well stirred into
a paste to eliminate the formation of lumps.
The remainder of the water was then added and
the 'milk' well shaken., The reconstituted
milk was labelled in a code unknown to the
tasters and tasted within 30-60 min. when it
had cooled to only slightly above the laboratory
temperature. A special form was provided
for each taster to enter comments and a mark
according to the scheme described below,




A powder simllar to those being tasted and
known to be of good quality was 'remade! and used as a
control or standard. In earlier work in this laboratd
(Lea et al., 1943), the control was not labelled as suc
but merely included in the coded series. In later

experiments (Mattick et al., 1945; Findlay et al., 1945;

Findlay et al., 1946) and in the present series, the
tasters knew which bottle contained the control powder
and they used it as a ;tandard for comparlson.

Before tasting the 'remade'! milks, it was
advisable to place any which seemed !off! (either by
smell or appearance) at the end of the tasting line.
In this way the most objectlionable flavours were encoun
last and were not carried on to the next powder, To

lessen the risk of carrying !'off'-flavours to the next

ry
h

tered

powder, the tasters were aszked to rinse their mouths with

lukewarm water after each sample and in addition, if a
pronounced !offt-flavour had been encountered, to
retaste the control.

The system of scoring was kept as simple as
passible and the grades were defined as follows:-
0 = very good and like ordinary fresh milk, 1 = fairly
good and quite palatable, 2 ™ slightly but definitely

unpalatable due to the presence of slight 'off'-flavourp,

3 = unpalatable due to the presence of pronounced 'off!.

flavours, 4 = very unpalatable, The tasters were askefi

to award marks according to the general palatability,
and degree and type of 'off!-flavour. The gverage of

the toffi-flavour marks for each sample was then recorded
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as the tofft-flavour score of the powder, The
significance of the 'off'-flavour scares will be
discussed in the experimental sectlomns,
(2) Solubility

At the moment of wrlting, work is being done
to investigate insolubility in milk powders and with
the knowledge gained, to improve the existing methods
of measuring solubllity or devise new ones, This work
which 1s described in Part IV, 1s a contimation of
earlier investigations at the Hanneh Institute (Wright,
1932; Howat & Wright, 1933, 1934; Howat, Smith, Waite
& Wright, 1939). The solubility methods used in
Parts II and III were as follows:~-

(a) Measurement of soluble solids. Some years ago

a relatively rapid method for determining solubllity
was worked out at the Hannah Institute by Howat et al.

(1939). This method has proved satisfactory for highly

soluble dried milk and has been shown (Findlay, 1944)
to give results for spray-dried whole-milk powders very
similar to those obtalned by the more elaborate and
exact method of Lampitt & Bushill (1931a). The"
procedure was as follows:~-

lg. of powder was weighed into a 15 ml.
centrifuge tube. About 2 ml. of water were
added from a burette and the mixture stirred
with a glass rod which had been previously
woetted. When all the powder was thoroughly
moistenéd, more water was added until a total
of 9 ml. had been run in, the stirring rod -
being washed with the last few ml. of water.
The tube was then stoppegreéd, kept in 'a water-
bath either at 20 or 50°C. fof 5 min,, and
then shaken rapidly with 4-6 complete double
excursions per sec. for 1 min., = (When the
solubility at 50°C. was desired, the tube was
placed”inside”an'1nsu1ated container while"
being shaken and afterwards cooled to 20°C.)

L
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The tube was then centrifuged for 15 min.
at 3,000 r.p.m. (corresponding to a gravitational
force at the bottom of the tube of 1,800 x g).
The supernatant layer was poured off as
completely as possible (including the fat layer
if the sample was a whole-milk powder) and its
total solids content estimated by the rapid
method of Golding (1934). When a fat layer
was present in the !'poured-off! supernatant
liquld, it was reincorporated by gentle heating
and shaking and the homogeneous liquid cooled
before using Golding'!s procedure. The ratio

of the dissolved sollds to the solids initially
present (expressed as a percentage) was teken
as an index of the solubility., The initial
solids were corrected for the molsture content
of the powder. Golding's method has been found
very convenlent and reliable provided Pg(s is
used as a desiccant,

In the paper of Howat et al.(1939), it was
polinted out that when this method was applled to very
goluble spray-dried whole and separated milk, the
solubility values often exceeded the theoretical
max Lmmum of 100 by 2-3 units. 1In a later paper by
Lea et al., (1943), it was suggested that this anomaly
was due to the fact that the method of drying a portion
of the supernatant liquid to measure the amountydf
dissolved solids caused the lactose, which is normally
almost entirely anhydrous in milk powders, to crystallize
and be weighed as CjgHoo073.1Ho0. A small correction
was therefore applled to allow for this as was done by
Iea et al.

(b) Measurement of sediment volume. A simpler methof

of assessing solubility and one much used in industry
was also adopted to obtain the relative solubility of
the experimental milk powders. The principle of this
method 1s to shake a certain amount of powder with water,

centrifuge down the insoluble material, wash the sediment

once and centrifuge again. The volume of insoluble
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material 1s taken as the solubility index of the powdef.
Such a method has been recommended by the American Dry:
Milk Institute (Grading of Dry Whole Milk, 1947;
Grading of Nonfat Dry Milk Solids, 1948) but as special
apparatus which was unobtainable is prescribed, the
procedure was modified slightly.

Procedure. 20 g. of separated-or 25 g.
of whole-mllk powder were added to
200 ml. of water at 20°C. contained in
a 500 ml, wide~mouthed bottle., Before
adding the powder, the bottle was shaken
to wet 1ts sides and prevent the powder
sticking to the bottle. The bottle was
shaken for 30 sec., allowed to stand for
5 min., shaken agalin for 30 sec., and a
graduated centrifuge tube of 50 ml.
capaclty filled to the mark with the 'milk!.
The tube was then centrifuged for 15 min.
at 1,000 r.p.m. (216 x g). The supernatant
liquid was reméved by suction, 25 ml. of
water at 20°C. added and the tube shaken
for 30 sec., taking care to dislodge all
the sediment. The tube was filled to the
mark with water at 20°C. and finally
centrifuged for 15 min. as before. The
volume of sediment thus obtalned gave a
measure of the solubility of the powder,
the results belng expressed as ml, of
sediment.

(3) Absorption of oxygen and production of carbon
dioxlde

In the experiments described in Parts.II and
III, 1t was necessary to measure the uptake of oxygen
and possible prdduction of carbon dloxide by spray-
dried whole- and separated-milk powders packed in air-
tight cans.

The method used to obtain a sample of gas from
the cans has been describéd in detall by Waite (1941la)
so only a brief outline will be given here. A similar
technique has also been used by Lea et al. (1943).
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Procedure, A can was attached via a

T puncturing unit to a gas-sampling tube.
The system was evacuated by an oil-pump
and a hole plerced in the can. Some of
the gas in the can immediately passed
into the sampling-tube. About 9 ml, of
the gas were then transferred to the
burette (10 ml. capacity) of a Haldane
gas analysis apparatus and the percentage
by volume of Og and COg obtained. The
technique of the method has been described
by Haldane & Graham (1935) and Peters &
Van Slyke (1932). A 10% solution of KOH
was used to absorb CO2 and the alkaline
pyrogallol solution recommended by Peters
& Van Slyke was used to absorb 0Og.

This procedure gave the percentage of 02
and coé in the atmosphere of the can, but in order to
know the weight of oxygen absorbed or carbon dioxide
produced per 100 g. of powder it was necessary to know
the actual weight of 0g and COg present in the can
originally and finally. To obtaln this, a knowledge
of the density of the air-free, whole-and separated-

milk solids was required. One of the most rebent‘

measurements of these values is that of Iea & Gane (lgjs)

being a continuation of earlier work by lea et al. (19
The true density of alr-free whole-mllk solids is
accepted as 1,27 (Muers & Anderson, 1944; Iea & Gane,
1946), but for the purpose of the calculation in view,
this figure must be increased to allow for the selectiv

solution of oxygen Iin milk-fat and the space occupied b

3).

©
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water vapour in a powder, The corrected value of 1.3%(5)

g./ml., recormended by Lea & Gane has therefore been used.

For separated-milk solids, the complication caused by
the solubility of gases in the milk fat does not arise,
and the figure of 1.465 g./ml. has been used (Lea &
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Gane, 1946). Further data recuired for the calculation
wore, the weight of the powder 1n the can, the volume

of the can, and the barometric pressure and the
temperature at the moment the can was sealed.

Some of the actual values from Part III will
be used to illustrate the method of calculation:- |

Volume of can = 315 ml,
Weight of powder = 150 g.
Apparent density
of powder = 1.465 g./ml.
(separated-milk)
‘Bar. pressure = 750 mm.of Hg) when
o ) the
Temperature = 18" ¢, ; can
was
)eclosed
Assumed composition
of air:- 05 : 20.93%
(Haldane & Graham,
1935) COp : 0.03%
Np = 79.04%
(a) The initial 02 content of can
Volume of 150 g. powder = 150 = 102.3 ml,
1,465
'Free space! in can or
original volume of air
in can ® 315-102.3 = 212.7 ml,
Converted to N.T.P. = 212.7 x 273 x 750 = 196.9 ml.
291 760
Volume of 02 = 196.9 x 20,93 ml.
1060
Wt, of 00/1008. = 196.9 x 20,93 x 32 x 100
powder —I00  22.4 I50
= 39.24 mg .

(b) Conversion of percentage values to absolute units

Findlay (1944) used a method of calculation
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which did not allow for any COp produced. Any error }
would be extremely small as very little COg is produced
by milk powders under normal storage conditions. But
the abnormal powders used in Part III produced an
appreciable amount of COg. For this reason, a method
of calculation which compensated for COg had to be used
(Lea, 1944) and it is best explained by working out an
example.

let us suppose that the composition of the
gas 1n a cen after a period of storage had altered from
that of air, viz, 29.93% oxygen, 0,03% carbon dioxide
and 79.04% nitrogen to 10.00% Oz, 0.50% COg and 89.50%
nitrogen, (It should be emphasized that both sets of
figures show what fractions of the avallable or !free

space?' in the can were occupled by the respective gases.)

The latter figures cannot be compared directly with the
former figurés because at the time of the final analysiL,
the gas in the can would be at a different pressure
(lower in this example) and possibly at e different 7
temperature, than when the can was orlginally sealed.
This diffieculty was overcome by converting the figures
féri:he f£inal composition of the gas to what they would
have been at the original temperature and pressure.
The calculation was done by assuming that the weight of
nitrogen in the can did not change during storage. This
weight of nitrogen occupied 79.04% of the available or
tfree space! in the can under the original condltions
of packing and the same weight occupied 89.50% of the
available space under the different conditions at the




f final analysis, Thus the oxygen remaining in the can
- after storage and occupying 10.00% of the avallable

space would occupy less, viz, 10.00 X 79.04 = 8.83%
» - 59.50 ’

at the original temperature and pressure, Therefore,
the oxygen absorbed during storage would occupy &
volume equivalent to 20.93 - 8,83 = 12.10% of the
tfree space! in the can under the original conditions,
This !'free space! has been shown to be 212.7 ml,., or
196.9 ml. at N.T.P, The volume of oxygen absorbed by
the 150 g. of powder was therefore 196.9 x 12,10 ml.
O 55 ,

0
at N, T.P. which weighs 196.9 x 12,10 x 32 mg., The
100 22.4

final result was expressed as mg. Og absorbed per 100g

of powder, i.e. 196.9 x 12.10 x 32 x 100 mg.
100 224 150

Similarly, the final percentage of carbon
dloxide was converted to what it would have been at thq
original temperature and pressure, viz, 0.50 x 79.04

‘ 89.50
S 0.44% . This value was corrected to allow for the .
small emount of COp originally present in the air in
the can (0.03%) and thus became 0,44 - 0,03 = 0,41%.
The volume of carbon dioxide produced by the powder wag
therefore equivalent to 0.41% of the !free space! in
the can (under the original conditions) which equals
196.9 x 0.41 ml, at N.T.Pe This volume of CO, Welghs
196.9 x 0.41 x 44 mg. and the final result was
expressed as mg. COg produced per 100g. of powder, 1.e,

196.9 x 0.41 x 44 X 100 mg.
100 22.4




Special methods and analyses used in Part II

(spray-dried whole-milk powders)
(1) Apparent peroxide value

An exhaustive review and study of the
deterioration of fat and methods of measuring such
deterioration has been made by lea (1938). This work

covers the literature up to 1938, The two most widely

used methods for determining peroxide oxygen at that
time were those of Wheeler (1932) ani Lea (1938), the
former in the U.S.A. and the latter in Great Britain.

The principle of both methods is to dissolve the fat in

a mixture of glaclal acetic acid and chloroform, add
potassium iodide and titrate the liberated iodine with
sodium thilosulphate solution.

These methods usually cannot be applied
directly to milk powders because the large amount of
non-fatty substances present, especially protein, may

combine with or adsorb a proportion of the liberated

lodine. Tha milk fat must therefore be extracted fro&

the powders. This is a troublesome procedure for two
reasons. First, the most satisfactory fat solvent is

peroxide~free ether but this 1ls expensive, takes time

to prepare and finally has to be evaporated from the fat.

Secondly, the amount of fat which can be extracted dire
from spray-dried whole-milk powder by either hot or
cold extraction is only about 3-14% of that present,
although almost all the fat can be extracted directly
from roller-dried powder. It has been shown by Lampilt
& Bushill (1931b) and pointed out by Smith (1939) that

ctly

if the moisture content of a powder 1s raised to abouti

I
H
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10% practically all the fat can be extracted by solvents.
Presumebly raising the moisture content of the powder
causes the anhydrous lactcose 'glass! to crystallize and
disintegrate with the result that the solvent can
readlly penetrate to the fat,

In an attempt to get over these difficulties,
Smith (1939) developed a method in which the powder was
added directly to a glacial acetic acid-chloroform |
mixture without previously raising the molsture content
of the powder, An objection to this method was that
although the fat was completely extracted, some non-
fatty material (which might vary in amount from powder
to powder) was also extracted which diminished the
apparent !true! peroxide value by about 104. All
iodimetric procedures have been criticized on account
of the slow liberation of iodine (Wheeler, 1932) and
possible readsaption of iodine by fat or some of the
other substances present, Moreover, Hollender & Tracm
(1942) and Chepman & McFarlane (1943) came to the
conclusion that Smith's method was not sensitiﬁe enough
to detect incipient oxidative changes, |

The latter authors therefore developed a
method for estimating the peroxide value of the fat in
milk powders (1943) which 1s based on the oxidation of
ferrous to ferric iron by the peroxides and the sub-
seéuent colorimetric determination of the ferrie iron
as ferric thiocyanate. In this method, the moisture
content of the powders was not raised but a very small

sample (200 mg.) was refluxed with pure acetone far

20 min. Although all the fat was not extracted by




<Y

this treatment, Chapman & McFarlane obtained no
increase in peroxlde value by longer extraction even
when this was continued for several hours and the fat
almost completely removed from the powder. Findley
(1944) has used a modified version of this method to
measure the peroxide value of the fat of mllk powders
and he showed that higher values were obtained 1f the
moisture content of the powders was raised before the
acetone extraction. He also showed that 1f the
humidification of the powders was done in nitrogen at
200., lower peroxide values were obtained than when the
powders were eﬁ:posed to moist air at room temperatu.re.

Thus 1t seemed from the wark of previous
investigators that to obtain as accurate and absolute
peroxide values as possible, thé ferrous salt method
lshould be used with the following precautions:-

(a) The moisture content of the powder
should be raised 1in an atmospﬁere of molst nitrogen at
as low a temperature as possible. This procedure
would minimize possible decomposition of peroxides by
a prolonged exi:raction of fat and prevent oxidation
during the humidification.

(b) If this procedure were used, a larger
sample of powder could be taken (say 2g.) to minimize
sampling errors.

(¢) There should be minimm exposure of the
solutions of fat to sunlight or strong electric light,
especially during colour development (Chapman &
McFarlane, 1943). |




Tgble 2. Apparent peroxide values of two spray-dried whole-

milk powders after humidification in air and nitrogen

and extraction of fat by a long and short method

Fresh powder

Deteriorated powder

Humidifying
atmosphere :

Alr

Nitrogen

Air

Nitrogen

Extraction
method :

Long

Short

Long

Short

Long

Short

long

Short

Apparent
peroxide value

(m. equiv. per
kg. powder)

0.94

1.02

0.83

- 0,62

6.41

5.52

5.17

4.65
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A few preliminary experiments showed that
exposure to an atmosphere of 100% relative humidity
for 24 hr. at laboratory temperature (it was not possib
to use a low temperature as a routine procedure) was

ample to ra‘ise the moisture content of the powders abov

10f. In fact, after this period, the molsture contents

of the powders used in Part II were 18,9-20.5%4. So in

practice, the powders were placed in the moist atmosphse

in the evening and removed the next morning (l.e. aften

16-18 hr.,) just prior to extrgction of the fat, It
was also found that, instead of refluxing the 'humidifj
powders for 20 min, the same amount of fat could be
extracted if the powders were first shaken vigorously
in cold acetone and the flask dipped In bolling water
until the acetone began to boil, and then removed and
well shaken. This operation was repeated 2 or 3 times
and only took a few minutes, This technique was
compared with the refluxing method and the same amount

of fat (c. 91% of t'he total) was extracted. As a final

check, the peroxide values of a falrly fresh anq. a
deteriorated whole-milk powder were estimated by the
methbd described below to compare humidification (in -
darkness) in air and nitrogen, and the long and short
|methods of extraction of fat. The results are shown
in Teble 2 and they indlcate that the absence of air
during humidification and the shorter extraction method
both tend to lower the subsequent'peroxide values of

the fat. Although these modlficatlions had lessened

le
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oxldation of the fat during the procedure, there was n¢

way of knowing whether some oxidation had in fact taken

place, but if it had, the relative nature of the perox]
values obtalned would not be significantly affected.
The method finally adopted was as follows:-

Reagents, Anhydrous acetone: distilled
wice from anhydrous CaCla.

Ferrous salt solutlon: 1 g. of NH4CNS

was dissolved in 7.5 ml. of water in a

250 ml. volumetric flask which was then
almost filled with acetone. 0.25 g. of
FeSO4. (NH4)2 S04. 6H20 was added, followed
by acetone to the 250 ml. mark, and the
flask well shaken. The mixture was allowed
to remain in the dark for 30-60 min. with
occgsional shaking, and was finally filtered
through an acetone-washed filter paper
(mtm&n No. 42)0

Procedure. 2 g of milk powder were weighed
Into a small Petri dish (7 em. in diameter)
and exposed in the dark to a humid
atmosphere of nitrogen (at room temperature)
for about 18 hr. The powder was then
transferred to a 100 ml. volumetric flask,
about 50 ml. of acetone added and the flask
shaken vigorously. The acetone was brought
just to the boll 2 or 3 times, the mixture
shaken well, cooled, and the volume made
up to 100 ml. with acetone. The solution
was filtered through & Whatman No., 42 filter
peper (rejecting the first few ml,) and the
acetone eéxtract kept in the derk until
required.

10 ml. of the ferrous salt
solution and 2 ml. of the acetome extract
were mixed in a tube and warmed 1n g water-
bath at 70-80°C. until the first evolution
of gas bubbles occurred, and then for 10 min,
at 50°C. A tube contalning 10 ml, of
reagent and 2 ml. of acetone was similarly
treated to provide a !blank!. The acetone
solution was cooled, an alliquot transferred
to a 1 cme. cell and its extinction measured
on a Spekker absorptlometer using the blue
Spekker colour filter no.6. (A calibration
curve had previously been prepared by adding
2 ml., aliquots of standard ferric chloride
solutions to a series of tubes contalning
10 ml., of the reagent.) By .reference to
this curve, the weight of ferric l1ron per

D
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ml. of the solution could be found.



The peroxide value in milligram-
equlvalents per kg. of powder was calculated
thus:- Suppose that the acetone solution
(12 ml,.) contained A {g. (minus 'blank') of
ferric iron per ml. The whole volume of
12 ml. which was equivalent to 2 ml. of the
origing;+acetone extract would conmtain 12 A
£8. Fe and tgg;efore 100 ml. would contain
12A x 50 ug. Fe o« But 100 ml., of acetone
extract (neglecting the small volume of
the undissolved portion of the powder)
contalned the fat from 2 g. of powder,
therefore the weight of ferric iron produced
by the peroxides in the fat from 1 kg. of
powder would be

124 x 50 x IOOO/Lg.
2
When converted to milligram-equivalents of
ferrlc iron, the value would become

12 x 50 x 1000  (ecquivalent weight of
55.84 x 2 iron is 55.84

= 5,38A m.eqﬁiv. of ferric iron (or of
' peroxide) per kg. of powder

This value was called the tapparent! peroxide wvalue of

the powder.
The following additional points should be

noted:=-

(a) All glassware was rinsed with nitric acid and

glass~-distilled water before use. (b) The
advisébility of regarding the results obtained by the
above method as 'apparent! was confirmed by the later
work of Lea (1945 ), who showed that this ferrous salt
method is very sensitive to the presence of atmospheric
oxygen, the values being reduced to about 1/4 when
oxygen 1s rigidly excluded. (c) When the present
work was almost completed, an lmproved ferric thiocyans

method was described by Hills & Thiel (1946). However

te

these authors made no attempt to exclude atmospheric
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oxygen and 1t seems probable that results by their
method will still have to be regarded as relative
rather than absolute. |
(2) Copper

As liquid milk contains, on the average,
only about 0,12 p.p.m. of copper (Sylvester & Iempitt, |
1935), unconteminated dried milk will contein
approximately 1 p.p.m. Because of the pro-oxidant
activity of copper, 1t was necessary to know whether
the whole-milk powders used in Part II contained excesgive
amounts of this metal. Num erous colorimetric method
for estimeting such small cuantities of copper have
been published (Mellan, 1941; Sandell, 1944; Allport,
1945); most of them are based on the property which
copper has of forming coloured complexes with diphenyl-
thiocarbazone (*dithizone! )*, or sodium diethyldithio-
carbamate®**, Several of them were examinéd to find a
method which combined accuracy with rapldity, for in
addition to the examination of the powders 1mn Part II,
other work was in progreés which necessitated a large
number of copper analyses. The method of Sylvester &
Tampitt (1935) 1s well known but although it is
accurate, it was found to be long and tedious. Rden
& Green (1940) developed a method for the estimation of
copper in which the whole process 1s done in one tube
thus minimizing contamination. Their procedure 1s to

digest the material in a 8 x 1" Pyrex tube with a

R
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mixture of sulphuric, perchloric and nitric acids,
deionize the iron present with citrate or pyrophosphate
in strongly alkaline solution, add the 'carbamate!?
reagent and extract the coloured complex with amyl
alcohol., This though otherwise good method, had the
disadvantage that only a small sample could be used
(c. 1 g. of dry material). lMoreover, the digestion of
whole-milk powder would be difficult because of its
high fat content. Therefore, a method was evolved in
which 5 g. of powder were ashed in a muffle-furnace, tﬂe
ash dissolved in hydrochloric acld and the solution
transferred to a stoppered, graduated cylinder, The
copper complex was then formed and extracted in the
cylinder. This method was very convenlent and rapid
but the sample had to be limited to about 5 g. to
prevent the precipitation of Caz(PO4)o when the ash
solution was made alkaline.

About this time, several methods were
published with the speclal object of determining copper
in milk powders (Hetrick & Tracy, 1945; Boulet &
McParlane, 1945; Menefee, 1945). Of these, that of
Hetrick & Tracy was very similar to the method already
devised except that the ash solutlon was transferred tqg
a separating-fummel, mede alkaline to a definite pH and
the copper complex extracted with carbon tetrachloride.
The method finally adopted incorporated the advantages

of 5oth and was as follows:~-
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Reagents., Water: ‘'glasst'=-distilled water
was used throughout.

Hydrochloric acid (6N): Conc,
HC1l was diluted to approx. 6N (the constant
be.p. mixbture) and distilled in an 'all-
glass! apparatus, v

Nitric acid (16N): conc. HNOz
was 'glass!'-distilled.

Citric acid solution (15%)

Ammonie solution (conc.): 1 litre
of conc. ammonia solution (sp.gr. 0.88) was
boiled for 3 hr. and the NH3 absorbed in
600 ml. of water cooled in ice, After 3 hr.
practically all the NH3 was evolved and the
volume of solution in the receiving flask
was about 1 litre.

Cresol red solution: 0,02 g« of
cresol red was dissolved in 100 ml. of water.

Sodium dlethyldithiocarbamate
solution: 1 g. of the reagent (recrystallized
from alcohol and ether) was dissolved in
water, diluted to 1 litre and stored in a
brown bottle in a refrigerator.

Amyl %1cohol: tglass'=-distilled,
b.p. about 130 °C,

Standard copper solution: 00,1000 g.
of copper turnings was dissolved in 10-15 ml.
of distilled HNO3 and the solution warmed
gently to expel the fumes., When cool, the
solution was diluted to 500 ml., 5 ml, of
this solution was then diluted to 1 litre to
give a standard solutlon containing 1l i g.
of Cu per ml.

Procedure. 5 g. of milk powder were weighed
Tnto a silica basin (8 cm. in diameter) and
charred by gently heating 1t over a glass-
tipped Bunsen burner untll smoke ceased to
be evolved. The basinowas then placed in a
miffle=furnace (c. 550°C.) for 2 hr., allowed
to cool and the residue moistened with a few
drops of 1:1 HNOz. The ash was heated %o
dryness, replaced in the muffle-furnace for
1 br and then allowed to cool. S mle. of 6N
HC1 solution were added to the ash and the
mixture gently heated with stirring until the
ash dissolved. The milk ash solutlon was
transferred to a 100 ml. fstoppered! graduated
cylinder and the dish rinsed with water
until the
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volume 1n the cylinder was 40 ml. 10 ml.
of citric acid solution and 5 drops of
cresol red indicator were added. The pH
was then adjusted to 8.5-9.0 by adding conc.
ammonia solution, This operation required
about 0.5 ml. of NH40H after the solution
had reached the vioiet colour of cresol red
(in all about 3.5 ml.). The volume was then
made up to 55 ml. with water and 10 ml. of
carbamate reagent added., 5 min. were
allowed for the formation of the coloured
complex and 15 ml. of amyl alcohol added.
The cylinder was shaken vigorously for 2 min.
and left in the dark for 30 min. to allow
the amyl alcohol to separate., The supernatant
amyl aleohol layer contgining the coloured
copper complex was pipetted off and flltered
through a 12,5 cm. Whatman No.41 filter
paper to remove the last traces of water by
absorption on the paper. The first few ml.
were rejected and a Spekker cell (1 cm.)
filled with the remainder, The amount of
copper present was then determined with the
aild of the Spekker absorptiometer using

the Spekker no.7 violet filter. A tblank!?
analysls was also done to compensate for

any copper in the reagents but this was
usually very small. By reference to a
calibration curve, the weight of copper in
the solution (and hence in 5 g. of powder)
was found and the result expressed as mg.

of copper per kg. of powder, l.e. p.p.m.

(3) Sulphydryl compounds

The so-called sulphydryl or nitroprusside
test can be used in'certain circumstances to detect any
type of denaturation of proteins which gives rise to th
formation or unmasking of sulphydryl groups. The test
is based on the reaction of sodium nitroprusside
[NagFe (CN)5.NO.2Ho0] with R-SH compounds (or soluble
sulphides) to give a pink colour. Jackson (1936) appli
the test to fresh milk and found no free sulphydryl
compounds present. But Josephson & Doan (1939)'and

|
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Gould & Sommer (1939) found that when milk had been
|

heated to a sufficilently high temperature, a positive
sulphydryl test was obtained. Since in manufacturing
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spray-dried whole-mllk powder nowadays the liquid milk
is usually pre-heated to 190°F., the dried product also
normally shows the presence of sulphydryl compounds,
and because of the possible effect of such compounds o?
the storage life of the powders, an indication of the
amount present was necessary.

Diemair, Strohecker & Keller (1939), Townley
& Gould (1943) and Lea (19468)have used a somewhat
elaborate method of estimating heat-labile sulphur in
milk and milk powder. In this method, the volatile
sulphur is carried into a zinc acetate solution by a
stream of nitrogen and the sulphur finally measured
colorimetrically as methylene blue. In the present
work, however, the simple qualitative test of
Joasephson & Doan (1939) was gufficient to indicate
whether detectable amounts of sulphydryl compounds were
present.
Procedure. 1l g. of powder was welghed
— into a test-tube, 5 ml. of water added
and the mixture thoroughly shaken for
1 min. to dissolve the powder. 5 g. of

(NH4)q S04 were added and the tube shaken
again., “After being cooled in ice-water,
the solution was shaken with a few drops
of conc.emmonia solution (sp.gr.0.88).
Finally, 5 drops of freshly made 5% soddum
nitroprusside solution were added, The
formation of a pink colour indicated the
presence of free ~SH groups, and In the
absence of these groups, only & pale brown
colour resulted, The ice-water delayed
the fading of the colour for about 10 min.
and the colour intensity could be measured
in a Lovibond tintometer 1f necessary.




; (4) BEthyl gallate

; Small quantities of ethyl gallate® were
gpresent in some of the milk powders used in Part II,
and it was necessary to have a method of estimating
this compound. Two colorimetric methods of estimatiné
ethyl gallate have been described by Mitchell (1923, }
 1924), In the first, a solution containing ferrous
sulphate and sodium potassium tartrate, and in the

second, osmic acid, was used to produce a coloured
compound or complex with ethyl gallate. The former }
reagent was found satisfactory and the following
modified method used:-

Reagents, Ferrous tartrate solution:
% 1T g. of FeSOy4 and O. of sodium

potassium tartrate (4H were dissolved
In water in a volumetr ¢ flask and the

volwne made up to 100 ml. |

Sodium bicarbonate solution (10%)
Trichloracetic acid solution (10%)

Procedure. Approximately 2 g. of milk

~ powder were weighed accurately into a
100 ml. volumetric flask and shaken well
with 50 ml. of water at 50°C. The mixture
was left at room temperature for 30 min.
with occasional shaking to assist complete
extraction of the ethyl gallate.

Then 10 ml. of trichloracetic
acid solution were added, the volume made
up to 100 ml. with water, and the flask
shaken vigorously. The flask was allowed ,
to stand for a further 30 min. with [
{

occasional shaking and was then tiltered
through a Whatman No.42 paper to glve a
clear filltrate. A 75 ml. aliquot was
transferred to a 100 ml. volumetric flask

* C00.CoHg |

HO OH
OH
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and to it were acded 5 ml. of sodium
bi-carbonate solution. 7The flssk was
shaken gently and placed under vecwmm
for 10 min. %0 remove bubdbles of COg.
Then 5 ml. of ferrous resgent were added
and the volume made up to 100 ml. After
remalning for 1 hr. in the dark, the
amount of ethyl gallave in the solution
was determined with & Spekker absorptiometer
using the green colour filtsar no.S.
To obtain & calibrgtion curve, a
filtrate was prepared as above from 10 g.
of a similar powder containing no ethyl
gallate, Different amounts of ethyl
gallate were added to 75 ml. aliquéts of
this filtrate and the colour developed by
addition of the NaHCOz sclution and the
ferrous reagent.
The following points should be noted:-
(a) The violet colour formed in the presence of ethyl
gallate developed only in alksline solution and was
more intense with increasing alkslinity. (b) If the
| bubbles of COg were not removed by reducing the air-
. pressure, they tended to adhere to the sides of the
Spekker cell and caused erroneous results. (c¢) Since
the colour tended to deepen on standing, its density
had to be measured after a definite time, preferadbly
within 1 hr of adding the ferrous reagent. (d) Mattil
& Filer (1944) have used a modification of Mitchell's
ferrous tartrate method to determine galliec acid when
used in fats and oils as an antioxidant. Their method
is similar to that already described, the only dirrerepce
being that the solution 1is buffered to pH 7 by additiom

of ammonium acetate solution.

(5) Readily extractable or 'free' fat

By the 'free! fat of a milk powder is meant

the fat which can be extracted directly by solvents,
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usually light petroleum or ether. It has already been
pointed out (p.2%) that the fat of ro_ller-dried whole-‘
milk powders is almost completely extractable in this |
way but that in spray-dried powders, only a fraction

tfree! unless the moisture content of the powder is

first raised to about 10%. The 'free! fat was measur

thus: -~ 7

Procedure, Approximately 1 g. of the milk
powder was welighed into a Soxhlet extraction
thimble. The powder was extracted with
about 100 mle. of diethyl ether in the usual
Soxhlet apparatus for 3 hr., the solvent
evaporated and the residual fat weighed.

Special methods and analyses used in Part IIT
(spray-dried separated-milk powders)

(1) Colour
To measure changes in colour of stored powders,
& small sample was first ground in a moartar. The powder
was packed in a standardized manner into small white
porcelain dishes and examined In a Lovibond tintometer
uﬁder artificial light. Colour quality was matched by
the standard yellow and red glass slides, while the
relative brightness of the sample and of the comparison

field could be equalized by use of the neutral tint
BlideSQ
(2) pH |
- Procedung . The gowder was reconstituted
- In wager at 20°C. to give a 9% solution

of milk solids and the hydrogen ion
conecentration measured by glass electrode

and e Cambridge pH meter,

(3) - and - lactose

Methods of detecting and estimating o'~ ami

f - laectose have been investigated by Hudson & Brown |
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(1908), Troy & Sharp (1930) and Sharp (1938). More
recently Sharp & Doob (1941) have described a method
for determining the relative amounts of X- and P-
‘lactose in dried milk. The basis of their method is
to obtain quickly a clarified solution of the milk
powder, polarize the solution immediately and repolarize
after the two forms of lasctose have regched equilibrium.
The relative amounts of X'~ and F- lactose can be
calculated from the changes in rotation, and the total
amount of lactose can be found from the final rotationk
This method proved satisfactory and has been used 1n

the present work.

Reagents. Oxglic acid solution: 0.9 g.
of oxallc acld dihydrate was dissolved
in weter and the volume made up to 1 litre.

Alcoholic mercuric chloride
solution: 264 g. of HgCly were dissolved
in 1 litre of 95% (v/v) ethanol and the
solution filtered after standing overnight.

Procedure. 2.5 go of milk powder were

——Xransterred to a dry porcelain mortar,
(The sample should not centain less than
1 g. nor more than 2.5 g. of lactose,)
The sample was ground for 1 min. in the
morter and 10 ml. of oxalic acid solution
(at 17°C.) added to the powder. A stop-
watch was then started and the powder gently
ground at first to form a smooth thin paste
which was then ground vigorously. More
oxalic acid solution was added and the
grinding continued until about 30 ml. had
been added. The mixture wes poured into
e 100 ml. volumetric flask and the mortar
rinsed with 3-4 ml. portions of the golvent
until a total amount of 45 ml. at 17°C.
had been used. The rinsing was completed
with 15-25 ml. of water at 25°C. from a
wash=bottle. The entire sample, with the
lactose completely extracted and dissolved,
had now been transferred to the volumetric
flask. The mixture was swirled, care belng
taken to prevent foaming. 10 ml. of %
alcoholic HgCle solution were added to the
flask and the contents swirled for 30-60
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sec, to mix thoroughly. The mixture was
made up to the 100 ml. mark with water at
25°C.  2-3 min. should have elapsed by the
time this stage was reached. The flask was
now shaken vigorously for 30 sec, and the
contents filtered through a Whatmen No.42
filter paper intc a polarimeter tube
immersed in water at 25°C, The remasinder
of the filtrate was kept in a stoppered
Erlenmeyer flask. Immediately the
polarimeter tube was filled, a reading was
taken at minute intervals until a total of
1l were made. Usually, about 10 min, had
elapsed before the flrst reading was taken.

The 11 polarimeter readings were
plotted against the time as indicated by the
wgtch, The 'best! line was dragwn through
the polnts and extrapolated to zero time,
l.0., when the water was added and the watch
started. The extrapolated reading for zero
time wes taken as the initial rotation of
the solution. The final rotation was
obtained after the solution had stood for at
least 8 hr. The most convenlient method
was to add a drop of toluene and gllow the
solution to stand overnight at room temperatur
Ten readings of the final rotation were made
and the average used In the equations below,

Calculation. The relative amounts of anhydrous =

lactose or of ﬁ-lactose were obtained by substituting
the initigl (I) and the final (F) rotetions in one of
the two equations whose derivation 1s described in
detail by Sharp & Doob: |

4 anhydrous X-lactose = t; - 0.635] 101.1

% anhydrous p-lactose = [1.62¢ - I%] 101.1
If only the relative amounts of X~ and g~
lactose were required, it was not necessary to weligh
exactly the sample taken. However, by taking an
accurately weighed sample of 2.5 g., the total amount
of lactose (ealculeted as anhydrous) could be found
by multiplying the final rotation (F) by 36.3 (if =

2 dm. tube were used).

'F.
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Fig. 1., Typical set of polarimeter readings with extrapolation
. to zero time for the measurement of the relative amounts
of = ard f— lactose in separated-milk powder,



The following points should be noted:-'

(a) Sharp & Doob state that the first polarimeter
reading 1s usually obtained within 5 min. after the
starting of the watch. The time taken depends largely
on the rate of filtration of the solution and in these
estimations about 10 min. were required before a reading
could be made. A typical set of readings with
extrapolation to zero time 1s shown in Fig.l. (b) The
amount of solutions and températures used were worked
out by the originators of the method so that the final
mixture would have a tempeprature of 25°C. and all
éolarimeter readings were made at this temperature.
A water-jacketed 4 dm. polarimeter tube was recommended
but as none was available, an ordinary 2 dm. tube was
used. The tube was Immersed in a beaker of water at
25°C. before and during filling with a filtrate, and by
taking the readings as quickly as possible, any decrease
In tempe rature of the polarized solution was reduced tp
a minirmm. (c) The use of !Norrit! (a tjpe of charcoal)
was advocated by Sharp & Doob as a decolorizing agent
when examining brown deteriorated samples, especlally
of dried whey, but this was not found necessary with
milk powders.

(4) The nitrogen partition in the powder
For the work in Part III, 1t was necessary

to have & method of measuring the amoumnts of the

various proteins and other nitrogenous constituents in
separated-milk powders, i.e. casein, lactalbumin,

lactoglobulin, proteose~-peptones end non-protein

nitrogen. Methods have been devised for such an
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analysls of liQuid milk and they should be applicable
to reconstituted dried milk. The analytical procedure
can be dlvided into two parts: (a) the separation of
the various nitrogenous fractions, and (b) their
estimation, They will be discussed in that order.

(2) PFractionation of protein

One of the first thorough investigations int

U

the conditions necessary for the separation of the
various nitrogenous constituents of milk was that of
Moir (1931). Subsequently, a very detailed study of
the same subject was made by Rowland (1933, 1937, 1938)
which culminated in the publication of a method for the
determination of the nitrogen partition in mllk,and of
the results obtained when the method was applied to
normal and abnormal milks. Rowlend's fractionation
procedure has been used in the present work. The
separation procedure 1s outlined below:-
Reagents. Acetic acid solution (10%)
Sodium acetate solution (N)
Trichloracetic acld solution (15%)

Bromthymol blue indicator solution:
solution as supplied by British Drug Houses, Ltd.

‘Sodium hydroxide solution
(approx. 0.1N)

Magnes ium sulphate crystals
(powdered): MgSO4.7H20 was ground in
a mortar.

nesium sulphate solution
(saturated): 400 g. of MgS04.7Ho0 were
added to 500 ml. of water.

Procedure. A minimum of 35 ml. of reconstituted
mllk powder prepared as described on P.118 & p.l21

was required for an analysis.




(1)

(2)

(3)

(4)

to

Total nitrogen. 5 ml. of the
reconstltuted milk were pipetted into

a weighed 100 ml., volumetric flask, the
flask reweighed and the milk diluted with
water to the mark, The diluted solution
was used for the estimation of total
nitrogen.

Non-casein nltrogen. 10 ml. of the 'milk!
were pipetted and weighed into a 100 ml.
volumetric flask, 470-80 ml. of water at
40°C, and 1.0 ml. of 10% acetic acid
solution were added and the flask swirled
to mix the contents. After 10 min.,, 1.0
ml, of N sodium acetate solution was added
and the contents mixed again., When the
liquid bad cooled to room temperature,
water was added up to 100 ml., the flask
inverted several times to ensure mixing
and allowed to stand until the preclpitate
hgd settled. The solution was filtered
through a dry pleated No.40, 11 cm. Whatman
paper into a dry flask. This filtrate
contained all the nitrogenous constituents
of the original milk, except the caseln,
{.0., 1t contained lactalbumin, lactoglobulin

proteose~peptones and non-protein nitrogen.

Non-protein nitrogen. 10 ml, of the 'milk!?
wWere pipetted and welghed into a 50 ml.
volumetric flask. The 'milk' was diluted
to the mark with 15% trichloracetic acid
solution and the flask lmmedlately shaken.
When the precipitate had settled, the
contents of the flask were filtered through
a dry pleated No.40, 9 cm. Whatman paper
into & dry flask. The final concentration
of 12% trichloracetic acid precipitated
casein, lactelbumin, lactoglobulin and
proteose~peptones so that the filtrate
contained only non-protein nitrogen which
consists of traces of amino-acids, urea,
creatine, creatinine, uric acid and ammonia.

Proteose-peptone plus non- rotein nitrogen.
0O ml. O m were pipetted and
weighed into a 100 ml. volumetric flagk.
The flask was immersed 1n water at 95°C..
for about 15 min. and allowed to cool.
From this point, the procedure was exactly
the same as in (2) above. The lactalbunin
and lactoglobulin which had been denatured
by the heat treatment were thus precipitated
wlth the casein. When the precipitate
hed settled, the contents of the flask were
filtered through a dry pleated No.40, 11 cm.
Whatman paper and the filtrate collegted i
in a dry flask. The filtrate contained
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proteose~peptone plus non-protein nitrogen.

(5) Lactoglobulin nitrogen. 20 ml. of the
casein-free filtrate from (2) were pipetted
into a 50 ml. besker and a few drops of
bromthymol blue solution added as an
indicator., Then 0.1N sodium hydroxide
solution was added until the colour
denoted a pH within the range 6.8-=7.2.

For reconstituted fresh powders (and normal
liquid milk), 2.0-2.5 ml. were required.
Powdered magnesium sulphate was then added
(9.g. per 10 ml. of solution)b and the
liquid gently heated to 26-30-C. with
stirring to assist solution. The beaker
was left for several hours (usually
overnight) and its contents filtered
through a finely pleated No.40, 5 cm.
Whetman paper, The precipitate was
transferred completely to the paper and
washed with sat.magnesium sulphate solution.

(b) The estimation of nitrogen in the various filtrates

and the precipitated lactoglobulin

To estimate the nitrogen in aliquots of the
filtrates by a macro-Kjeldahl procedure would have been
impracticable because of the smell amount of nitrogen

in some of the fractions ard also the time required.

=

The choice lay between a semi-micro or & micro-Kjeldah]
procedure., Semi-micro methods have been used by
Rowland (1938) and Menefee & Overman (1940) for

similar work., In these procedures, the meximum amount
of nitrogen estimated 1s not more than about 5 mg.,
stesm distillation being used to distil the ammonia into
the staendard acid. Because of the number of anaiyses
which had to be done, it was felt that a rapid micro-
procedure would be more convenient although it would

be advisable to use g semi-micro method to estimte the

lactoglobulin nitrogen as & filter paper had to be

dlgested., For micreo-work, the sample for analysis should

contain not more than about 1 mg. of nitrogen.
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The method used was based on those of Ma &
Zuazaga (1942) and Miller & Houghton (1945). A very
similar method to that finally adopted has been used

successfully by Klein (1947).
Special apparatus

A Parnas & Wagner micro-Kjeldahl distillation
apparatus (with automatic discharge arrangemen
(Parnas, 1938): The vacuum=-jacketed
distillation flask was slightly larger than
usual so permitting the use of ample water
for rinsing the digest into the flask and
lessening the risk of frothing-over.

A micro-Kjeldahl digestion stand and digestion
flesks (length 18 cm., total capacity 70 ml.,
bulb capacity 27 ml.).

Reggents. The catalyst mixture was the same
as that used for the macro-Kjeldahl

procedure (p. 4 ).

Boric acid solution (2% w/v): 20 g.
of HzBO3z were dissolved 1n 1 litre of boiling
water. The solution was cooled and stored
in a Pyrex bottle as recommended by Eisner &
Wagner (1934). 20 ml. of the mixed indicator
described below were added per 1 litre of
the boric acid solution. '

Mixed indicator solution: 0.1%
solutions of bromecresol green and methyl red
were prepared in 95% (v/v). The solutions
were mixed in the ratio of 5 pt. bromeresol
green to 1 pt methyl red.

Hydrochloric acid (0.01N)
Sodium hydroxide solution (30%)

Procedure. (a) Digestion of sample. 3=10 ml.
of the filtrate (contalning not more than
1 mg. of N) were pipetted intc a micro-
Kjeldahl flask contalning a small glass bead
and about 0,9 g. of catalyst mixture, 2 ml.
of conc. H,SG, were added, the mixture
digested on a small electric heater until
tclegr! and the bolling continued for 15 min.
After cooling, the sides of the flask were
washed with about 5 ml. of water and the
solution boiled until all the water wgs
evaporated. About 10 ml, of water were
added, a little vaseline smeared on the lip
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of the flask (to prevent dribbling) and
the diluted digest transferred to the
distillation apparatus, the flask being
rinsed 3 times using about 20 ml. of water
in all, Finally 16 ml. of 30% sodium
hydroxide solution were added and rinsed
in with a little water,

(b) Distillation. The steam distillation
-was begun with the tip of the condenser
immersed in 5 ml. of boric acild solutlion
contained in a 100 ml. Erlemmeyer flask.
When the first drop of distillate entered
the boric acid solution, the bluish-purple
colour changed to blulsh-green, The
distillation was continued for 3 min, and
then the receiving flask was lowered until
the tip of the condenser tube was 1 cm.
above the level of the boric acid solution,
The end of the condenser tube was washed
and the distillation continued for 1 min.
The distillate was then titrated with 0.01N
hydrochloric acid until a faint pink colour
was obtalned. A 'blank! estimation was
also done and titrated to the same end-point,

(¢) ILactoglobulin nitrogen. The technique
adopted by Rowland (1938; was used. The
precipitate (and paper) was transferred to
a 200 ml. Kjeldahl flask containing 2 glass
beads and 2 g. of catalyst mixture. 5 ml.
of conc. H2S04 were added and the mixture
digested on an electric heater until 'clear!
and then for a further 20-30 min. When
cool, 40 ml. of water and 25 ml. of 30%
NaOH solution were added and the mixture
steam-distilled directly from the flask.

The smmonia was collected in 10 ml. of boriec
acid solution, the distillation being
continued for 15-20 min. when about 150 ml.
of distillate had come over. The ammonia
was titrated with 0.01N hydrochloric acid.

Calculation. The weight of nitrogen in the aliquots

of the filtrates (and lactoglobulin) was expressed
as percentages of the original 'milk' and so the

following nitrogen percentages were obta ined: -~
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(1) Total N, i.e. casein + lactalbumin
+ lactoglobulin + proteose~peptone
+ non-protein nitrogen.
(2) Non-casein N, i.e. lactalbumin
+ lactoglobulin + proteose-peptone
+ non=-proteln nitrogen.
(3) Non-protein N.
(4) Proteose-peptone + non-protein N,

(5) ZLactoglobulin N.

The total, lactoglobulin and non-protein N were thus
determined directly and the casein; lactalbumin and
proteose~-peptone N obtained by difference: casein N
= (1) minus (2), lactalbumin + lactoglobulin N = (2)
minus (4), lactalbumin N = (2) minus [(4) + (5)] and
proteose~peptone N @ (4) minus (3). The method of
expressing the results and how the method was applied
to fresh and deteriorated powders will be described

later (Part III, p.llH{).

Special methods and analyses used in Part IV

The methods used to estimate water, protein,
fat and ash in the various fractlons of the centrifuged
reconstituted milk powders were the same In principle
as those described in Section 4, p. (3. For the
determination of calcium in the ash solutions a semi-
micro method was used involving the usual procedure of
precipitation as oxalate followed by titration with
permanganate (Peters & Van Slyke, 1932); the

‘colorimetric method of Filske & Subbarow (1925) was

‘used to measure phosphorus.
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PART IT

The Effect of a High Pre-EBating Temperature with and
without Ethyl Gallate on the Storage Life of Whole-
Milk Powder Spray-Dried on a Gray-Jensen Drier

SN Introduction

The important general aspects of the productidn
and methods of lengthening the storage life of spray-
dried whole~-milk powder have already been mentioned
(pe ¥ ). The work now to be described 1s concerned
with two of these m?thods of improving keeping quality,
namely, the use of a high pre-heating temperature and

the addition of antioxidants.

The use of a high pre-heating temperature

One of the earliest investigations of the
effect of different heat treatments of liquid milk on
the keeping quality of the powder was that of Holm,
Greenbank & Deysher (1926). ‘These authors pasteurized
or pre-heated milk for 30 min. at 145°F., 163°F., 181°F|
and at ZOOQF. and found that with one exception, the
higher the pre-heating temperature, the longer the
powders (presumably spray-dried) kept. The exception
was the 2009F. powder; 1ts keeping quality lay between
that of the 163° and 181°F. powders. - The conclusion
was that the use of a pre~hesting temperature of about
181°F. for 30 min. would be an improvement over the

o
existing normal practice of heating at 145 F. for 30

min. but that no advantage was to be gained by 1ncreasi?g
@he temperature further. Holm et al. also claimed tha#

|
1

|
]
|
| !
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the removal of cellular material by using a centrifugal
clarifier, and the use of fresh rather than staler milk,
improved the keéping quallty of the powder,

In the next fifteen years or so, very little
work was published on this method of increasing the
storage life of milk powders, but indirect evidence
accumulated which showed the beneficial effect of high
pasteurizing temperatures on the keeping quélity of milk
and various milk products. TFor example, Kende (1932)
showed thet the oxidative or oily flavours which
developed in some milks, especially after storage at
low temperatures, could be prevented by heating the
milk at 185 F. for 5 min. and alsc that reducing sub-
stances were found in milk so heated, Other

investigators . obtained similar results, Dahle,

Lawthorn & Barnhart (1940) showed that creams of |
superior keeping quality were obtained by high temperaéura
flashk-pasteurlzation (170-190°F.))and that this treatmént
was much more efficacious then heating et 150°F. for
a8 long as 30 min. Trout (1942) recormended that
cream intended to be stored frozen, should be
pasteurized at not less than 165°F. for 15 min. and
breferably at 1850F. for 5 min. Cooked flavours of
variable intensity were produced In the cream by this
treatment but these were not objectionable. To
produce butter which would be resistant to oxidation

i

during storage, Scheib, Stark & Guthrle (1942) found

o
that pasteurization of the cream at 165 F. for 30 min.



was necessary and that 15 min, was insufficient.
Without exception, the results of these investigators
show that with a varilety of milk products, by increasing
the temperature and duration of pasteurization, a
product of enhanced keeping quality is obtained.
The beginning of the recent war gave an 1mpetué
to research on the application of these earlier findings
to the production of dried milk. Hollender & Tracy
(1942) showed that milk powder prepared on a small

laboratory vacuum roller-drier kept better when the

liquid milk was heated at 170 F. for 30 min. than when‘
temperatures of 150 or 190°F, were used. Jack & |
Henderson (1942), using an atmospheric roller-drier,

o}
found that powder made from milk pre-heated at 142 F,
for 30 min. kept for only 5 months but that by pre-

heating at 175°F. for 15 min., the resulting powder

kept for over 2 years. These authors also said that
& spray-dried powder which had been pre-heated at
220°F. for 10 sec. kept for over 2 years but little
| data were supplied in support of the claim. As with
cream, the high pre-heating temperatures produced a
cooked flavour in the powder but this was never
conslidered objectionable.

The war also stimulated research on the
manufacture of butter, butter-oll and dry butter-fat,

suitable for long sforage at high temperatures. With

these products, it was agalin found that high temperaturne

i

treatment during their manufacture gave increased
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keeping quality (Josephson, 1943; Ewbank & Gould, 1945;
El-Rafey, Richardson & Henderson, 1944; Pont, 1945).
The effect can probably be attributed to the formastion
of traces of decomposition products with antioxidant
properties from the small amount of protein present in
the butter,

It will bve noticed that most of the work
described so far has been American and this was
reflected in the fact that at this time (1942), in
America , mllk powders were in commercial production
for which & very long storage life in alr was claimed. |
Thereupon, the Agricultural Research Council and the
Food Investigation Organisation of the Department of
|8cientific and Industrial Research sponsored the first
thorough British investigation into the effect of
temperature of pre-heating, of clarification and of
bacteridlogical quality of the raw milk on the keeping
properties of spray-dried whole:milk powder. This
experiment (Mattick et al., 1945) showed that for
powder mamufactured by the Kestner spray-process,
increasing the pre-heating temperature from 165 to lQOqF.
(in both instances for 20 sec. plus 3-5 min, at a
slightly lower temperature) greatly retarded the
development of'tallowy tofft-flavours and that a
powder with a storage life of sbout 2 years could thus
be obtained. Removal of cellular debris by clarification

did not affect the keeping properties of the powders,

and improvement of the bacteriological quality of the




milk,\while producing a definite improvement in the

keepling quality of the low temperature powder, had .
little effect when the high pre-heating temperature

was used. It was suggested that the protective effect
of the high pre-heating temperature was due to the |
antioxidant properties of the sulphydryl compounds
producedvby the action of heat on the proteins and
possibly alsb to the more complete destruction of

oxidizing engymes In the milk,

The beneficlal effect of the higher pre-heating
temperature was so great that experiments were bagun
to see whether simllar results could be obtained using
other types of spray-driers and also to find the
temperature which would give maximum storage life with

& minimum of 'cooked! flavour. These later experiments

g

involved the use of a Krause plant (Findlay et al.,1946
The effect on keeping quality of using the following
pre-heating temperatures was investigated: 160, 170,
180, 190 and 200°F. The powder pre-heated at 1809F.
had the best flavour and kept in good condition about
S times as long as the 160 and 170°F. powders. The
190 and 200°F. powders had a definite but pleasant
'cooked! or 'boiled! flavour and both kept about 5 timef
as long as the 160 and 170°F. powders.,

There is no doubt therefore that a pre-heating

temperature of 190°F. greatly extends the storage life

of dried milks made by the Kestner and Krause methods

in which the milk is condensed 1n vacuo and converted
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to spray by centrifugal force, In Scotland at the

L

present time, all spray-dried milk 1s made by the Gray:
Jensen process in which the milk is first concentrated'
by allowing it to shower through the hot exhsust gir
from the drying chamber and then sprayed of atomized
by forcling it through a fine orifice under high
pressure, It was importent to determine, therefore,
whether in this process also, a high pre-hegting
temperature would improve the keeping cquality of the

powder; thils was investigated in the present work.

The use of antiloxidants

Antioxidants are substances which have the
property of retarding or inhlbiting the oxidation of
fats, Generally, only a very minute amount of the
antioxidant 1s necessary. Its effect is usually to
delay oxidation by lengthening the induction or lag
period during which the fat 1s oxldized very slowly.
The mechanism of this phenomenon is not yet understood
although the published work on antioxidants 1s
voluminous. This work has been revieﬁed critically
by Iea (1938) and a short discussion of more recent
investigations has been published by Longepeeker &
Daubert (1945). In the present instance, it will
suffice to mention briefly the main types or classes

of antioxidants available and some of their recent

applications to the preservation of edible fats,

especially milk fat.
(2) MNaturasl antioxidants, Empirical use of anti-
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oxidants has been made ever since 1843 when Deschamp
discovered that gum benzoin improved the keeping |
quality of lard. However, it was not until the 1920'§
that thorough scientific investigation began. These ;
researches were initiated by the observation that |

naturally occurring oils amd fats, such as those i
prpsent in ripening seeds and muts or in plant and |
animal tissues, do not become 'rancidt?, But when
these oils and fats were purified or refined, they
became very much less resistant to oxidation. The
obvious conclusion was thet the process of refining
had extracted or destroyed some constituent which

prevented oxidation. This led to a search for the
naturally occurring antioxidants. Their precise |
chemical nature is not yet fully kmown but concentrates

|
of some of these substances have been prepared from.thé

unsaponifiable fractions of several vegetable oils. %

These fractlons are uncrystallizable olls and give tesés

for hydroxyl groups and double bonds (Olcott & J

Mattill, 1936). The active substances in some of
these vegetable concentrates are now thought to be

tocopherols® (Olcott & Emmerson, 1937).

Since these discoveries, vegetable oll

concentrates have found many applications in the

%
€.g. o -tocopherol

Ho AP0 CHz CHs CHg
(CHg)z.CH.(CHg) 5. CE. (CHy)5.CE-CEg
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stabilizing of edible fats, ©.8., the addition of 5-10%
of sesame-oil to lard and other fats (Grettie, 1933), |
and of crude cottonseed-oil to refined cottonseed~oil
or lard (Grettie & Newton, 1934). Anocther method‘has
been to treat the fatty foodstuff with a finely divided
vegetable material such as oat flour (Musher, 1935)
elther by direct incorporation or by sprinkling or
‘dusting the flour on the surface of the fatty material)]
These examples; by no means the most recent, illustrat?

the use of these natural gntioxidgnts.

(b) Hydroxy-aromatic derivatives. 1In addition to

these natural antioxidants; the early work of Moureau
& Dufraisée (1922) showed that many substances could
act as inhibitors of the oxidation of fat but out-
standing among them were substances containing phenolig
groups. Since then, the antioxidant properties of
many natural and synthetic compounds have been extensively
‘| examined. Several workers showed that pyrogallol, |
hydroquinone and catechol were among the most potent.
From sbout 1930 onwards, Mattill and co=-workers in
dmerica published many papers on the relative
antioxidant activity of hydroxy-aromatic compounds.
Thelr conclusion was that such a compound will only be
an gntioxidant if it contains hydroxyl groups directly

substituted in an aromatic nucleus. Phenol itself is

not an gntioxidant but the substitution of another

hydroxyl group in the ortho- or para-position (i.e. |
|

giving catechol and hydroquinone (quinol) reSpectivelyx

i
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gives strong antioxidant properties, while the
introduction of two hydroxyl groups in the 2, 3 or
2, 4 positions (i.e. giving pyrogallol and hydroxy-
hydroguinone respectively) still further increases
the effect.

Carotene, lecithin, gum guaiac and the organic
acids, maleic, malic and citric also have antioxidant

properties.

New antioxidants and some recent applications to milk

and milk products. Nordihydrogmiaretic acid® which

was synthesized as long ago as 1918, has been shown by
Lundberg, Halverson & Burr (1944) to have powerful
antioxidant activity for lard, especially when used in
combination with ascorbic acid. Riemenschneider, Turenr
Wells & Ault (1944) have found that the fatty acid
mono-esters of L-ascorbic acid and D-isoascorbic acid
are also good aﬁtioxidants for lard. Riemenschneider
et al. (1944) noticed that combinations of antioxidants
were sometimes better than individual additions and als
that when an antioXidant was added to a vegetable oil
containing a natural antioxidant, the same synergistic
effect was obtained. The kinetics of the antioxygenic
Synergism of quinones with ascorbic acid in fat systems
have been investigated by Calkins & Mattill (1944).
This synergistic effect has been utilized by Lips &

® OH H

HO .QOHZ.?}I. TH CH,, OH
CH, CH., |

o) )



McFarlane (1943) who have developed an antioxidant
for lard and shortening which consists of wheat germ
oll fortified with 0.5 - 2% of citric acid. Among
other compounds, Iea (1944e) has used ethyl gallate
as an antioxldant for dried pork. The work of Boehm

& Williams (1943) and Mattil, Filer & Longenecker (1944)

with propyl gallate also demonstrated the antioxldant
power of the lower esters of gallic acid. Ethyl

gallate has even been used to preserve fish (Tarr, 194#).

These few examples show the range of antioxidants now
avallable,

Most of the work utilizing antioxidants for
the preservation of milk and milk products has been
done in America. The use of flnely milled ocat flour
has been quoted by Mueller & Mack (1959) who have

themselves tested the value of oat and other cereal

flours in milk and ice-crean, Cereal agntioxidants for

dairy products have also been investigated by Garmtt
(1940), Dahle & Nelson (1941) and Corbett, Tracy &
Hansen (1941). Doan & Miller (1940) have suggested
that trypsin can be used as an antioxidant for milk.

More recently, Richardson, El-Rafey & Iong (1947) have

shown that flavones® and flavone derivatives can be use
a3 antioxidants for milk fat. In Great Britain, much
work on the subject has been done by lLea, and in one of
his recent investigations (1944b) many phenolic

compounds were tested for their antioxidant properties

.
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when present‘in butter~fat, and be concluﬁed that
although not the most powerful, ethyl gallate had much
to recommend it.

From 1939 omnwards, a number of experiments wer
done to see whether gntioxidants were of use in length
the storage life of whole-milk powder. The method wa
to incorporate a very small amount of antioxidasnt in
the liquid milk just before drying. One of the
earliest investigations was that of Gray & Stone (1939
who used D-glucoascorbic acid® at concentrations of
0.03 and 0.01% in the dry milk, the effect of the
latter concentration proving very good. Two years
later, Waite (1941b) showed that when 0.25% of oat
flour was added to liquid milk before drying, the
storage life of the resulting powder was increased by
about 4 months compared with a contfol powder,
Hollender & Tracy (1942) investigated the effect of
several antioxidahts on the development of tallowy
flavours in vacuum-roller whole-milk powders. The
greatest preventive effect was exerted by gum giaiac
(5 pepem. in liquid milk), followed by hydroquinone
(10 p.p.m.), ascorbic acid (0.01%) and sodium citrate
(0.20%). Many papers were published about this time

% ?H ?H
C ===
o=0c7 |
H.?.OH
H.?.OH
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and the subject up to 1944 has been reviewed by
Coulter (1944). Since then, the use of wheat germ
oll in dried milk has been studied by Tracy, Hoskisson
& Trimble (1944) and by Chapman & McFarlane (1946)
with some success. In Great Britain, Lea's work (194¢

with antioxidants for butter-fat led Findlaey et al.(19

showed that ascorbic acid and ethyl gallate werse the
most promising, and of these two substances ethyl
gallate was the more powerful. At a concentration of
ethyl géllate of only 0.07%, the storage 1life of &

spray-dried whole-milk powder was increased 23-3 fold.

Objects of the present work

This summary of past work on the use of high
pre~heating temperatures and antioxidants to increase
the storage 1life of whole-milk powder showed Some gaps
in the existing knowledge. First, it was not known
with certaintvahat was the effect of a high pre-
heating temperature on powder manufactured by the
important Gray-Jensen process, Secondly, a3 work in
Great Britailn pointed tobethyl gallate as being one
of the best antloxidants, it was desirable to test
this compound on a commercilal scale 1n greater detail
than had so far been possible, It was also important
to determine whether the protective effects of using
& high pre-heating temperature and of adding ethyl
gallate were additive. To settle these problems, it

was decided that the two methods of improving keeping

to test a similar series in dried milk. This experinqnt

5b )
15 )
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quality should be examined and compared under
adequately controlled conditions for the same batch of
liquid milk dried on the same plant. The opportunity
was also taken of comparing the storage lives of the
experimental powders in lacquered as well as in plain
tinplate cans since earlier experiments (Hollender &
Tracy, 1942; Findlay, 1944; Findlay et al., 1946)
indicated that whole-milk powders stored in the former
type of can kept better than in plain cans.
The present experiments were therefore planned
with the following objects in view:-
1. . To f£ind the effect of a high pre-heating
tenmperature on the storage life of a whole-

milk powder spray-dried on a Gray-Jensen drier.

‘2(a)' To f£ind the effect of ethyl gallate on the
storagé life of a spray=-dried whole-milk
powder pre-heated at low and high temperatures.

(b) To f£ind if the use of a low pre-heating

| temperature in conjunction with ekthyl gallate
would give a whole-milk powder of good
keeping quality but without a 'cooked! flavour.

3. To determine whether Gray-Jensen powders
kept better in lacquered than in plain

tinplate cans,




63

EXPERIMENTAL

Preparation of the powders

To .satisfy the objects of the experiment, it
was necessary to prepare four powders, namely, (1) a
low temperature control, (2) a low temperature powder
containing ethyl gallate, (3) a high temperature
control, and (4) a high temperature powder containing
ethyl gallate, It waé decided that the low temperature
pre-heating treatment would be approximately 30 min.
at 160°F. and the high temperature treatment as short
& time as possible at 190°F. In view of the work of
Findlay et al. (1945)von the use of ethyl gallate, a
concentration of 0.07% in the powders was almed at.

Through the courtesy of Mr W.B. Barbour, the
Managing Director of the Scottish Milk Powder Co.Ltd,
the Company!s Gray-Jensen plants at Kircudbright and
Maychline were made available for the preparation of
the powders used both in this experiment and also in
the experiment described in Part III. Thanks are due
to Mr M, Neilson and Mr R.C. Hallett, the managers of

the factories, for their very helpful cooperation.

The details of the Gray=-Jensen system of dryi
have been described by Hunziker (1946) and Scott (193:?.
The procedure is frequently as follows. The liquid
milk is circulated from a storage tank through a
tubular heater to a processing tank and then back to

the storage tank until the desired pre-heating i

temperature is reached. The milk 1s maintained at
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this temperature for 30 min., From the processing
tank, the milk is pumped into the concentrator or
'liquid collector! via a second tubular heater., In
the concentrator, the milk showers through the exhaust
air (c.160%.) from the drying chamber., The partly
concentrated milk circulates through the second heaten
and the concentrator (along with the incoming pre-
heated milk) until the whole bulk of milk has a solids
content of about 30% The second heater meintains thF
milk at a temperature of 165°F, while it is being
condensed. From the concentrator, the condensed milk
passés to a three-thrbw ram type pump and finally
reaches the spray-nozzle at g5 temperature of about
130°F. and a pressure of about 3000 1b./sq.in. The
milk spray meets the incoming hot air which is at a
temperature of about 2400F. and the dehydrated milk
falls to the bottom of the conical drying chamber as

a powder and is removed by suction.

Because only a relatively small amount of milk
had to be dried in the present experiment, the pre-
condensing stage had to be omitted, but this was
unlikely to render the general conclusions inapplicable
to the normal Gray-Jensen process. The milk was dried
in this way:- A total of 500 gal. of raw whole milk
was run into s storage tank. From this tank, it was

circulated through & tubular heater at 160°F. into

another tank and thence back to the first tank. The

milk was thus circulated until the whole bulk was at g
1
o)

a temperature of 160 F. In thils system of pre-~
|
|
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heating, 1t was difficult to know the exact 'time-
temperature! treatment given to tha milk but an

endeavour was made to ensure that it‘was as near as
possible to 30 min. at 160°F. Heating was then stopped
and 150‘ga1. of the milk were transferred to a glass-
lined tank fitted with a stirrer from which it could be

pumped through the spray-nozzle into the drying chamber.
A sample of the milk was taken at this stage. Then
50 gal., of the milk were dried and the powder discarded.
The next 50 gal. were dried and the powder collected
to serve as the low temperature control sample. To
the remaining 50 gal. of milk, 25 g. of ethyl gallate
dissolved in 500 ml., of hot water were added and the
mixture well stirred. The third batech of 50 gal. was
then dfied, only the product emerging from the drier
towards the middle of the brief drying period being
collected as the low temperature ethyl gallate sample.,
The remaining 350 gal. of milk were circulated
through the heater at 190°F. until the whole volume
had been meintained at that temperature for 5 min. when
the temperature was allowed to fall. Five minutes 1is
a longer period of heating than was used in experiments
on the festner and Krause plants (Mattick et al., 1945;
Findlay‘ggiiil, 1946), but it was adopted in the present

experiment in order to make sure, with the particular
type of heater available, that all the milk had attain%d
a temperature of 190°F. 150 gal. of the heated milk|

|
were transferred to the clean glass-lined tank and driqd
;

as before in three batches of 50 gal. each. A samplef



Table 3. Compositien og,the low-temperature
control powder

- %

MO1SEUTE sevuenvneennaeensns 1.1
FOAt seveeeesccccscscasnseanas 30,8
'Crude' protein (N x 6.38).. 27.0
t ASh seceveeeccccceascccnceas 6.3

Lactose, etc., (by
: difference) 34.8
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of the heated milk was again taken from the tank.

The four samples of dried mllk were collected
directly at the bottom of the drying chamber in clean
bags, each thoroughly mixed 1n a wooden vat and
immediately transferred to 21 lb. cans,

Analysis and properties of the fresh powders

The low temperature control powder was
analysed by the methods already described. The results
are shown in Table 3 and they are quite typical for a
whole~-milk powder.

Ethy;Agalléte content. The amount of ethyl gallate

in the powders was determined by the method already
described (p.3%). 1In the low temperature ethyl
galiate powder, the ethyl gallate content was 0.08%
and in the corresponding high temperature powder,
0.06%. No gallate was present in either the low or
the high temperature control powders.

Moisture content. The moisfyure content of the powders

as measured by the air-oven method are recorded in
Table 4. Since none of the values exceeded 1.2%, it
was to be expected that as storage of the powders
progressed, the predominating type of spoilage ﬁould
be oxidation of fat rather than the protein-lactose
type of deterioration which 1s very marked 1n powders
of high moisture content (Findlay et al., 1945;

Henry, Kon, Lea, Smith & White, 1946; Henry, Kon, Lea |

& White, 1948), and which is referred to in detail in

Part III.
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Copper content, The copper contents of the powders

are recorded in Table 4 and they show that the low
temperature control powder had a minimal copper conten
of l.4 DP.pem. In the low temperature ethyl gallate
and the high temperature control powders, the values
were but little higher and almost equal (approx. 2 PeD
In the fourth powder, however, in whose preparation a
high pre-heating temperature had been used and ethyl
gallate added, the value was 3.8 p.p.m. Copper tends
to decrease the storage 1life of & whole-milk powder.
It follows therefore that since the low termperature
control powder had the lowest copper content, the
improvement in keeping quality which resulted in the
present work from the addition of ethyl gallate and
from the use of a high pre-heating temperature or to
both, would have been still greater if the copper

content of all four powders had been ecual.

Readi}z extractable or !free! fat. In previous

experiments (Findlay, 1944; Findlay et al., 1946),

the keeping quality of milk powders tended to be better

in lacquered than in plain tinplate cans. It was
thought that the degree to which the fat was readily
extractable might have some bearing on this finding,
and in the present work, values for the 'free! fat

were determined by extraction with ether (Table 4).

Omo)o

It can be seen that the powder which had the high pre-i
\

heating treatment had slightly less 'free'! fat than
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the low temperature powder but this small difference
would be unlikely to have any detectable influence on
the keeping properties of the powders.

Sulphydryl compounds. It has already been explained

(pe 36) that the nitroprusside test for sulphydryl
compounds can be used in certain circumstances to
detect protein denaturation of different degrees
caused by heat or other means. In previous work with
milk powder (Mattick et al., 1945; Findlay et al., 19
the'extended storage life of hizgh temperature powders
was associsted with the presence of these sulphydryl
groups or compounds, In these experiments, the.
presence of volatile sulphur compounds was also shown
by more quantitative methods (Gould & Sommer, 1939;
Townley & Gould, 1943; Lea, 1946a). In the present
investigation, the liould milk pre-heated at 160°F.
gave a negative sulphydryl test and the milk heated

at 1906F. a positive test, as was'expected, But with
the high temperature powder, the test was negative,
the addition of the nitroprusslide produclng only a
slight brown coloration typical of a negative test

and similar to the result with the low temperature
powder, Findlay (1944) made a similar observation
when he applied the nitroprusside test to Gray-Jensen

powder.

It may be that under the influence of the

46),

high pressure 'atomizer!, the psrticular sulphur compounds
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which are responsible for the pink coloration are
volatilized and driven off in the current of hot air
during the drying process, However true this
suggestion may be, the fact remains that not with-
standing the absence of the dharacteristic‘pink colour
in the sulphydryl test, the high temperature powders
still showed the greatly improved keeping ocuality whicp

can now be regarded as typical of such powders.

Solubility. The solubility of the powders was

determined by the two methods already described. The
resulting values recorded in Table 4 show that the
powders were not so soluble as those normally obtalined
from a Gray-Jensen plant. This almost certainly
resulted from the fact that an unusually small amount
of milk was dried and that slight but unavoldable

changes were made in the drying procedure.

Flevour. The flavour of all the powders when
reconstituted after mamifacture was satisfactory. As
usual, the high pre-heating temperature had 1mpartéd

a slight but not unpleasant 'cooked! flavour to the
pProduct. For this reason, there was a tendency for
the low temperature powders to be preferred at the
beginning of the storage period, but subsequently they
deteriorated much more rapidly than the high temperature
powders. The ethyl gallate was not found to cause any

degree of unpalstability in the powders.
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Biological value of the proteins. It has been shown

that the biolqgical value of the proteins of milk is
not affected by pasteurization (Henry, Kon & Watson,
1937), by evaporation and condensation (Henry, Houston
Kon & Thompson, 1944) or by sprayQ or roller-drying
(Henry, Houston, Kon & Osborne, 1939). On the other
hand, sterilization (Henry & Kon, 1938) causes a
statistically significant decrease of 6% in the
biological value, no doubt due to the fact that this
process involves heating at a high temperature for
mich longer than in any of the other processes.
Because of these findings, it was éf Interest
to know whether the high temperature pre-heating
treatment would have any effect on the bidlogical
value of the protelins of the powders. Samples of the
loﬁ and high temperature control powders were sent to
Drs Henry and Kon at the National Institute for
Research in Dairying, Reading for examination. Their
results have been published (Henry & Kon, 1947) and it
was concluded that the biologlecal value énd true
digestibility of the proteins of milk powder pre-
heated at 1909F. are not inferior to those of powder
pre-heated at the lower temperature of 1609F. (see

Table 4).

Packing the powders and storage tests

The plen of the experiment was to pack the
powders in air-tight cans, store them at different

temperatures and examine them at intervals.




Both plain tinplate and lgcouered cans of
the type known as 'sanitary! or topen-top! were used.
Two types of lac@uered cans were available, one coated
with 'meat! lacquer (a phenol-formaldehyde thermo-
setting resin) and the other with !'fruit! lacquer (a
natural oleo-resin). The 'meat! lacquer type was
chosen. So that one can would give sufficlent powder
for all the tests, a 6 o0z, size was used.

The caﬁs and lids were thoroughly wiped.

75 g. of powder were packed into each can and after
removing anj powder on the rims of the cans, the lids
were sealed on by machine, During this process,
several readings of the barometric pressure and
vtemperature were taken. As the volume of this size of
'ican is 186 ml., the packling density was 0,403 g. of
powder per ml, of can space, Assuming an apparent.
density of 1l.33 for the milk solids, the free oxygen
content of the can was calculated (p. 2k ) to be 48.3 mg,
of oxygen per 100 g. of powder, The seams of the cans
were then given two coats of bitumen® to ensure gas-
tightness, and when this had hardened, the cans were
placed in water-jacketed incubators at 47 and 37°C. and
|some were left at room temperature (c. 17%¢c.). In
addition to giving an early indication of the results to
be expecfed at ordinary temperatures, the use of these

high storage temperatures indicated how the powders

* The bitumen was type L.459, supplied by British
Bitumen Emulsions, Ltd.
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Fig. 2. Changes in the palatability of whole-milk
powders prepared from milk pre-heated at
160 and 190“F., with and without %thyl
gallate, during storage at 47, 37°C. and
room temperature (c. 17°C.).
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Table 5. Keeping properties of the milk powders aé measured by palatability

Weeks to deteriorate to Weeks to deteriorate to
tof f'-flavour score 1.0 tofft'-flavour score 2.0 Lacquered / plain ratio
Pre- {Ethyl : ,
heat-|gall- | At tofft'-flavour | At 'off!-flavour | pven.
ing| ate; Lacouered cans Plain cans Lecquered cans Plain cans score 1.0 score 2.0 éges
temp. o o | Room o o | Room o o. | Room o o. | Room R o. |Room o o. | Room
(FJ| (8) | 47%. 37°% . temp. 147°C.| 37°C.] temp. [47°9C.] 37°C.| temp.|{47°C .| 37°C.| temp.}47°C.{ 37°C.{ temp, 47°C.|37°C.| temp.

160 {none 544 | 8,7 28.0| 5.1 | 7.6 26.0 | 6.7 |10.3 45,5 6.0 9.5 | 45.0f 1.1 l.l1 | 1.l 1.1 1.1 1.0 1.1
160 10.08 12.6 | 25.7 | 102.5{12.,1 { 2446 {101,0 (17,6 |31l | 128,0{17.6 | 30.6 {129.0} 1.0 1.0 1.0} 1.0 1;0 ’1.0 1.0
180 | none 844 | 20,7 | 102.5] 8.0 1 19,7 | 103,0]10.6 | 26.9 | 129,5| 9.3 125.0 | 126,0} 1.1 1.1} 1.0 1.1 1.1 1.0] 1.1
190 (0,06 | 17,3 | 324 |c.180|17.1 | 30,0 | ¢c,185 |19.4 | 40.0 - 119.3 139.4 - 1.0 1.1 ] 1.0} 1.0 1.0 - {1.0

Relative storage life as measured by palatability Avergges

160 | none 1.0} 1.0 1.0} 1.0 1.0 1,01 1.0 1.0 l1.0f 1.0} 1.0 1.0f 1.0 1.0 1.0
160 0,08 251 3.0 371 2.4 | 3.2 3.9 26 | 3.0 281 2,9 | 3.3 2.9 26 | 341 | 33
190 |none 1.6 2.4 ' B3.71 16| 2.6 4,0] 1.6 | 2.6 2.8} 1.6 2.7 2.8) 1.6 2.6 5.3
190 | 0.06 562 | 3.7 | cebed} 343 5.9A Co7el| 2.9 ] 3,9 - | 3.2 4.2 -] 3.2| 3,9 | 6.8
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would keep 1n tropical climates, 4 mumber of cans,
both air-packed and nitrogen-packed, were kept in a

refrigerator to act as controls,

Examination of the stored powders

At intervals, the powders were examined for
palatability, absorption of oxygen, production of carbon
dioxide and apparent peroxide value by the methods
described in Part I.

Palatability. The average of the 'off!-flavour marks

awarded by the five tasters (p.[Y ) for each sample at
each tasting was plotted against the storage time to
give the curves shown in Fig, 2., When the curves so
obtained passed an toff!-flavour score of 1.0, the
trained panel was beginning to detect the development
of slight tofft~-flavours. When score 2.0 was reached,
the Voff!-flavours were believed to be sufficiently
obvious to be noticed and objected to by the ordinary
consumer., However, for powders intended for humen
consumption it would probably be safe to regard the
time taken by a powder to reach an.'off'Qflavour score
of 1.0 as its effective storage life. Powders with
'of f1-flavour scores of up to 2.0 might be used for
cooking or baking. The Gimes recuired for toff'-
flavour merks of 1.0 and 2.0 to be reached and the
calculated relative storage lives of the powders have

been recorded in Table 5.

Absorption of oxygen and production of carbon

dioxide. At intervals cans were removed from the
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Rates of absorption of oxygen by the milk powders

Table 6,

Weeks to absorb 10 mg./100g. powder

Weeks to absorb 20mg./100g. powder

Lacquered / plain ratio

Pre- |Ethyl :
heigé gai%; Iacaquered cans Plain cans Lacquered cans Plaln cans At 10 mg. At 20 mg. Aver-~
ages
temp.
Room Room Room Room Room Room
(°F.)| (%) | 47%.| 37°C.) temp. |47°C.| 37°C.| temp.|47°¢.| 37 .| tem . [47°C.]137°C.| temp. [47°C.|37°C.| tomp.| 47°C.|37°C.] temp.
|
160 Jnone 4,1 Ted! 30.5] 3.7 6.9 32.0) 6.7 |12.7 43,3 | 6,1 {12.0 43,7 I 1.1 1.1 1.0 1.1 1.1 1.0 1.1
160 0.08 7.7 {|16.4 82,0 646 1187 | 8240i14e1 30,9 1138,0({14.,0 (32.4 1142.0 1.2 | 0.9 1.0 1.0 1.0 1.0 1.0
190 none 5.3 | 13.7 75.01 4.9 }12.7 77.0] 9.9 (22,7 115,01 7.9 |20,3 {114,014 1,1 1.1 1.0 1.3 1.1 1.0 1.1
190 0.06 77 12047 1 145,9}) 8.3 20,0 | 130.0!14,1 [ 3844 | CeR60{15.,0 |3846 | Cce260} 0,9 1.0 1.1 0.9 1.0 - 1.0
v |
Relative storage l1life as measured by oxygen absorptlon ; Averages
160 none 1.0 1.0 1.0 1.0 1.0 1,01 1.0 1.0 1.0] 1.0 1.0 1.0 1.0 1,0 1.0 |
160 0,08 1.9 2.2 2.7 1.8 2.7 26| 2.1 2e4 5.2 23 2.7 3.3 2.0 25 3.0
190 none 1.3 1.9 251 1.3 1.8 2e4}) 1.5 1.8 2477 143 1.7 2.6 1.4 1.8 2.6
190 0.06 1.9 2.8 4.8} 2.2 ] 2.9 4,1] 2.1 360 | CoB.0] 2.6 | 3.2 Co6.0)l 2.2 3.0 5.2

PN YN N



incubators, allowed to cool to room temperature and the
headspace gas analysed by the method described on p.28.
The amount of oxygen absorbed by the various powders
has been shown graphically in Fig. 3. From these
curves, the times taken by the powders to absorb 10
and 20 mg. of oxygen per 100 g; of powder were f;und
and they have been used as a basis on which to compare
the rates at which the powders deteriorated. These
times and relative storage lives are given in Table 6.
The production of carbon dioxide was small
and rather erratic, the latter effect probably being
due in part to the solubility of carbon dioxide in the
fat of the powder, The results are shown in Fig. 4

A1)

as percentages of COg in the headspace gas and have nof

been converted to absolute units,

Apparent peroxide value. The apparent peroxide values

of the powders, measured by the method described on

p. 31 , are shown diagramatically in Fig. 5.

RESULTS

Palatabllity
Fig. 2 shows clearly that at all storage

temperatures, the low temperature control powder
deteriorated in flavour most rapidly and that the high
temperature powder plus ethyl gallate kept longest.
Between these two extremes were the low temperature
plus ethyl gallate and the high temperature control

o
powders. When stored at room temperature (c. 17 °C.),

the 160°F. ethyl gallate and the 190°F. control powder
|



confirmed the beneficial effects of high temperature

(!

remalined palatable for practically the same period but

at the two higher storage temperatures, the 160°F.
ethyl gallate powder kept slightly longer than the 190
contfol powder. The relative storage lives of the
powders, calculated from the tlmes recuired to

deteriorate to tofft!-flavour scores 1.0 and 2.0, are

°F .

given in Table 5, Raising the pre-heating temperature

of the 1iquid milk from 160 to 190°F. or the addition

of ethyl gallate to the milk before drylng, extended tFe

storage life of the control powder by a factor of the
order of 1% - 2% at 47°., 25 - 3 at 37°C. and just ov{

3 at room temperature (c. 17°¢c.).
The results for the 190°F. ethyl gallate

powder are incomplete, as even now, after about 3% year

storage at room temperature, the 'off'!-flavour score
for this powder is only about 1.0. However, it can bs
sald that increasing the pre-heating temperature and
incorporating ethyl gallate in the milk extended the
storage 1life by factors of about 3 at 4700., 4 at 37°%¢c

and at least 7 at room temperature.

Absorption of oxygen and production of carbon dioxide

Oxygen absorption data (Fig. 3 and Table 6)

pre-heating and of the incorporation of ethyl gallate,
as well as the further increase in stability obtained

when both means were employed together. Protection

factors too were progressively higher as t

o
of storage decreased from 47°c., through 37° to 17°C.,

he temperature

B

»




Table 7.

Relation between absorption of oxygen

and deterioration in palatabilitz of

the milk powders

Storage|Pre- Ethyl mg . oxygen absorbed /100 g. powder for
temp. |heating|gallate| deterioration to 'off!-flavour scores
temp. 1.0 and 2.0
Lacguered cans Plain cans
o o}
( C.) ( F.) (%) 1.0| 2.0 | Difference| 1.0 | 2.0.] Difference
160 none 15 20 5 16 20 4
160 0.08 17 27 10 17 27 10
47 :
- 190 none 16 22 6 21 | 26
190 0.06 25 29 4 24 28 4
160 none 12 | 15 3 11 15 4
160 0.08 16 20 4 14 19 5
37
190 none 18 26 8 19 27 8
190 0.06 16 21 5 15 20 5
160 none 9 | 22 13 7 |21 14
160 0.08 13 | 18 5 13 18 5
0017 ’
190 none 16 25 9 17 24 7
(room ) _
temper-| 190 0.06 13 - - 14 - -
ature)




as 1ln the palatability tests. As can be seen by
comparing Tables 5 and 6, the improvement in keeping
properties when absorption of oxygen was used as a
criterion was slightly smaller than when the powders
were graded by tasting panel. For example, Table 6
shows that raising the pre-heating temperature from
160 to 190°F. or the addition of ethyl gallate extended
storage life by a factor of 13 - 2 at 47°C., 2 - 2% at
37°. and 2% - 3 at room temperature whereas by tasti
tests the corresponding factors were 13 - 23, 25 - 3
and just over 3.

While it was obvious from a comparison of
Figs. 2 and 3 that there was a general parallelism
between absorption of oxygen and development of toff!-
flavour, the ratio of the aquantity of oxygen absorbed
to the degree of 'off!-flavour produced was not constant.
The values given in Table 7 show the magnitude of the
variation. It can be seen that at 4%, 37 and 1700. the
least stable powder, 1l.e. the 1609F. powder, generally
required the legst oxygen for it to deterlorate to 'off'-
flavour scores of 1.0 and 2.0. The converse was not
always true but there was a tendency for the more stable
powders to require more oxygen to deteriorate to a given
1offt -flavour score. It is interesting to note that at
47°9C. the 160°F. ethyl gallate powder required about
twice as much oxygen as the other powders for a further
incfease in 'off!-flavour score from 1.0 to 2.0, but

that at 37°C. the same phenomenon was obtained with the
190°F, powder. Generally, slightly more oxygen was
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required at 47°than at 37°C. and considerably more at
37° than at 17°C. to deteriorate to the specified !off
flavour scores, To sum up, high temperature pre-
heating, incorporation of ethyl gallate and high stora
temperatures all tended to increase the amount of

. oxygen required to produce a'given degree of !offt-
flavour.

As Fig.4 shows, the rate of production of
carbon dioxide was an indication of the keeping qualit;
of the powder, the powder with the shortest storage
life producing carbon dioxide most rapidly and vice ve;

Apparent peroxide value

The relative rates at which peroxides
developed in each of the four powders confirmed the
main conclusions drawn from the palstability and oxyge]
absorption tests. The peroxide values given in Fig. !
show that the fat in the control powder made from milk
pre-heated at lQOoF. was more resistént to oxidation

than the fat of the corresponding powder for which the

pre~heating temperature was 160 °F. They also show that

the addition of ethyl gallate increased still further
the resistance of the fat to oxidation.

The curves showing the apparent peroxide
values of the ethyl gallate-free powders are quite
| typical and similar in shape to these obtained by
Lea et al, (1943). It is interesting to note the
influence of the presence of free oxygen in the cans
on the péroxide values of these powders. By comparing

the oxygen absorption curves and the peroxide values,
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1t can be seen that the peroxide values resched s

meximum just before all the oxygen had been consumed
and then they decreased fairly rapidly. The conclusion
is that the peroxides, or the compounds responsible
for the oxidation of ferrous iron, are intermediate anF
not ultimate products of the oxidation of milk fat; and
further, the peroxides are decomposed simulteneously %
with their production and 1t is only in the presence of
free oxygen that the amount of peroxide accumlates.

When all the oxygen has been used, the decomposing

reaction proceeds !'unopposed! and a rapid decrease occurs.

BEffect of the container on keeping properties

All the data cited (Tables 5 and 6) show

that the storage life of the two control powders was about

A__.a‘_.—__—ﬁ_.

10% longer in lacquered than in plain tinplate cans bu
the difference was small compared with that recorded
earlier.work‘with powder made on a Krause plant (Findl*y
| et al., 1946) and with that in a previous unpublished
experiment with Gray~-Jensen powder (Findlay, 1944).
The powders containing ethyl gallate showed practically
no container effect, the pro-oxidant action of the
tinplate surface presumably being neutralized by the
presence of the fat-soluble antioxidant. The effect
of tinplete and of lacquered surfaces on the oxidative

deterioration of butterfat has been discussed by Iea (1946b).

Temperature coefficlents
The relation between the rates of deterioration

at the varilous storage temperatures is shown in Table 8.
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As in earlier work with Krause powder (Findlay et al.,{

1946), there was a tendency for the temperature coeffi#ients,

whether measured from deterioration in palatability or|
from absorption of oxygen, to be lower for the low |
temperature powders than for the high temperature powdérs.
| The temperature coefficlents agree well with those found

for simllar powders in previous work (Mattick et al.,

1945; Findlay et al., 1946).

Estimation of ethyl gallate during storage

It will be recollected that the low temperature
ethyl gallate powder contained 0.08% of gallate and
that the high temperature ethyl gallate powder contained
0.06% of gallate., Findlay et al. (1945) found that,
with whole-milk powders containing about the same amount
of this antloxidant, even after storage for 80 weeks at

47°C., there was apparently no decrease in the amount

of ethyl gallate present. To find whether similar resgults

would be obtained, the amount of antioxidant in the two
powders containing ethyl gallate was measured at the end
of the period of storage at the high temperature, 1.e.
after 216 days at 47°¢. and 505 days at 3700.; e powdenr
which had been stored at 0-4°C. in which the ethyl
gallate would not be expected to have altered was
included in the examination. In all the powders, the
same amount of ethyl gallate as that originally present

was found, thus confirming the earlier report.




Relation between absorption of oxygen and deterioratioh
T
in flavour

It has already been pointed out that there
was a general parallelism between oxygen absarption
and development of 'off'?flavour (p.*5 ) although the
ratio of the quantity of oxygen absorbed to the degree
of tofft-flavour produced was not constant.

Because of thils obvious relation, it is of

Interest to note the finding of Pearce (1945) that no |

chemical or physical tests on milk powders were relateh
to palatability. This guthor examined powders from
several sources manufactured over a period of three
months and stored at different periods at temperatures
ranging from O to 60°C. in air and in inert gas and
also in darkness and in light., He investigated a
large number of physical and chemical tests, and with
the possible exception of titratable acidity, none of
them gave any significant correlation with the quality

of the powders as measured by a tasting panel.

In contradiction to this conclusion, Findley
et al, (1946) in their experiment with Krause powder
showed that there was very good correlation between
palatability on the one hand and absorption of oxygen
and apparent peroxide value on the other. It was
therefore thought worthwhile in the present work to
caléulate the correlation coefficients between absorptiion
of oxygen and palatability for the four powders at eaﬁh

storage temperature. The results are shown in Table |9




- Table 9. Correlation and regression of !off!-

flavour score (y) on oxygen absorption (x);

results for the four powders, in plain and

lacquered cans, at each storage temperature

Storage| No. of pairs| Correlation| Regression
temp. ' of _
observations| coefficient| coefficient

(°c.) NE

47 77 + 0,93%%% | + 0,08 (3)
37 97 + 0.90%%% | + 0,07 (9)
c.17 70 + 0,93%% | + 0,08 (0)

This c.c. 1s significant

when P < 0.001
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and they indicate that there was g highly significant
correlation between these two criteria, The interesting
point is that the close relationship held even at the
high storage temperatures and this 1s another indication
of the value of using these elevated storage temperatures
and of the reliability of the results obtained,

By calculating the regression coefficients,
it can be shown that for every increase in absorption
of oxygeh of 1 mg. per 100 g. of powder there was dn
the average an lncrease of 0.08 in the tof f1=flavour
score, However,.it would be unwise to apply statistical
treatment of these results too far becauﬁe of the great |
number of factors which.could Influence both the objective
and subjective tests used, It is well known that the
relation between palatability and chemical criteria c%n
be altered to a considerabléd degree by variations in
the conditions of preparation and storage of the powdsr.
Other factors bound to have an effect are moisture and
copper content, exposure to light and possibly others

yet unknown., |
It is probable that Pearcel!s failure to fin

any correlation was due to the diversity of conditions
under which his tests were done for there 1s no doubt
that under more restricted conditions of experiment,
chemical determingtionsvcan providg very useful

confirmation of results obtalned by the tasting method.
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At all stages in the deterioration of the
powders 1t was quite easy to place the 160°F. powder
as the worst and the 190°F. plus ethyl gallate powder
as the best in palatability. But one of the most
| difficult problems was the assessment of the relative
merits of high temperature pre-heating without ethyl
gallate and of low temperature pre-heating with ethyl
gallate and on this question no very definite conclusion
was reached. Both the oxygen-absorption and the
tasting=~panel methods agreed in favouring the gallate-
treated powder when the temperature of storage was high

but at room temperature the differences were small,

It has already been noted that the protecti%n
factors obtained from the rates of absorption of oxygeT
by the powders were smaller than these obtained from b,
the tasting tests. The interpretation of this fact 1is
difficult due to the complexity of the chemical system
undergoing oxidation and the warlety of the compounds
which will make up the taste or flavour of a milk powder.,
But at the moment, palatability tests are the most
accurate measure of the keeping quality of milk pqwders
and it seems most unlikely that a chemical test will

supercede taste as the final criterion.

Little mention has been made of the absolutd
storage lives of the powders because the opinion of a qmall
, |
panel of tasters, while very useful for estimating thaJ
h

relative merits of powders, can only be taken as a rou

|
|
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measure of the absolute storage life. Nevertheless, |

|

a conservative estimate of the storage lives of the po’ders,

measured by the time taken to reach 'off'-flavour score
1.0 at room temperature, would be 7 months for the 160
powder, about 2 years for the 160°F. powder containing

ethyl gallate and also for the 190°F. powder, and sligh

over 3 years for the 190°F. gallate powder,

The main objects of this experiment have thus

been answered:- |
l. As with whole-mllk powders manufactured by {
the'Keétner and Krause spray-methods, the effect of
using a high pre-heating temperature in the preparation
of powder on & Gray-Jensen plant, was to increase the
storage life of the powder by a factor of about 2,5,
2. The incorporation of ethyl gallate (c.0.07%)
in a low temperature, pre~heated powder increased its
keeping cueallty by a factor of about 3 but although
this powder had no 'cooked! taste, the flavour of the
high temperature powder was preferred., When the anti-
oxldant was incorporated in the high temperature powder
the protection factor was increased to 3-4 at 4700. and,
3700., and to as high as 7 at room temperature, A
possibility would therefore seem to exist of using high
temperature pre-heating plus ethyl gallate as an
alternative to high temperature pre-heating plus gas-
packing for moderate periods of storage. For storage
up to 1-2 years at ordinary temperatures, a high pre-
héating temperature above would be sufficlent safeguard

F,

tly



50

It only remains now to consider the effect
of using lacguered cans and to endeavour to explain the
mechanism of the stabilizing effect of high pre-heating
ten@eraiures and also of ethyl gallate,

Effect of type of can

‘It has already been pointed out (p.“% )
that with the powders containing ethyl gallate no
increase in keeping quality was obtained by using a
lacquered can. With the other powders, the storage
‘1life was about 10% longer in the lacquered cans, In
other experiments (Findlay, 1944; Findlay et al., 1946),
a slightly greater 'container effect! was obtained. The
explanation seems to be that the bare metalllc surface
of the can in contact with the powder catalyses the
oxidation of the fat, Experiments by Lea (1946b) with
films of milk fat on glass, as well as on lacquered
and plain tinplate, suggest that the differences in
keeping quality due to the container é.re caused by the
acceleratlon of oxidation by the metalllc surface rather
than to a protective effect by the lacquer. No tests
were made to discover whether oxidation of fat was
greater in the layer of powder in contact with an un-
coated can; the fat in this layer would presumably be
o#idized first but since fat oxidatlion 1s aubocatalytic
further oxidation throughout the mass of powder would
probably be accelerated. |




Protective effect of high pre~heating temperatures

The stabilizing effect of high temperature
pre~heating 1n almost any milk product has been
emphasized in the introduction to this investigation.
Now, inseparable with the use of high pre-heating
| temperatures 1s the production of what 1s called a
'cooked! flavour in the milk or milk product. Two very
interesting papers published by Gould & Sommer (1939)
and Josephson & Doan (1939) showed that there was a
close relatlonship between 'cooked! flavour and the
production or liberation of sulphides or sulphydryl
compounds in licuid milk. Moreover, these sulphydryl
compounds lowered the oxidation-reductlion potential of
heated milk and appeared to be active antioxidants.
Consequentiy, when later work showed that high temperature
pre~heating had a great stabilizing effect on the fat
of milk powder and that sulphydryl compounds were
undoubtedly bresent, this protective influence was
attributed to the so-called antioxidant effect of thesé
sulphydryl compounds . It was also suggested that
another cause of the lengthenlng of storage life might
be the more complete destruction of oxidizing enzymes
but this explanation, if true, would almost certainly
be of minor importence compared with the formation of
antioxidants. Even at low pre-heating temperatures
most enzymes would be destroyed.

The sulphur compounds produced by high pre-
heating temperatures must be derived from the milk
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. Protein which conltains about 1 g. of sulphur per 16 g.

of nitfﬁgen (calc. from Block & Bolling, 1945) and
more especlally from the lactalbumin fraction which
contains a higher percentage of sulphur than the main
protein, casein, The protein constituent of the fat=
| globule membrane may be an additional source of these
sulphur cqmpounds. The sulphur in milk protein (and
in proteins generally) constitutes part of the moleculs

of the amino-acids methionine, cysteine and cystine®;-

Methionine Cysteine Cystine
;o fe A
'C‘Hg ICHZ l(} Ho Ho
[o:5) CH(NH2) FH( NHg) ("JH (NH2)
CH(NHg2) COOH COOH COOH
‘coon

According to the generally accepted theory of peptide
linksge in proteins, these amino-acids are attached to
other amino-acids in the protein molecule by their
o’-amino groups, thus leaving the sulphur portion of
their molecules apparently 'free'! or 'avallable!,
However, native proteins, with the exception of mmscle
protein and thymus histone (Schmidt, 1945) contain no
free or reactive -SH or potentially active ~-388- groupé,

or at most only a trace. But when a protein has been

* It is possible that both cysteine and eystine are
present in the protein molecules although after the
acid-hydrolysis procedure for the analysis of proteins,
usually only cystine can be detected, This 1is
because two molecules of cysteine can be easily
oxidized to form one molecule of cystine,

B S
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denatured by heat or other means, the -SH and =-SS=-
groups become free or unmasked and can readily be
detected by the nitroprusside test (-SS- only after
reduction).

Thus 1t would appear that the first effect
| of a high pre-heating temperature on milk proteins,
especially the lactalbumin, is to unmask at least a
proportion of these sulphur atoms. The denaturing
influence of heat does not stop at this stage however.
It has been shown by several workers that volatile
sulphur compounds can be obtained from heated‘milk by
bubbling a stream of nitrogen through it, and the
obvious conclusion is that after the initial freeing
~of the sulphur atoms, a further reaction takes place
at the exposed 'sulphur-ends! of the amino-acid residues
with the liberation of a trace of HoS. It would seem
probable therefore that the positive nitroprusside test
obtained with heated milk and high temperature pre-
heated milk powder is due mainly to the presence of
HoS derived from cystelne or cystine, and possibly alsg
to methyl mercaptan (CHz.SE) which could be formed by
the decomposition of mefhionine. The free -SH groups
of cystelne residues attached to the protein molecule
mey also contribute to a positive test, |

If sulphydryl compounds are directly
responsible for inhibiting the oxidation of millk fat,
the question remains - what is the mechanism of the

antioxidant effect of these groups whether they are




4 present discussion has been proposed by Williamson (194

o

simply the =SH groups of sulpluretted hydrogen or of

cysteilne or methyl mercaptan? This 1s no easy

question to answer considering that the mechanism of

antioxidant activity in general is not understood.
An interesting theory relevant to the

to explaln the apparent antioxidant effect of thioures
in milk powder, First, it is known that in the

presence of water, thiourea tautomerizes to the thiol

form:~

NHy, NH

c:=s Y———___—E- H-SH

NHg RHg
Secondly, Kitamura & Suzuki (1938) have shown that
thiourea, presumably in the thiol form, reacts with
peroxldes to form a sulphinic acid which in turn may be
oxldized to a sulphonic acid:~

NH (a) NH (b) NH

I
..., ¢ | o |
~SH + c‘> — clz-sozH — ?-SOSH
|

NHo NHo NHg

Williamson was of the opinion that the 2% or so of
moisture in the milk powder he used was sufficlent to
enable the tautomeric reaction to proceed and then as
soon as peroxide was produced, the second reaction

would commence and peroxides would not accumulate.

14 )




At first sight this seems an attractive theory
to explain the antioxidant effect of sulphydryl compounds
but there are seversal ob jections. First, HoS, which
appears to form the bulk of the ~SH compounds in heated
milk, would be ruled out as an gntioxidant because the
formation of H-SOgoH (an unknown compound) would be
involved, though the formation of a sulphinic acid with
a8 cysteine residue does seem within the bounds of
possibility. Secondly, there is the fact that a high
temperature pre-heated milk powder absorbs oxygen more
glowly than a low temperature powder (see Fig. 3).

& mechanism such as that just described meens that
oxygen would be consumed to form peroxides without any
hindrence, the so=-called antioxidant only serving to
decompose the peroxides once formed but without the
reliberation of molecular oxygen. However, it is
posslble that because peroxides do not asccumulate in
this system, the absence of their own catalytic effect
on further oxldation slows the oxidation of the fat
with a resulting slow absorption of oxygen.

However true or false these theoriles mey be,
there 1s one fact which suggests that sulphydryl compounds
per_se are not antioxidants in milk powder. It will
be recalledr(p. 68 ) that although the liguid milk pre-
heated at 190°F. gave a positive -SH test before drying,
the powder made from this milk gave a negative
sulphydryl test, and yet the powder had the typically
enhanced keeping quality. This result was not
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fortuitous or an isolated instance for Findlay (1944)
in unpublished work also got a negative sulphydryl test
with high temperature powder prepared on a Gray-Jensen
plant, although again the pre-heated liquid milk gave
the usual positive test.

The following theory is proposed to explain
these facts, the basis of 1t being that the sulphydryl
compounds act as indirect antioxidants by immobilizing
the traces of pro-oxidants copper and iron or other
8imllar pro-oxlidants which may be present by forming
insoluble sulphldes. Thus when milk 1s heated, the
liberated -SH groups, whether those of HoS or of cysteine
reslidues or both, react with the pro-oxidants, the
positive sulphydryl test obtained in some spray-dried
powders pre-heated at a high temperature being due to
the excess of HyS which 1s not blown off in the drying
process. The Gray-Jensen process differs from the
Kestner and Krause processes in that the liquid milk
1s condensed by allowing it to shower through the hot
exhaust air from the drylng chamber, the concentrated
milk then being atomlzed by high-pressure spraying. It
is suggested that 1n these final stages of the drying
process, the excess of free HoS or other volatile
sulphur compounds is volatilized, leaving only the
insoluble metallic sulphides in the dry powder. In this
way, the gctive pro-oxidant catalysts, copper and iron
(amd possibly other metals) are inactivated and cannot

accelerate the oxidation of the fat. Support for this
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theory is given in the work of Gould & Sommer (1939) |

g

and Josephson & Doan (1939) where it was shown that th
addition of copper sulphate to heated milk minimized
the !cooked! flavour, the inference beilng that the
sulphydryl compounds had reacted with the copper. No
doubt when traces of HoS remain in mllk powder, the
lowered oxidation-reduction potential will still further

retard the onset of fat oxidation.

Protective effect of ethyl gallate

{oxidation. But because ethyl gallate can form salts

The incorporation of ethyl gallate in a whole~
milk powder slows the absorption of oxygen and prevents
the accumulation of peroxides while the ethyl gallate
appears to remain unaltered. Because of this fact, it
i1s interesting to note that Filer, Mattil & Longenecker
(1944) found that gallic acid, used as an antioxidant
in an oll substrate, had completely disappeared at the
end of the induction period of the oxidation of the oil;
it appeared that the gallic acid was preferentially
oxidized. It is difficult to reconcile these two
observations and they show the complexity and difficulty
of explaining the mode of action of inhibitors of

or complexes with iron and copper in agueous solution,
it seems not unreasonable to suppose that this
triphenolic compound‘can also inactivate the tracgs of
pro=-oxidant metals in milk. This theory can obviously
only be a partial explanation because ethyl gallate in

some way prevents the accumulation of peroxides and also

|
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glves additional storage life to a high temperature

91

pre-heated powder in which presumnbly, the catalytic
metals are already inactivated by the -SH compounds.
A canned whole-milk powder containing ethyl gallate
does eventually absorb all the avallable oxygen yet
very little peroxide can be detected. The work
described in Part III of this thesis shows that under
the conditlons of the experiment now under discusslion,
the oxygen would only be utilized by the fat in the
powders, It seems therefore that peroxlides must be
formed but that a function of ethyl gallate 1s to
decompose the peroxides as quickly as they are formed
and so prevent the catalytic oxidative power of these
compounds from coming into operation.

Ethyl gallate could readily be used in
commercial practice as it 1s not expensive and is
usueally considered to be non-toxic. As a matter of
fact, gallic acid and derivatives constitute part of
the tannins which are in many vegetable foods and
especially in tea, Hilditch (1944) cuotes tests done
by Professor J.A. Gunn in which ethyl gallate was fed
to or injected into mice in excessive amounts without
any spparent 1ll-effects, and the use of gallic acid
and its esters as antioxidants in foodstuffs has been
patented by Sabalitschka & BBhm (1942). In Britain
however, the Public Health (Preservatives, etc., 1n
Food) Regulations do not at present permit the addition
of ethyl gallate to milk before it is dried.
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Summary and Concluslons to Part II |

1. Storage tests have been made on four samples

;
of spray-dried whole-miik powder prepared on & Gray- E
Jensen plant from one batch of milk using pre-heating %
temperatures of 160 and 190°F. with and without the
addition of 0,06 - 0.08% of ethyl gallate as an anti-
oxidant. The powders were packed in lacquered and in

plain tinplate cans and stored at 47 and 5700. and at

room temperature (c. 17°C.). Deterioration was
followed by measuring palatability, absorption of

oxygen and apparent peroxide value.

2. Raising the pre-heating temperature from 160
to lQOoF. or the addition of ethyl gallate to the milk‘
improved the keeping quality of the resulting powder,
as measured by taste, by a factor of the order of

1% - 2% at 47°C., 25 - 3 at 37°C. and just over 3 at

room temperature (c. 17°C.).

Se Increasing the pre-heatlng temperature and
incorporating ethyl gallate in the milk extended the

!
storage 1ife of the powder by a factor of the order of

3 at 47°C., 4 at 37°C. and 7 at room temperature (c.179C.).

These two methods used together would seem to be an g
alternative to gas=-packing for reasonably long periods

of storage,

4, For an equivalent loss of palatability, powder :
from high temperature pre-heated milk absorbed

|
|
|
appreciably more oxygen than the corresponding powder |
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3from low temperature pre-~heated milk, and the gallate-

treated powdérs slightly more than the corresponding

control powders,

Se The temperature coefficients for deterioration
were slightly higher for the high temperature powders

than for the corresponding low temperature powders.

6. With the two control powders, storage in
lacquered tinplate resulted in a small improvement,

of the order of 10%, in keeping properties as compared
with storage In plain tinplate. With the powders
containing ethyl gallate, no adVantage resulted from

the use of laccuered tinplate,

Te A theory has been proposed to explain the
tantioxidant! effect of sulphydryl compounds and also
in part, that of ethyl gallate.
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PART IIT

The Deterioration on Storage of Dried
Separated Milk

Introduction

From time to time, observations have been made
that high moisture content induced insolubility and
browning during storage in whole- and separated-milk
powders. Lea et al. (1943) noticed this deleterious

effect of high moisture content on roller-powders.

Later, Findlay et al. (1945) observed that, with whole-
milk powder, there was a critical moilsture content belo%
which fat deterioration was the first noticeable effecti
of storage, but above which severe non-fatty deteriorathon
was the first to occur on keeping. These changes E
occurred very slowly at room-temperature but much more
rapidly at 37 and 47°C.  The non-fatty deteriaration |
resulted in unpleasant !cardboard'! or 'gluey! flavours,
marked darkening of the powder and a great decrease in
the solubility of the protein.

Later, Henry & Kon (1945) and Henry, Kon &
Rowland (1946) found, by the methods of H.H. Mitchell |
(1924) and Mitchell & Carmen (1926) that the biological
value of the proteins of a bulk of dried separated milk

stored at room-temperature under conditions which did |

not exclude atmospheric moisture, gradually deteriorated

from 88.5 when the powder was a year and a half old to |

71.1 three years later. The original moisture conten%




of the powder was not known but at the end of the
storage period it was about 7%.

It was realized that these two observations,
viz the effects of high moisture content and the
decrease in biological value, were probably closely
.\related and a lerge-scale experiment was arfanged to
enquire fully into the deterioration on storage of
separated-milk powder with special reference to the
Influence of molsture. The experiment was a cooperative
one and was done at the Hamnah Dairy Research Institute),
Ayr, the National Institute for Research in Dairying,
Reading and the Low Temperature Station for Research in
Biochemistry and Blophysics, Cambridge. The collaborators
at these centres were J.C.D.White (Ayr), K.M.Henr& and
S.K.Kon (Reading) and C.H.Lea (Cambridge).

For the purpose of this large-scale experiment,
a quantity of dried separated milk was prepared and
samples of low, medium and high molsture content, packed
in air and nitrogen, were stored at three temperatures
as deswcribed below. At frecuent intervals, cans were
removed from storage and the powder examined by taste
and by various physical and chemical methods (Lea &
White). On the basis of these tests, a smaller number
of samples of the stored powders were selected for the
determination of their nutritive value (Henry & Kon)
and for the microbiological assay of some of the
'esgential! amino=-acids. A preliminsry account of this

work was published some time ago (Henry et al., 1946)

and the complete results are also now available (Henry
et al., 1948),.




a

A Gray-Jdensen plant was used (p.55).

He

EXPERTMENTAL

Preparation, packing and storgge of the powders

It was necessary to prepare three batches of
spray-drled separated milk of at least one cwt, each

and with moisture contents of the order of 2, 5 and 7%.

and then dried in three, 300 gal. batches., It was
decided to use a pre-heating temperature of 165°F. with
a8 short a holding time as possible, (The details of
the pre~heating system in this type of drier have been
described on p. 62,) In the present experiment, the
first 300 gal. of sepearated milk were circulated from
the storage tahk through a tubular heater and back to
the storage tank until the desired temperature of 1659F
was attained. This operation took about 20 min.

200 gal. were then pumped to the 'concentrator! or
'1icuid collector! and thence to the drying chamber.

In the meantime, the remaining 100 gal., which subseque:

passed to the concentrator within 15-20 min., were held

Thus the milk which was dried towards the end of the
'run! was heated for a longer period ﬁhan that at the
beginning, but the average duration of the 165°F. pre-
heating was about 30 min. The other two batches were
treated in a similar way.

It was thought that powders of the requisite

Bulk whole milk (late April, 1945) was separated

at about 160°F. The whole batch was dried in 45-60 min.

ntly




Qmoisture contents coulc be obtained by meking very smaﬂl
alterations in the drying process but when the drying |
of the powder was begun, 1t was found that the lowest
moisture content conveniently obtainable was about 2.8%
and the highest just under 5%. One batch of milk was
. dried to give powder of the !'low! moisture content, |
about 180 lb. being collected. The powder was well
mixed and packed into cans holding 21 lb. The other
two batches of separated mllk were then dried to give
powders containing about 4.7% of molsture. These two
latter powders were mixed together very thoroughly in
a stainless steel cheese~vat to get a homogeneous
‘|powder with a uniform molsture content. Half of the
mixture was packed into 21 1lb. cans and the moisture
content of the other half was raised at the Hannah
Institute from 4.7 to 7-8% in the following way.

About 190 1lb. of the powder were spread out on
two curd-cooling troughs made of tinned steel and having
a depth of 9 in. and a combined surfgce area of about
33 so.ft. The air of the room was kept humid by an
open vat of boilling water. Every 10-15 min., the
powder was thoroughly mixed and built into ridges to |
increase the surface exposed. On the first day, the
powder was exposed for 12 hr., the relative humidity
being about 75% for most of the time but rising to 85%
towards the end of the period. Representative samples
were taken at intervals for the determination of moisture

content. The powder was then packed into cans for the
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Fig, 6. TUptake of moisture by separated-milk powder of 4.7%
moisture content during conversion to powder of 7.3%

molsture content.



Table 10. Becterial counts of the fresh

" separated-milk powders after packing

Powder

Plate count / g. of powder

3 days at 37°C.

5 days at 30°C.

High moisture
(7.3%)

Medium moisture
(4.7%)

Low moisture
(2.9%)

132,500
180,000

186,000

239,500
281,000

290,000
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night. Next morning, the apparent moisture content 1
of the powder had fallen from 6.2 to 5.8% despite the
fgct that it had been in tightly closed cans in the
interval. (This decrease may have been due to
crystallization of a small proportion of the anhydrous
.| lactose.) On the second day, rain fell heavily and
the relative humidity remained fairly constant at 95%.
After the powder had been exposed for 8 hr. with
freqguent thorough mixing as before, the moisture conteqt
had risen to just over 7%. The powder was then mixed |
thoroughly and packed into 21 1b. cans. Fig. 6
1llustrates the rate of increase in moisture content.

This procedure made available three batches of
separated-milk powder of low, medium and high moisture
contents, which will be denoted by the letters 'Lt,
'M! and 'E' respectively. 1I.' was a type of powder
which can readily be produced on a normal spray-drying
plant when the necessary precautions are taken for
obtaining a powder of reasonably low moisture content;
'M?' was a powder of a kind frequently obtained under
normal factory conditions; while 'H' had a moisture
content which is encountered when powder has been
stored under bad conditions.

Bacteriological examination of the powders by

Dr C. Higginbottom of the Hannah Instlitute, by the

method usually used by her (Higginbottom, 1945) indicaﬁed
thet no measurable increase in bacterial count occurred

during the raising of the moisture content (Table 10).




Table 11.

Composition of the fresh

separated-milk powders

Powder (%) Moisture=free
Constituent basis mf
H M L H M L
Molisture 73 4.7 2.9 0.0 0.0 0.0
Fat 1.6 1.5} 0.8 1.7f 1.6 0.8
fCrude! protein
(N x 6.38) 5240 | 32,7 | 34.2| 34,5 34,3 | 35.2
Ash Be2 | 842 7.9| 8.9] 8.6 8.1
(by
( difference: | 50.9 | 52.9 | 54.2| 54.9| 55.5 | 55.9
Lactose ( ' '
(measured
( polari- : '
metrically: 50,6 1 52.8 | 53.6| 54.6| 55,4 | 55.2
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- Composition and moisture content. The powders were |

analysed for fat, protein, lactose and ash by the
methods already described. The analyses, which are
gilven in Table 11, are typical of normal dried separated
milks except of course for the unusually high moisture
content of the H powder.

Moisture contents, determined by the air-oven
method, are also given in Table 11. It is kmown,
however, that the apparent moisture content of milk
powder varies in some degree with the conditions of the
determination. This variation will be particularly
marked when any appreciable proportion of hydrated
lactose 1s present because &= 1actose monohydrate, which
loses practically none of its 5% of water of crystallidation
during 3 hr. at 100°C. in the sir-oven, is dehydrated
completely in 20 hr. at 10006. and 5 cm. pressure
(Hart, 1941). Molsture contents were therefore
determined by Dr Iea on several samples of the powders
by heating in a vacuum-oven at looOC. for periods up to
20 hr. Although the results did not exclude the
possibility that a small proportion of the lactose had
erystallized during the preparation of the powder, the
greater part of the lactose must have been in the form
6f a non-crystalline, super-éooled 'glass'! such as is
usually present in spray-dried milk or whey (Troy &
Sherp, 1930)., There was a suggestion of slight
heterogeneity in the moisture figures for the H powder

but the variation was remarkably small considering the
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cuantity of powder which was humidified. Supplee (1926)
and Iempltt & Bushill (193la) have previously stressed

Tthe difficulty of raising uniformly the moisture conternt
of a bulk of milk powder.

Packing in air and nitrogen

Part of each of the three powders was packed at
the Hannah Institute in Al (315 ml.) tinplate !open-
top! cans, 150 g. per can, and sealed in air. Anothen
portion of each powder was weighed into similar cans
and gas-packed at Cambridge, using oxygen-free nitrogen
and a cabinet of the type previously described (Lea
et al., 1943). The remainder of the powders, also
gas-packed, was held at -20°¢. in reserve. The seams
of all cans were treated with bitumen to ensure gas
tightness. The residual oxygen in the niﬁrogen-packed
cans fanged from 0,0 to 0.3% of the atmosphere in the

cans, with an average of 0.15%.

Conditions of storage

Ailr- and gas-packed cans of all three powders
were stored at 20, 2.5 and 5700. in thermostatically
controlled incubators, the temperatures of which were

checked daily. The powders were examined at intervalg

as described below,

Physical and Chemical Changes
in the Stored Powders

The stored powders were examined for palatability,

colour, pH, absorption of oxygen and production of

carbon dioxide, solubility (two methods), moisture



content, relative amounts of « = and ﬁ-— lactose, soluble
lactose, distribution of soluble 'nitrogen!, bacterial

count and composition of insoluble material.

Changes in palatability

The technicue of tasting and scoring used at
the Hannah Institute has already been described (p.lé )
and this system, devised originally for whole-milk
powder, was extended to separated powder. It may be
emphasigzed that when a powder passed 'off'-flavour scc#e
1.0, the trained panel was beginnlng to detect very
slight or incipilent toff!-flavours. When score 2.0
was reached, the 'off!-flavour would probably have been
noticed and objected to by the ordinary consumer.

The tasting panel experienced some initisal
difficulty in grading the powders as 1ts members were
more accustomed to assessing the tallowy toff!-flavour
of whole-milk powder. Nevertheless, the panel was able
to detect slight but definite differences in the
palatablility of the fresh powders, the initial 'off'-
flavour scores being 0.4, 0.2 and 0,1 for the H, M and
L powders respectively. It was obvious that deterioration
of the H powder had commenced already in the short
interval of about 10 days between the preparation of

the powders and the first tasting. Thereafter, only

o
M and L powders, stored at 0-4 C., were used as tastin%

controls. f

The changes in palatability of the powders are
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Fig, 7. Changes in palatability of the air-packed and nitrogen-
packed sepagated-milk'pcwders during storage at 37,
28.5 and 20°C. ‘



Table 12, Deterioration in palatability of the

:  separated-milk powders during storage
& Days to deteriorate to 'offt!-flavour

Storage scores of 1.0, 2.0 and 3.0
Powder temp.

(0 c.) Alr-pack Nitrogen=-pack
1.0 2,0{ 3.0 1.0} 2.0 | 3.0
37 2 4 8 18| 34 49
H 28.5 12 21 44 51 o1 | 140
20 110 | 180 | 270 340 | 700 | &80
37 140 250 320 260 | 630 | 1000
M 28 .5 290 480 670 600 | 850 [>1095
20 410 590 800 900 P1095*P1095
37 240 350 430 450 | 780 {»1095
L 28.5 370 590 | 800 650 | 1080 PLO95
20 500 | 720 | 1090 | 1000 p1095 {1095

¥ 1.0, > 3 years
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‘shown in Fig. 7 and in Tables 12-16 and they are

summarized below as follows:-

Effect of moisture content. The most noteworthy

feature of the results was the great rapidity of the
deterioration in palatability of the H powder (7.3%

~ moisture) as compared with the M (4.7% moisture) anmd L
(2.9% moisture) powders. The H powder, packed in air
and stored at 3700., passed !'off!-flavour score 1,0 after
only 2 days and reached score 4.0 after 15 days. The
M and L air-packed powders, in contrast, took about 140
end 240 days to reach score 1.0 at 37°C. and both powders
took 500 days to reach score 4.0. The maximum storage
life (time to reach 'off'-flavour score 1.0) of the H
powder under the best conditions, vliz packed in nitrogen
Lnd stored at 2000., was about 1 year whereas both the
M and L powders under these conditions of storage were
still palatable after 3 years and will probably remasin
in gbod condition for a much longer period.

The higher the storage temperature, the greater
was the deleterious effect on palatability of high
molsture content. In Taple 13 it 1s shown that in the
hir-stored series, the ratios of the storage lives of
the H, M and L powders were roughly 1:58:87 at 3700;,
1:21:26 at 28.5°C. and 1:3.3:4.2 at 20°C. In the
nitrogen-packed series, the results at 2000. are not yet
guite complete but the corresponding ratios were
approximately 1:18:23 at 37°C., 1:9.7:11 at 28.5°C. and
1:1.8:1.9 at 20°C. They indicate that the effect of




Table 14; Effect of nitrogen-pecking on the
Storage life of the separated-milk

powders as measured by palatability

Storage Nitrogen/air ratio of days to
Powder| temp. reach toff'-flavour scores
(OC ) 1.0, 2.0 and 3.0
1.0 2.0 3.0 Average

37 9.0 2.0 6.1 7.9

H 285 4,3 4,3 3.2 569

20 Sel 349 33 3.4

37 1.9 2.5 Sel 2.5

M 28.5 2.1 1.8 > 1.6 > 1.8

20. 2.2 1.9 > 1.4 1.8

37 1.9 2.2 | > 2.5 > 2.2

L 28.5 1.8 1.8 ? 1.4 > 1.7

20 2.0 > 1.5 > 1.0 > 1.5
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moisture content was not so marked as with the air-
packed powders, but again the ratios decreased as the

storage temperature decreased.

Effect of nitrogen-packing. The beneficial effect of

nitrogen-packing is shown very clearly in Fig.7 and in
.. Table 14, Nitrogen=-packing approximately doubled the

storage 1life of the M and L powders at all three storage

temperatures, With the H powder, gas-packing extended

the storage life about 3-4 times at 20°C. and 28.5°C.,

but at 5700. the storage life was increased about eight-

fold. The advantages of nitrogen-packing suggest that

in powders of all moisture contents, part at least of

the 'offt-flavours produced must result directly or

indirectly from reactions involving atmospheric oxygen|

This point is discussed later on p. 105 and p.l33.

Combined effect of lower moisture content and nitrogent

packing. ~rable 15 shows the relative storage lives of

the nitrogen-packed powders when compared with the H
air-packed powder at the same storage tempecrature, Whe
stored at 3700., the nitrogen-packed 1M powder kept aboy
138 times, and the L powder mare than 186 times longer
than the H air-packed powder at the same storage
temperature. The combined beneficlal effect of lower
moisture content and nitrogen-packing was less at the

lower storage temperatures.

Temperature coefficlients. The rates of decrease in

palatabillity at the vafious storage temperatures are

29
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;summarized in Table 16. The tumpérature coefficients
for the deterioration of the H powder were much higher
than those usually encountered in palatability measure-
ments. The H powder, air-packed, had temperature
coefficients of approximately 5.6 and 8.0 for the two
ranges of storage temperature 37-28.5°C. and 23.5-20°C.
respectively. The nitrogen-packed H powder showed a
simllar temperature coefficient between 28.5 and 20°C.
but only a value of about 2.8 between 37 and 28.5°C.
These results for the H powder led to two conclusions,
(a) the increase in rate of 'off!=-flavour production
caused by raising the storage temperature from 20 to
28.500. was much greater than that obtained by further
raising the storage temperatﬁre to 5700., and (b), above
28.,5°C., the absence of oxXygen sloﬁed the rate of
deterioration in palatability.

The effect of temperature on the deterioration
of the M and L powders was very much less marked., The
M and L powders, whether air- or nitrogen-packed, had
much lower and similar temperature coefficienbs over both
ranges, these being about 1.3-2.0 for the M powder and
1.3-1.7 for the L powder, Therefore, the rates of the
reactions responsible for flavour deterioration were not
greatly influenced by an increase in moisture content
from 2.9 to 4.7% but the further increment of 2.6 units
to 7.3% molsture caused a decided increase in the rate
of deterioration. It may be concluded that in powder
of high moisture content, and perhaps even to some extent

in powder of medium moisture content at high storage




temperatures, changes resulting in spoilage of flavour
occur which do not take place to any appreciable extent
in powders of low moisture content even during storage

at 37°C.

Types of 'off'-flavour." Two main types of 'off!-flavour

were deteeted. In the air-packed serles, particularly

at the higher moisture contents, unpalatability commenced

by the development of a stale or tcardboard! flavour

which gradually intensified to a characteristic nauseat

ing

and very unpleasant ‘'gluey! taste, In air-packed powders

of low moisture content, Tofff-flavours developed nuch
less rapidly and were less obviously 'glue-like'! in
character. Since a recognizably tallowy flavour has
previously been observed to develop in air-packed

separated-milk powder containing 2.4% of fat (Lea et al

*3

1943), it is possible that oxidation of the rather smaller

proportions of residual fat in these powders (see Table

11) may have made a significant contribution to deter-

loration over long periods of storage, although a tallqu.

flavour could not be identified specifically.

The nitrogen-packed powders did not develop the

same type or degree of unpalatability during storage.
Their typical foff!-flavour was a 'heated!', 'cookedf,
tcaramelized! or slightly 'stale! flavour suggestive of
evaporative milk. A long stored, gas=-packed, high
moisture powder might have a very poor solubility and &

brownish colour, yet, its predominantly ‘carameligzed!

flavour, though far removed from that of fresh milk,

could not be conslidered really unpleasant. Gas-packed
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Fig. 8.

Development of discoloration of the separated-milk

powders during storage,



Table'17. Rates of dliscoloration of the separated-

mllk powders during storage

Storage ‘Increase of dis- Relative rates of dis-
Powder| te € coloration coloration
D . (Lovibond units (R+Y) '
(°c.) /100 days)
Air- |Nitrogen- Alr-|Nitrogen-|Average
pack pack pack pack
37 2.9 1.9 58 63 61
H 28¢5 0.2 0.8 18 27 23
20 _0.0(5) 0.0(3) 1 1 1
M 37 0.0(3) 0.0(3)
L 37 0.0(2)| 0.0(2)
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powders of low moisture content showed Very little

deterioration in flavour during the period of the
experiment. The advantage of nitrogen-packing,
especially for the H powder, was explained by the fallure
of the gas-packed powders to develop the !cardboard!
flavour and suggested that this particular flavour may
have been caused directly or indirectly by an oxidative
reaction, the rate of which was increased by the presence

of excess moisture.

IChanges in colour

The method of measuring the colour ofbthe powders
with a Lovibond Tintometer has been described on p. 40 .
In practice, it was found that little use of the neutral
tint slides was ﬁecessary over the limited range of

brightness encountered in the storage experiments and,

()

for simplicity, colours have been recorded simply as th

sum of the yellow and red units used. Reproduclbility
in the measurement of colour by this means was not of a
high order and different operators were liable to obtain
appreclably different results. The figures obtained,
however, indicate sufficiently clearly the order of
magnitude of the effects of the various factors under
investigation on the rate of discoloratlion of the
powders (Fig.8, Table 17).

As with the majority of the other characteristics
measured, high moisture content and high storage

temperature were the factors chlefly concerned in causing

spoilage. The progress of the brownish dlscoloration

}
i
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‘was very roughly linear, the air-packed powders changing
Just perceptibly more rapidly than those in nitrogen.
Relative rates of discoloration of the H powder at 20,

|
28 .5 and 37°C. were approximately 1:23:61 (Table 17).

Changes in the colour of the M and L powders, even aftep

3 years at 3700., were very slight.

Changes in pH

The method of measuring the pH values of the
stored powders has been descrivbed on p. 40 « The
results (Fig.9) show that, as with the development of
colour, high moisture content and high storage temperature
were the factors mainly concerned in producing a change

o
in pH: after 400 days at 37 C., the pH of the
reconstituted H powder had decreased from 6.27 to 5.83.

Packing in nitrogen slightly retarded but did not prevent
the decrease. The M and L powders retained their
initial pH values almost unchanged, even after storage

for 3 years at 5700. Possible reasons for the decrease

in pH of the H powder will be discussed later (p./35 ).

Absorption of oxygen and production of carbon dioxide

As previously stated, the powders were packed
in gas-tight cans of 315 ml. capacity, eaéh can receiving
150 g. of powder., Under the conditions of sealing, th%
free oxygen content of the alr- and gas-packed cans was

39,2 and 0.3 mg. per 100 g. of powder respectively. To

calculate these figures, the density of the air-free
|

separated-milk powder was assumed to be 1.465 (see p.Zﬁf).

Before opening the cans to examine the powders, a sampl?
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Table 19.

Rates of absorption of oxygen and production of

carbon dioxide by the separated-milk powders

Absorption of oxygen or production of carbon dioxide
(mg./100 g. milk solids / 100 days)

Powder :

H

M

L

AStorage temperature
(°C.):

37

2845

20

o7

28.5

20

o7

20

O0xygen absorption
in ajir-pack:

Main reaction

250

45

12

Sel

1.1

l.0

2.1

Carbon dioxide
production in
alr-pack:

Main reaction
After

disappearance of
free oxygen

100

18

0.5

0.7

0.2

0.1(7)

<0.l

Carbon dioxide
production in
nitrogen-pack:

Maln reaction

2.7

0.6

0.4

0.1l

<0.1

0.1(7)

<0.1l

(0.1
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~of the head-space gas was withdrgwn from each can and

analysed for oxygen and carbon dioxide. The details

to absolute units, are shown in Figs. 10 and 11 ami in
Tables 18 - 20,

in the production of carbon dioxide by the H powder,
there were definite Induction periods. These were of
| the order of 2, 20 and 200 days at 37, 28.5 and 20°C.
Thereafter, the rate of gas exchange was rapid,

production of carbon dioxide being about ten times more

'of carbon dioxide production was reduced and became

|
iapproximately equal for both alr-packed and nitrogen-
|packed powders. The H air-packed powder at 5700.

Absorption of oxygen and productibn of carbon
dioxide by the ¥ and L powders were very much slowér
land the tcurves! were almost linear except for a small,
initial, rapld production of carbon dloxide which‘was i
possibly due to eoullibration of gas within and between
the particles or to decomposition of some minor labille
constituent. The gradients of these lives are given‘

in Table 19 together with approximate estimates of the

corresponding yalues for the H powder, As with
i

palatability, the increase in rate of gas exchange in

|
|
|

have been described in Part II. The results, converted

In both the absorption of oxygen and especially

rapld by air-packed than by gas-packed powder. When alll

free oxygen in the container had been exhausted, the rate

absorbed all the available oxygen in 24 days. At 28.5
|
'the time taken was 108 days and at 20°C. it was 496 days.

of the analytical procedure and the method of calculatilon
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 passing from 2.9 or 4.7 to 7.3% of moisture was very
great and was greater the higher the storage temperature.
The relative storage llves of the air-packed
powders as measured by absorption of oxygen (Table 18)
were smaller than those obtained from the palatability
results (Table 13). This finding was similar to that
obtained with the whole-milk powders (p. ¥5).  The
temperature coefficients for absorption of oxygen are
given in Table 20. The relationship between these
values was on the'whole similar to that between the
temperature coefficients for decrease in palatabllity

(Table 16).

Changes in solubility

The solubility of the stored powders was
measured at intervals by two methods, first, that of
Howat et al, (1939) (p. R0 ) and that of the American
Dry Milk Institute, Inc. (Grading of Nonfat Dry Milk
Solids, 1948); the latter method'was modified slighfly

(pe22).
!Meaéurement of soluble solids. The method of Howat

|et al. was used to measure the solubility of the powders
at 20 and 50°C. At these temperatures, the solubility
of the fresh powders in water approximated to 99 and

100% respectively. The results obtained after storage

of the three powders 1n air and nitrogen at 37, 28.5

and 20 C. are shown graphically in Fig.1l2 and the times

|
taken by the powders to reach various stages of insolubflity
are listed in Teble 21. The data show that the moisture

|
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‘Fig, 12, Decrease 1in solubility of the separated-milk powders
during storage, as determined after reconstitution in
water at 20 and 50°C,



Loss of solubility of the H powder

Table 21,

during storage

(Initial values 99% at 20°C.; 100% at 50°C.)

Time taken to deteriorate to the stated

Storage
temp. Pack percentage solubility (days)
a.c
(°c.) In water at 20°C. In water at 50°C.
95% | 90%| 80%| 70%| 95%| 90%| 80%| 70%
Alr 16 19 30 68 28 36 52 74
37
Nitrogen 20 28 42 70 39 48 58 78
Alr 88| 110{ 150| 260| 130{ 165| 200]| 310
28,5
Nitrogen 100 | 135| 180| 270| 170| 190| 220| 310
Air 500 { 780|>1095 {>1095| 960} >1095 |»1095 |?1095
20
Nitrogen P1095 [»1095]>1095 [>1095 [>1095 {>1095 [>1095 [>1095




g*g 3ot .
940°T x §°8y = OT Jor x S'8py = OTp .

aa8de .oom.m gseanysiodmleg omq 18 o3uUvUO PoTIJroeds oyy eonpoad 043 ﬁohﬁsvoﬁ Sewfq oY3 JO OT3BI oY,

Jopmod g oyl JO AQTITANTOS JO SSOT JO 938BI 97 UO o38BI0QS JO eanysaadmen JO 300JIH

9°g{| 6°4{| 3 a{| e'u¢f g'eq o°ad| 8°9¢ PO T'¥ T'9C| T°8« T 3o8d
=U9B0Iq TN
02-G*82
2°9¢ 9°9{j 8°g{}] T°9¢ S°« G§°G{} 9°9¢| P4 | %] ¢4l | T 4 L°S Hovd-aty
L 4 8% 7 G*¥ o°%| 8°¢ o°% 79 6°¢ ey 8°y 0°*g Hoed
~-UeS0aTN
‘ G* 33-LS
9°% ¥°g 2% (0 M} 2% 8°¢ 9% 9°% g8*¢ 0°s 8°*g g*g Aovd=aty
*0008 0002 0P8 [0o02 :J0 £9ITTQ .
Y AV 2 ay | Ok 08 06 g6 04 08 06 g6 Tnros oge| ( 0g)
. _ ; - d 9% e3usBa
0Ty o%Basamw §* 8y . 8 Jeqwm uT . s Zo78M UI que0de ;
. .DOIETNOTEY oFoI0AY 0,06 2 2 0,02 3 3 poansBol dwe g,
L£9TTTONTOS JO 8SOT I0F (D) % SAUSTOTIF80D sanagaodwo],
*22 oTdq®slL




AY

| content of the powders exercised a decisive influence

' o
by iInduction periods of the order of 5-10 days at 37 ,

110

on the development of insolubllity; the solubility
of the H powder decreased considerably after storagé

for only one week at 5700. whereas after 3 years storage

at the same temperature, the M powder showed only a
small decrease and the L powder no decregse in solubil#ty.
The temperature coefflcient for this form of 1
deterioration was again high, an average factor of 4-5‘
being observed for the temperature difference 37-28.50é.,
with a factor of 5-7 between 28,5 and 2008. (Table 22).
As in the development of other types of deterioration,

the decrease in solubility of the H powder was preoedeﬁ

40-80 days at 28.5° and 300 days or longer at 20°C.
A possible explanation of these induction periods and |
others mentioned previously will be given later (p.lﬁoﬂ.
Insolubility in water at 50°C. developed much
later than insolubllity 1In water at 2000. (cf, Fig.l2,
Table Zl)Aand can be considered as representing a more
advanced stgge of deterioration. Partly deteriorated
samples which, although of poor solubility in cold water,
st1ll remained cuite soluble in hot, thus displayed an
interesting similarity to roller~dried powder in which

[0]

some protein insolubility is caused by the rather sever
heat treatment. Wright (1932) has shown that the

difference in solubility of roller=-dried powders when
estimated at 20 and 50°C. 1s a measure of the amount o?
protein rendered insoluble by the dry heat. Whether

or not the mechanism of deterioration by excessive heat

|
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during and Immediately after removal of most of the
water in the roller-drying process is the same as that
produced by storage of powder at too high a moisture
content and storage temperature, is not yet knOWﬁ and
requires investigation.

The gas=-stored samples developed insclubility
more slowly than the air-stored samples but the
differences were never very great and can be accounted
for, in part at least, by the slightly delayed cry-
stallization of lactose (with 1ts accompanying increas%
in equilibrium relative humidity) in the gas-stored
powders as explained on p. 140 .

Measurement of sediment volume., The solubility results

obtained by the sediment method of the American Dry

Milk Institute are shown in Fig.l3 and ﬁhey confirm th
conclusions obtained by the quantitative method. First,
an increase in the sediment volume of the H powder
occurred only after the same induction periods as foun$
with the other solubility method. Secondly, the high%r
the storage temperature, the greater was the rate of
increase of sediment volume, the Increase obtalned by
raising the storage temperature from 20 to 28 .5°C.
being speéially pronounced, Thirdly, the sediment
volume of the gas-packed powders increased at a slower
rate than the air-packed powders. 4fter 3 years at
57°C., the sediment volumes of the Mand L pqwders had

not altered,

It was found for the H powder at 5700. that
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'Flg, 14, Decrease in moisture content of the H powder (:Lnitiallyo

containing 7.3% moisture) during storage at 37 and 28.5 C.



- after minimum solubility was reached, the sediment

112

volume, which was greatest at that point, did not remain
constant but tended to decrease as the storage period
lengthened. This decrease may have been due to some
physical change in the coagulated protein particles

which enabled them to 'pack! more closely when centrifuged.
It was also noticed with severely deteriorated H powder
that some insoluble material was present on the surface
of the supernatant ligquid after centrifuging. When
thls layer was broken up and the suspension recentrifuged,
the amount of floating materlal was reduced but could
not be removed completely. The trace of fat present
may have carried up some insoluble protein which would
otherwise have sedimented and this may possibly be a

partial explanatlion of the decresse In sediment volume,

Changes in moisture content®; 'caking! of the powder

When the moisture content of a sample of H
powder which had been stored at 37°C. for some time was
redetermined, 1t was found to be lower than the origingl
value. Other samples of H powder stored at 37 and 28 45°¢.
were therefore examlned. The results, which are shown
in Fig.l4, indicate that as storage progressed, the

amount of water which could be removed by heating for

¥ In the present work, the 'moisture content' of a
powder is regarded as the amount of water which is
removed (per 100g. of powder) by heating at 100 C. for
3 hr. in an gir-oven; !water content! 1is regarded as

the total amount of water in a powder.
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3 hr. at 100°C. diminished, These observations,
coupled with the fact that the H powder at 37°C. set
to a solid mass in the cans after a few days, led to
the obvious conclusion that the lactose was crystalliz
Microscoplcal examination of fresh and stored H powder:
showed that the deteriorated samples contained crystall
material while a fresh powder was wholly amorphous in
appearance, These findings are compatible with previt
work for it 1s known that in fresh spray-dried powder,
the lactose exists in an amorphous or !'glass! form
composed of & - and B~ sugars in the ratio of about
1:1.5 which is stable for long periods at normal
temperatures and low relative humidities. But if the
moisture content is sufficiently high, or if a dry
powder absprbs sufficient water vapour from the
atmosphere, & - lactose monohydrate containing 5.0%

of water crystallizes during storage. The result 1s

that the powder 'cakes! and forms a mass which graduall

gets harder, the change being greatly accelerated by

high storage temperatures.

Both the amonphous forms of lactose can become

crystalline but only&« - lactose takes up water of

crystalllization. Thus, although it would seem possibl

that the crystalline material in a deteriorated powder
could consist of bothe - and;- lactose, it has been

shown in the present work that the crystalline « - form
predominated. If all the&X - lactose originally preser

in the 'glass! form crystallized to the hydrate, only

ing.
5
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pus

y
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about 1.1% of the 7.3% of the moisture originally
present in the H powder would be t'bound!. The lowest
molsture content found for the H powder was 5.9%, this
being only slightly less than the expected figure if
all the lactose had crystallized.

In another section of this large-scale
collaborative investigation, Dr Lea showed that the
equilibrium relative humidities of the fresh powders
were, H powder, 7.3% moisture, 41-43% R.H.; M powder,
4,7% molsture, 29% R.H,; L powder, 2.9% moisture,
17.5%4 R.H. The M and L powders retained their initial
equilibrium relative humidities throughout storage but
the H powder, after different periods of storage at ths
three storage temperatures,vreached an ecuillbrium R.Hq
of sbout 55%4. This increase in eouilibrium R.H.,
which was delayed slightly in nitrogen as compared with
air, meant that the ‘'activity! of the water in the
powder had increased. This was almost certginly causs
by the crystallization of theer~ lactose and 1s
compatible with an apparent decrease in the water conte
of the powder as will be explained below (p. |38 )%
The rate of decrease of moisture content was not direct
proportional to the rate of crystallizgtion of the &« =
lactose as measured by changes in equilibrium relative
humidity. It is probable that the hygroscopic nature
of the protein or other reactions involving water, alsd

had some influence on the apparent loss of water,

d
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Conversion of B - lactose to o~ lactose hydrate and

apparent decrease in total lactose

In additlon to the crystallizagtion of e~ lactd
it was considered that another change in the lactose of
the H powder was possible. Troy & Sharp (1930)
observed a considerable change off- lactose toe~ lact
hydrate in milk products stored at laboratory temperaty
and 70% relative humidity for 5 months. Since the
initial high equilibrium relative humidity (c.42%) of
the H powder gradually increased to about 55% as the
anhydrous &~ lactose crystallized, 1t was thought
probgble that, in this powder at least, some of the
f - lactose would be converted to« - hydrate, especilally
at the higher storage temperatures. Samples of the
stored powders were therefore examined to find the
relative amounts of & - and f - lactose present,

A nmethod of doing this has already b’een
described (p.&l). To galn experience of the method,
it was applied to fresh milk. The proportlons of
o - and g~ lactose found were 384.5% o and 61.5% B at
25°C. and were very close to the /o equilibrium ratio

accepted for that temperature. Examination of the
fresh H, M and L powders showed that 41-43% of the
lactose was in thee’- form. As Troy & Sharp (1959)
pointed out, this slightly higher percentage of x=
lactose in the powders is to be expected since the
temperature of the milk during dehydrsltion would

of 1.58/1 (corresponding to 38.7%ec, Gl.S%f) generally

se,
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probably exceed 2500. and so cause a lowering of the
P/x ratio.®

Air- and nitrogen-packed samples of each
powder were examined after different periods of storagel
The results (Fig.l5) show that in the air- and gas-
packed M and L powders the proportions of e - andf-
lactose were unchanged even after more than 600 days at
3700. In the H powder, however, f— lactose was
converted toar- lactose, presumably the hydrated form,
fairly rapidly at 37°C. and more slowly at 28.5 and 20
until after 400 days at 37 C., 98.5% of the lactose was

in the«x - form,

taken from the storage incubators and kept in bottles
at 0-4°C. for some time, so that any differences in the
rate of conversion of f- to«~ lactose due (indirectly)
to gas-packing may hgve been minimized, Nevertheless,
as in the crystallization of the anhydrous & - lactose,
packing in nitrogen appeared to retard the change, but
this effect was probably due simply to the slower rise
in the eocuillibrium relative humidity of the gas-packed
powders .,

Apparent decrease in total lactose., The method of

eatimatinger - andp -~ lactose also measured total lactossg,

¥ The B/xlactose ratio of & milk powder would seem to
indicate the temperature attained during the drying
process just before the milk becomes anhydrous. But 1in
spray-drying, the rate of dehydration 1s so high that the
lactose would probably not have time to eouilibrate at
the temperature of the almost dry particles.

A4
]

The H samples were examined after they had been

i
]
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but it has been shown by the originators of the procedure
that the protein precipitant used, an alcoholic solution
of mercuric chloride, causes a slightly low value for

total lactose, Nevertheless, it was obvious that during

[¢]

storage of the H powder there was a progressive decreas

in the amount of total soluble lactose (lower half of
o

Fig. 15). After 400 days at 37 C., the percentage of

jor)

total lactose, as measured by this method, had decrease
from 50.3 to about 44%. To make sure that this result
was not an artefact caused by the alcoholic mercuric
chloride solution, three other proteln precipitants were used
(acid mercuric nitrate, cadmium hydroxide and zinc

ferrocyanide) and the total soluble lactose averaged
45,3%. The reason for this decrease in soluble lactosg

will be discussed later (p.128 and p,1l36).

Changes in the distribution of the soluble !'nitrogen!

It has been shown that the solubility of the
M and L powders remeained almost unaltered even after
storage for 3 years at 37°C. The H powder, however,
although.showingvlittle change in solubility when stored
at 2000., rapidly became insoluble when stored at 28.5

and 3700. whether packed in air or nitrogen. Since the
loss of solubility of a milk powder is largely due to a
decrease in the solubility of the proteins, it was
decided to determine the distribution of the soluble
tnitrogen! end thus indirectly find which fractions of
the protein were becomlng ipsoluble and also whether

spluble nitrogenous decomposition products were belng




Eformed. Such an examination would show whether the
deterioration involved only the casein or whether

lactalbumin and lactoglobulin were also involved.

Examinatlon of the fresh powders. For the determinatyon
of the initial nitrogen partitions, the fresh powders
were reconstituted with water at ZOOC. in the manner
prescribed for the measurement of solubility (p.20 )
and the 'milk! made up to a known volume. Since the
fresh powders were practicaliy 100% soluble, aliquots
for analysis could be plpetted easily and accurately.
The various nitrogen fractions were separated and
measured by the methods already described (p. &4 ).

It should be pointed out that the methods used
for the fractionation of 'nitrogen' were developed for
hcrmal liguid milk in which the proteins are in their
naturai state. In milk or milk products which have had
a certain degree of heat treatment, it is to be expecteh
that some or all of the heat-sensitive protelins, viz
lactalbumin and lactoglobulin, will be denatured and thus
be precipitated withc asein at pH 4.6. This means that
under these circumstances the 'casein' fraction will
include denatured lactalbumin and lactoglobulin; 1t
follows that the fractions reported as 'lactalbumin' and
{lactoglobulint' will consist of the undenatured fractlions
of these proteins.

The nitrogen partitions found for the fresh
H, M and L powders are given in Table 23, Rowland's

(1938 ) average values for the nitrogen partition of
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' fresh liocuid milk and Ashworth & Van Orden's (1943) daﬁa

for spray-dried separated milk are included in the Tabl

The values for the three powders have been averaged to
facilitate comparison with the data for fresh milk and
the other separated-milk powders. It will be noticed
that the figures for the H and M powders are very simil
this was to be expected because the H powder was prepan
by raising the moisture content of a quantity of the M
powder. Comparison of these average values for the

three powders with those.for fresh milk, shows that the
percentage of the total nitrogen in the form of lactal-
bumin and lactoglobulin was only 5.5 as compared with
12.5 for fresh milk, i.e. an apparent decrease of 7.0%.
This difference was compensated by an apparent increase
of 3.,7% in 'casein' nitrogen and increases of 2.3 and

0.9%* in proteose-peptone and non~-protein nitrogen

respectively, i.e. an apparent combined increase of 6.9%.

Thus it would appear that in the preparation of the
powders, part of the lactalbumin plus lactoglobulin
fraction was denatured (and so was precipitated with th
casein) and a smaller proportion broken down to form

proteose-peptones. Ashworth & Van Orden's (1943) data

€.

ar;

ed

]

for other spray-dried separated milks also show a devigtion

from the nitrogen partition of fresh milk, Their results

differ slightly from these reported here in that almost

* This apparent increase in non-protein nitrogen is
probably not significant since all the N.,P.N. values
are lower than the maximum normal 1imit for N.P.N. in
fresh milk (see last columm in Table 23).
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the whole of the lactalbumin plus lactoglobulin appeared
to be denatured, thus causing a corresponding apparent
increase in the casein fraction. They did not detect
an increase in the proteose-peptone fraction.

Since the milk was dried by the Gray-Jensen

jo]]

spray-process, the milk or powder would not be subjecte
to high temperatures during the actual dehydration
(Allen, 1932; Scott, 1932; Hunziker, 1946). The
deviation of the nitrogen distributions of the fresh
powders from that of normal liguid milk would thus
depend largely on the temperature (165°F.) and duration
(ce 30 min.) of the pre-heating treatment, Rowland
(1933, 1937) has examined the effect of various
'temperature~time! treatments on the distribution of
nitrogen in milk. He states that lactalbumin and
lactoglobulin are rapidly denatured at temperatures of
75°c. (167°F.) and above, and that there is no change im
non=-protein nitrogen content on heating at temperatures
up to 100°C. On continued heating (30 min.) at 95 and
100%¢c. very small amounts of proteose-peptone substances
are produced., Menefee, Overman & Tracy (1941) found
that in the preparation of evaporated and condensed milk,
pasteurization at 145°F, (62.800.) for 30 min. produced
no significant differences in nitrogen distribution.
on the other hand, fore-warming to 150°F. (65.6C.)
caused slight 'coagulation' of lactalbumin whereas

pasteurization at 190°F. (87.8°C.) for 30 min. and fore
warming to 2030F. (95°C.) both caused complete 'coagulgtion!
of lactalbumin and probably of some lactoglobulin.
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Examination of the stored powders. Because the M and

L powders at all storage temperatures, and the H powder

o
at 20 C., altered very little in solubility, examinatioL

for changes in the distribution of nitrogen was restricted

to the H powder, air- and gas~packed, stored at 37 and
o
28.5 C. It was desirable to make the method of

reconstitution as similar as possible to the method used

"in the determination of solubility so that the measurement

of total soluble nitrogen (which gives an estimate of
the solubility of the proteins) could be compared with§
the solubllity values based on the solubility of the

total solids of the powders, The presence of increasing

amounts of insoluble material complicated the analytieal

procedure; the method finally adopted was as follows:

5 g. of powder (ground in a mortar if 'caked!) t
were weighed into a 250 m%. Erlenmeyer flask !
and 45 ml. of water at 20°C. added. The flask '
was shaken for 1 min. and the 'milk' centrifuged,
both operations beling made as similar as possible
to those used in the determination of solubility.
After carefully removing any insoluble material

on the surface of the liguid (cf. p. R ), the
supernatant layer was poured off and used for .
nitrogen analyses by the methods already

described.

The nitrogenous fractions were expressed

firstly as mg. of nitrogen per 100 g. of the supernatant
liguid. To get a truer plcture of the changes in the
distribution of the soluble nitrogen, the results were
expressed as percentages of the initial values for each

fraction, percentages of total nitrogen, percentages of

initial total nitrogen and also &s mg. of soluble

nitrogen per 1 g. of dry milk solids. The last method |

I

I
|
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|of expressing the results gives more information.than

'soluble nitrogen per 1 g. of dry milk solids. Figs.l6

j f:!. vy
bod bad

the others and it has been used to construct the graphs
mentioned below, For this method, 1t was necessary tog
calculate the weight of supernatant liocuid and it was
possible to do this by knowing the percentage solubility
of the milk solids and the moisture content of the
powder, The calculation was as follows:=-
The H powder contained 7.3% of moisture and

80 the composition of an uncentrifuged solution of

powder was :-
(0437g. moisture

45 g. water plus 5 g. powder ( plus
(4.63g. separated-
milk solids

If the solubility index of the powder was S, then of the

4.638
100

4-Giéé00'3) g. were insoluble. When the insoluble

solids were removed by centrifuging, the welght of the

4,653g. of milk solids, g. Were soluble and

supernatant liquid containing the soluble protein of the
. |

powder would be 45 + 0.37 + 4iggs g. Let us take a
particular sample of H powder whose solubility index
(1.e. the percentage solubility of its dry milk solids)

was 90. Then the welght of the supernatant licuid

0
soluble solids of 5 ge. of powder (or 4.63g. of milk

would be 45 + 0.37 + 5@%}5__@9 g. = 49.54 g., 1.6, the

solids) were contained in 49.54 g. of solution. :

Thus, by first finding the weight of nitrogen
per 100 g. of the supernatant licuid it was possible
to express the varlous nitrogenous fractions as mg. of

|
\

and 17 illustrate the changes in the distrioution of

\
|
|
i
|
|
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Fig. 16. Changes in the distribution of ths soluble nitrogen of
the H powder during storage at 37 C.
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the soluble nitrogen during storage of the H powder at
37 and 28.500. These changes may be summarized as
follows :-

(1) The same changes took place at both storage
temperatures although at a much slower rate at 28.5°C.;
the changes were less rapid in nitrogen compared with
alr. As would be expected, they ran concurrently with
the decrease in solubility of the powder.

(22 As storage progressed, the caseln rapldly
became insoluble and was completely insoluble after 400
days at 37°C. Since the caseln nitrogen constituted
about 81% of the total nitrogen, the decrease in
soluble casein was closely paralleled by a decrease in
total soluble nitrogen.

(3) The proteose-peptone fraction increased to
about twice 1ts initial value after about 24 days at
37°C. and also after about 90 days at 28.5°C. and then
decreased slowly until after 400 days at 3700., only abput
one gusrter of the initial amount remained in solution.

(4) The amount of non-protein nitrogen did not
increase showing that although the physical state of the
'protein was being considerably changed it was not being
broken down to simple water soluble compounds to any
significant extent. There was a markecd decrease in the
N.P.N. of the powder stored in air for 400 days at 37,

(5) The lactalbumin plus lactoglobulin fraction
slowly decreased in solubility and eventually became

almost entirely insoluble (see data for H powder stored

0
for 400 days at 37 C., Fig.l6).




(6) There was a small initial increase in non-

casein nitrogen. Thereafter, the amount of non-casein

nitrogen decreased slowly.

It is obvious from Figs. 16 and 17 that loss
of solubllity of the casein was mainly responsible for
the decreased solubility of the powders. This was
emphasized by the fact that after a period of storage
when the soluble casein had fallen to a very low level,
the sum of the other nitrogenous fractions, i.e. the
non-casein nitrogen, had decreased only s lightly and
indeed had shown a small initial increase. The small
increases in non-casein nitrogen seemed real since they
were detected in air- and nitrogen-packed powders at
both 28.5 and SVOC.; the increases result from an over
compensation of the loss of soluble lactalbumin-

lactoglobulin by the production of additional proteose-

peptone, The fact that the non-casein nitrogen Ilncreasked

meant that at least a part of the additional proteose

was produced by the breakdown.of casein but the analytiecal

data so far available do not show whether the remalnder
was glso derived from casein or from the lactalbumin-

lactoglobulin fraction or both. It will be remembered

that even the fresh powders contained an excessive amount

of proteose-peptone compounds and it may be that the

high moisture content and high storage temperature caused

a decomposition reaction, started at some stage in the
preparation of the powders, to continue during s torage.

To find what was havpening to the lactalbumin

and lactoglobulin fractions individually, direct
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;estimations of lactoglobulin were made as described on!
| Pe 4l In the fresh powders, the amount of apparent
llactoglobulin was more than twice the expected walue
with the result that the amount of lactalbumin (obtained
by difference) was unduly small. As storage progressed,
the apparent lactoglobulin remained practically at its
initial high value while lactalbumin plus lactoglobulin
decreased; thus the amount of lactalbumin appeared tdg
diminish and become increasingly negative, It was
apparent that saturation of the filtrate containing non-
caseln nitrogen with magnesium sulphate caused the
precipitation of more than just the lactoglobulin
fraction. Ashworth & Van Orden (1943) and Menefee
et al, (1941) also found this discrepancy when estimat ing
lactoglobulin in heated milk and milk powders.
An explanation of the results described above
has been given recently by Rowlam (1948). It appears
that magnesium sulphate precipitates some of the
proteose~peptone fraction of milk protein (probably the
proteose moiety) in addition to lactoglobuiin and that

for this reason, the figures normally given for the

lactoglobulin content of unheated milks are about twic
their true value. However, the data obtained from the

present work show that only a very small proportion of

the additional proteose-peptone produced during storag
was precipitated with the lactoglobulin. The error 1
the lactoglobulin results does not affect the 1actalbu#in

plus lactoglobulin values shown in Figs. 16 and 17. i
1
|
!
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Lampltt & Bushill (1931a) have also
iInvestigated the distribution of the different protein
constituents between the soluble and insoluble fractions
of milk powders of high moisture content, stored at
SOOC. They state, contrary to the findings of Supplee
& Bellls (1925), that a proportion of the casein always
remained soluble after starage, although in one instance
the cgsein decreased from 83.1% of the total soluble
protein to only 2.4%. It has been shown in the present

work that the casein of a milk powder with a high moisture

content can become completely insoluble after prolonged
storage at 37°¢. Moreover, Lampltt & Bushill (1931a)
say that a relatively large proportion of the 1actalbuﬂin
and lactoglobulin fractions remained soluble. But the
technigque of thelr analyses did not aifferentiate between
proteose-peptones and the theat-sensitive! proteins and
thus soluble proteose-peptones would be reported as

lactalbumin plus lactoglobulin,

Bacteriological examination of the stored powders

It has been shown by Higginbottom (1944) and
is now generally recognized that the plate counts of
both roller- and spray-dried mllk powders tend to
decrease during storage. Many samples, however, show
1ittle or no change in bacterial count after six months
or longer. Since the present experiment made available

three separated-milk powders of different moisture

contents which had been kept in air and in nitrogen at

three different temperatures, the opportunity was taken
|
‘r

I



Table 24. Bacterial counts of the separated-milk powders

after storage for 600 days

(The counts of the fresh powders are included for comparison) -

Storage| Plate cg;ggf/ g. of
Powder temp. Pack £ »
o $ days at 5 days at
(7c.) 37°C. 30°C.
H 20 Alr 104,000 224,000
Nitrogen | 264,000 -
Fresh - - 132,500 239,500
37 Alir 171,000 75,000
Nitrogen 89,000 98,000
M 28 .5 Air 94,000 79,000
Nitrogen| 148,000 172,000
20 Air 122,000 151,000
Nitrogen | 232,000 244,000
Fresh - - 180,000 281,000
37 Air 179,000 187,000
Nitrogen { 246,000 249,000
L 28.5 Alr 232,500 246,000
Nitrogen 274,000 249,000
20 Air 255,000 238,000
Nitrogen | 228,500 256,500




to make a bacteriological examination of the powders
after storage for 600 days. Of special interest was
the possible influence of the different eoquilibrium
relative humidities of the powders on the survival of
the bacteria. It has already been mentioned fhat the
L and M powders remained at thelr initial equilibrium
relative humidities of 17.5 and 29% respectively
throughout storage but that the equilibrium R.H. of the
H powder increased from about 42 to about 55% after
different periods which depended on the storage
temperature and the atmosphere in the can.

The H powder stored at 28.5 and 3700. was not
examined since the complete insolubllity of the protein
made & reliable plate count difficult to obtain, The
plate counts were made by Dr C. Higginbottom by the same
technique as for the fresh powders (p.98 ). The results
are recorded in Table 24, Many of the apparent
differences in the plate counts shown in the Table are
within the experimental error usually recognized in
this type of work, but it may be concluded that the
abnormally high moisture content of the H powder did
not lead to bacterial multiplication during storage at
20°¢c. There may have been a tendency for a greater
survival rate in nitrogen than in air (cf. Nichols,

1939) but the difference was probably very slight.

Examination of the insoluble fraction of a deteriarated
H Eowder

It will be recollected (p.llband Fig.l5) that

the amount of lactose in the H powder apparently




decreased during storgge and that the decrease was mori
rapid at the higher storage temperatures, and more rapid
in air than it was in nitrogen. At the same time, the
powder gradually became brown in colour. Such discoloration
in concentrated milk products has been attributed to
caramelization of lactose (Wright, 1924; Kass & Palmen,
1940), but it now appears that it 1s due in part at
least, to a reactlion between lactose and protein,
probably involving the free amino-groups of the protein
and the potential aldehyde group of the lactose (Ramsay,
Tracy & Ruehe, 1933; Webb, 1935; Gould, 1945).  There
were thus two possible explanations for the decrease
in soluble lactose, but since 1t was lmown that the free
amino-groups of the protein of the H powder decreased
during storage (p./3/), it was decided to concentrate
on the !'protein-lactose! theory. If it could be showr
that the insoluble fraction of a deteriorated H powder
contained 'combined! lactose, this would be strong
evidence of a protein-lactose reaction. Consequently,
some of the insoluble material from a badly deterlorated
H powder (stored at 37°C. in air) was isolated and analysed.
From Fig. 15, 1t can be seen that after almost
100 days at 37°C. the soluble lactose of the H powder,
whether air- or nitrogen-packed, reached & minimum. S9,

o
an H powder which had been stored in air at 37 C. for

an arbitrary period of 173 days was used for the
|
preparation of the insoluble material. This deteriorated

! I i ontent th
powder was brown and 'caked'. ts moisture conten ;

i
i

. decreased from 7.3 to 5.9%, its solubility index at
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both 20 and 50°C. was 66 (indicating severebrotein
insolubility) and its apparent lactose content was

44 .8% (calc.as anhydrous) whereas in the fresh powder,

the lactose content was 50.6%, 1.¢. 5.8 g, of anhydrouI

lactose per 100 g. of powder were unaccounted for. Th
Insoluble materlal from this powder was obtained in

the followlng way :-

150 g. of the powder were ground in a mortar
and added to 1 litre of water at 20°C. The
mixture was well shaken, centrifuged and the
supernatant layer decanted, 1 litre of
water was added to the sediment and+:the
mixture shaken and centrifuged as before,
Finally, 1 litre of water was added to the
remaining sediment and the mixture shaken
again; af ter remaining overnight at 0-4°C.,
the mixture was re~shaken and centrifuged
and the sediment washed 3 times with alcohol,
once with ether and placed under contimuous
vacuum for 30 min. The sediment, a fine
brown powder, was dried over Pg0s5. With this
treatment, it was probable that the sediment
would be contaminated with 1little, if any,
tsolublet lactose.

The dry sediment was analysed for moisture,
protein, ash (including Ca and P) and 'combined! lactos
It was considered that a method of hydrolysis suitable
for converting starch to glucose would be sufficlent to

detach lactose from protein and also to hydrolyse the

freed lactose to glucose and galactose, The following

method was thefefore used (Methods of Analysis of the

Ass .off .agric.Chem., 1945) :-

3 g. of sediment were boiled for 2z hr. in
200 mle. of water plus 20 ml. of hydrochloric
acid (sp.gr. 1.125, 25% w/w HC1) in a flask
fitted with & reflux condenser, The
hydrolysate was coqQled, nearly neutrallzed
with sodiym hydroxide solution, and 1ts volume
made up to 250 ml. The solution was then
filtered and the amount of reducing sugar in

©.



Table 25, Composition of the insoluble fraction
of a deterilorated H Powder (air-pack,
‘stored for 173 days at 37°C.)

Constituent % Moisture-free
(<]
‘Molsture | 5.1 0.0
Protein (N x 6,.,38) 77 4 81.5
Ash 7 .0 7«4
(by differences 10.5 11.1
Iactose (determined,
calc, as
( hydrated : 8.1 8.5
.'.............'....‘...1.'..........‘..‘.....‘
‘Calclum 2.17 2.29
Phosphorus | 1.29 1.36

..0"...0.........O"<..1‘.........'l‘.‘.'......

Ca/P ratio | 1.68




50 ml. aliquots measured by the Munson-
Walker gravimetric method (loc.cit.) which
involves the reduction of Fehling's solution
or Soxhlet!s modified solution and the
welghing of the precipitated Cug0. It was
obvious that a fairly substantial amount of
reducing sugar was present in the hydrolysate.
On the gssumption that the reducing sugars
present were glucose and galactose in equimolecular
amounts, the percentage of combined lactose (calc. as
hydrated) in the insoluble sediment was found to be 8.1,
and on a moisture-free basis, 8.5. The composition of]
the insoluble material’ziven in Table 25. It will be
noted that the lactose values obtained by difference were
higher than those obtalned by direct estimation. Heasons
for this may be that the combined lactose was not
completely detached from protein by the acid hydrolysis
and possibly some sugar was decomposed during the reaction.
In addition, the gravimetric method of estimating reducing
sugars is not capable of the highest accuracy in the
presence of extraneous substances such as were present
in the hydrolysate. Therefore, the lactose value
obtained by difference will be regarded as the true
percentage of 'combined! lactose in the insoluble sedinent.
The significance ofbthe calcium and phosphorus values
and the Ca/P ratio will be mentioned in Part IV (p./65|).
Taking the lactose content of the moisture-
free insoluble material to be 11.1%, and knowing the
solubility index of the powder to be 66 (i.e. 34 g. of

insoluble solids per 100 g. of milk solids), it was

calculated that in 100 g. of the '173 days' H Powder,



approximately 3.5 g. (3.3 g. as anhydrous) of the total
lactose were combined with protein in the insoluble
fraction of the powder. But it has already been shown
that the lactose content of this powder apparently
decrecased from 50.6 to 44.8% which meant that 5.8=3.35
= 2.5 g. of lactose per 100 g. of powder were still
unaccounted for, Two explanations can be put forward}
first, since it seems that the protein-lactose complex
1s soluble when first formed (Hemry et al., 1948) and
becomes insoluble due to secondary reactions, a fraction
of the protein-lactose complex may have been still
soluble in the 1173 days! H powder and would be
dissolved and discarded during the isolation of the
insoluble material; secondiy, as suggested above, some
of the lactose may have been caramelized or otherwise
partially decomposed during storage at 3700. with the
formation of traces of formic and lactic acids. Thus,
although the decrease in the lactose content of the H
powdér was naot explained quantitatively, the object of
this experiment was attained, viz to show the presence

of lactose in the washed insoluble fraction of the powder.

Work of the collaborators

The results of an examination of the
equilibrium relative humidities of the powders have
already been mentioned. Dr Lea also made a more detailed
examination of the protein-sugar reaction and showed that
there was a decraase»in the free amino-nitrogen of the

protein and an lncrease in the amount of combined lactose




T

as storage progressed, The reducing power of the
powders on potassium ferricyanide and their changes in
base-blinding capecity and formal titration were also
investigated. |

' Rat-feeding tests conducted by Drs Henry and
Kon showed that the biological value of the proteins
of the H powder decreased during storage and that this

of lysine, as the decrease in free amino-nitrogen
suggested, Further proof that lysine was the amino-

acid chiefly involved in the proteln-lactose reacfion

amino-acids in stored powders; it is probable that
some loss or inactivation of histidine also occurred.
From a practical point of view, it should be noted that
the H powder was unpalatasble long before its decreased

mtritive value became apparent.

DISCUSSION '

One of the most outstanding findings iIn this
experiment was the extremely rapid deterioration of the
H powder at the two higher storage tempefatures‘compare
with the same powder at 2000. and the M and L powders
at the three storage temperatures. After more than
three years storage, the only important change in the
M and L powders was decreased palatability accompanied
by some absorption of oxygen and production of carbon

dioxide. 1In contrast, the extra 2.6% of moisture in

was obtained by microbiological assay of the tessential

was due mainly to a loss, or more correctly 'inactivation!

a
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the H Powder caused general chemical and physical

deterioration, especially at the higher storage temperatures.

Absorption of oxygen, production of carbonhioxide and
]
palatability

It has been emphasized that two types of 'off!-
flavour were detected depending on whether the bowders

were packed in air or in nitrogen. In air, the 'off'-~
flgvour was described as !'cardboardy! or 'gluey!, and

in nitrogen, as 'heated! or 'cooked!, the latter flavours
being less unpleasant than the former. The protective
effect of gas-packing for all the powders at the three
storage temperatures suggested that an oxidative reaction
took place in the air-packed cans and that this reactionm
was mainly responsible for the fcardboard! flavour and
hence for the more rapid decline in palatability of the
powders, The H powder absorbed oxygen very rapidly at
the higher storage temperatures and simultaneously produced
carbon dioxide with the result that the oxidative defect
as especially pronounced in this powder. Fig. 11 sho&s
that carbon dioxide was also produced in the nitrogen-
packed H pdwders and that production of carbon dioxlde
was even detectable in the M and L nitrogen-packed serigs,
It is interesting to note that after all the oxygen was
asbsorbed in the air-packed H powder, carbon dioxlide was
still produced but at the less rapid rate of the nitrogen-
paecked powder,

These facts indicate that probably two




deteriorative reactions took place in the powders

reaction(s) acéompanied by liberation of carbon dioxide

and an 'anaerobic! decomposition(s) with production of

The data for gas exchange in the air-packed powders

showed that the carbon dioxide evolved did not compensat

for the oxygen absorbed. For example, when the H powd

solids, the evolvgd C0g only accounted for 10.5 mg. of
Op; the remainder of the oxygen must have gone to the
formation of oaxidative éroducts. However, the quantiti
of oxygen and carbon dioxide involved in these reactions
were extremely small in proportion to the amount of
possible reactants present (protein, lactose and trace
of fat).

The evidence now available (Henry et al.,
1948) suggests that both the absorption of oxygen and
the production of carbon dioxide were related to the

decomposition of a protein-lactose complex. The

probably the.source of the carbon dioxide 1n the gas~
packed cans, In the oxygen-packed cans, there was
probably oxidation of the decomposing protein=-sugar
compound with evolution of much carbon dioxide. In

addition, some of the oxygen may have regcted with

thermal or spontaneous decomposition of this complex was

depending on the atmosphere in the cans, viz an oxildative

carbon dioxide, In the air-packed powder, both reactions
were obviously occurring simultaneously but in the absenmce

of oxygen, only the 'anaserobic! reaction could take place.,

]

r

(at 37°C.) had absorbed 42.4 mg. of Og per 100 g. of milk

e8
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protein or the trace of fat in the powders and this
usage of oxygen may explain the relatively too rapid |
absorption of oxygen (with little production of carbon\
‘dloxide) by the M and L powders in which the protein-

lactose reactlon was very slow, There 1s also the

j* 0

possibility that some of the carbon dioxide was produce
during & protein-catalysed caramelization of lactose.

The 'stale and glue=-like! 1off!-flavours

developed by the air-packed powders were most likely
caused by the products of oxidation and decomposition
of the protein-sugar compound, the protein-sugar compound
itself and possibly caramelized lactose, in fhis order
of importance. The more pleasant toff'-flavours which
were produced in the gas-packed powders were probably
compounded of the flavours of the protein-lactose
compound, its non-oxildative decomposition products and
caramelized lactose, It was therefore the products of
the oxidative reactioﬁ(s) which caused the 'off!-flavours
of an air-packed powder to be more distasteful than those
of & corresponding ges-packed powder. There is also
the possibility that other reactions involving protein

contributed to the tofft-flavours of the powders.

Colour and pH

The brown discoloration and decrease in pH of
the H powder undoubtedly involved lactose directly and
indirectly. The discoloration of evaporated milk

during sterilization has been considered due to a
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protein-lactose reaction (Ramsey, Tracy & Ruehe, 1933;
Webb, 1935) and perhaps to a protein catalysed caramelization
of lactose (Wright, 1924; Kass & Palmer, 1940). In
this experiment with milk powder, it has been shown

(Henry et al., 1948) that £ - 2 of the total free amino-
nitrogen can combine with lactose before any appreciable
change 1n colour occurs, It appears that the protein-

lactose complex first formed is not coloured but becomes

so on degreadation. This reaection, possibly in conjun%tion
with caramelization.of lactose, was probably responsib%e
for the 'non-enzymatic! browning.

" The fact that a proteln-lactose complex or
compound is formed involving the blocking of the baslc,
free amino-groups of lysine residues, would itself causde
the pH of the powder to decrease, But it has been
shown recently that appreciable amounts of formlec and
lactic acids are produced, presumably from lactose,
when milk is heated under sterilizing conditions (Gould,
1945). The caramelization of pure sugar is known to
cause a fall in pH. To sum up, the decrease in pH
of the H powder, as in strongly hegted liquid milk
(Gould & Frantz, 1945), was probably due to decomposlition
of lactose with the formation of volatlle organic acids
and to the blocking of free amino-groups by the protein-
lactose reaction. The fact that the amount of combined
lactose in deteriorated H powder did not account for
the decrease in soluble lactose (p./3/ ) suggests that

a proportion of the lactose did decompose.




Solubility and partition of soluble 'nitrogen!

It has already been pointed out (p. /9 ) that the
fresh powders differed appreciably from fresh milk in
possessing a relatively lower lactalbumin plus lacto~
globulin, and a slightly higher apparent .casein and
proteose~-peptone content, these changes presumably beiné
a result of the pre-~heating of the liculd milk, As
deterioration of the H powder progressed during storage
most of the caseln and lactalbumin plus lactoglobulin
became insoluble. A small amount of proteose=-peptone
was produced, of which part at least arose from decomposition
of casein, but the absence of any increase in non-protein
nitrogen indicated that no drastic fragmentation of the
protein molecules had occurred. In fact, in a very
badly deteriorated H powder (stored for 400 days in air
at 37°C.), the amount of soluble non-protein nitrogenous
compounds had decreased by about one third probably because
some of the constituents of the N,P.N. fraction had
reacted in such a way as to form part of the insoluble
mgterial, During the experiment, it was also found that
the method of estiméting lactoglobulin was not satisfactory
and that it became less so the more deteriorated was the
milk product analysed. It seems probable, as suggested
by Rowland (1948), that some proteose-peptone is
precipitated with lactoglobulin in the salting-out
procedure although very little of the new proteose-peptone
material produced during storage was so precipitated.

The similarity of the curves showing the




Table 26.

Relatlonship between solubility of the

protein and total solids of the air-

packed H powder stored at 37°¢.

g. per 100 g. of reconstituted,] Protein Total
centrifuged milk Nas % solids
of initial| as % of
Days Total N minus Total protein N | initial
stored N.P.N. solids total
(i.e. soluble solids
protein N)
Uncentri- |
fuged 0.470 9.27 100 100
0 0.466 9.16 99 .2 98.8
4 0.464 9.12 98.7 98.4
7 0.463 9.12 9845 98.4
10 0.455 9.05 96 .8 97 .6
15 0.449 8.87 95 .5 95,7
18 0,399 8.42 84.9 90.8
24 0.258 7.81 54.8 84,3
28 0.219 7.62 46 .6 82.2
45 0.132 6 .94 28.1 74.9
63 0.100 6 .55 21.3 70.7
85 0.079 6 .30 16.8 67«9
129 0.070 6.27 14,9 67 .6
400 0.009 5.81 1.9 - 62.7




ot
L
(; e

decresse in solubility of the H powder (Fig.l2) and the
decrease in solubility of the casein (Figs. 16 & 17)
indicates that increasing insclubility of this protein
was mainly responsible for the loss of solubility of
the powder. The data collected in Table 26 show the |
relationship between solubility of the protein and the |
total solids of the H powder stored at 37°c. If only

protein became insoluble, the lowest value for the

solubility of the milk solids would be 100 - 34.5% =
65.5%. But it has already been shown(Table 25) that

lactose and ash constitute part of the insoluble material
and thus the seriously deteriorated '400 days! powder
had a solubility of less than 65.5%, namely 62.7%.

It is not yet clear how far the protein-lactoge
recaction influences solubility but it seems that a
conslderable proportion of the free amlno=-groups of the
protein molecule can combine with lactose without
appreciably affecting the solubility of the protein
(Henry et al., 1948). 1t is possible that insolubility
is a result of an induced densturation of the protein
molecule, or of degradation of the proteln-sugar complex
by secondary reactions between the now adjacent protein

molecules and carboydrate chains,

Interrelation of moisture content and crystallization

of lactose

It has been shown that physical and chemlcal |

changes involving lactose, which constitutes over 50%

* The H powder contained 34.5 g. of protein per 100 g.
of milk solids (Table 11).
!
|
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of a sepafated-milk powder, were the prin¢ipal causes
of the deterioration of the H powder, The protein-

lactose reaction has already been mentioned but it i

‘remains to discuss the phenomenon whereby the crystall-
izétion of lactose, by increasing the activity of the
water or moisture in the H powder, aggravated the
deleterious effect of an already high moisture content,
Supplee-(lgés) has also noted this effect in milk powders;
he showed that when a milk powder was exposed to an
atmosphere of 50% relative humidity, moisture was first
absorbed and then given up. Troy & Sharp (1930) conf irmed
this observation and they found that by the time the
moisture had been !'freed'!, the powder had 'ceked!.
These authors have given a reasonable explanatfon of
these facts. They say that in normal spray-dried milk
powder, the anhydrous lactose is present as a very
concentrated syrup or 'glass! and can be regarded as a
solution with a very high osmotic pressure and a very
low vapour pressure. (The M and L powders had the low
equilibrium relative humidities of 29 and 17.5% respectively.)
Such a 'solution' of lactose is so concentrated that
the lactose cannot crystéllize and will not do so if
the moisture content is kept low. But this concentrated
'syrup! 1s very}hygroscopic and when a powder 1is exposed
to a moist atmosphere (as in the preparation of the H
powder), waeter is absorbed which dilutes the lactose

solution and tends to make the powder particles stick




to each other., Thereafter, theor- lactose (c.42%
of the total 1actose) crystallizes at a rate which
increases with the temperature of storage.

Although when the crystals of theer=- hydrate

form (so binding or caking the powder) some water 1is

bound as water of crystallization, the separation of the

solid phase causes a dilution of the syrup with the
result that 1its osmotic pressure decreases and its
vapour pressure increases, The net result 1s a decre

in moisture® content and a rise in equilibrium relativ

humidity as was found for the H powder, Dr Lea showed

that lactose commenced to crystallize in the H powder
only after definite tinduction periods ' of about 1 day
ét 370, 10 days at 28.5° and 100 days at 2000.; furths
for some unknown reason, crystallization was slightly

delayed in nitrogen compared with air (Henry et al.,

Se

BT,

1948). The resulting delays in the rise of equilibrium

relative humidity at each storage temperature and the
differences between air- and gas-packed cans were .
probably partly responsible for the induction periods
observed in absorption of oxygen and production of
carbon dioxide, decrease in solubility and pH, and

conversion of F- lactose toX= lactose.

Such a mutarotational change as the conversion

of p - lactose to - lactose is known to be catalysed by

*¥ Moisture 1is regarded as adsorbed water only in

contradistinction to the 'bound! water of crystallization

or other bound water,
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moisture and heat but this echange was much slower than
the crystallization of the« - lactose to the hydrate,
It would seem practically certain that thea« - lactose
formed from the}.— lactose would also take up water of
crystallization yet is has been shown that the H powder |
reached a stable equilibrium relative humidity of 55% long
before all theF- lactose was converted (Henry et al.,
1948), It may be that the fall in concentration of
tfree! water ln the powder and possibly the hygroscopic
nature of the pfotein prevented any further rise in
equlilibrium relative humidity.

It 1s thus apparent that by all criteria, the
moisture content of the powders was the most important
factor in determining storage 1life, the L (2.9%) and M
(4.7%) powders being relatively stable with a definite
advantage in favour of the former, while the H (7.3%)
powder was very unstable, Part of the large difference
in behaviour between the H powder and the others can be
attributed to the fact that the deleterious effect of an
already excessive moisturé content was sggravated by'thé
increased tactivity! of the water caused by crystallization
of the lactose. . It is not yet possible to explain fully
khy the presence of extra‘water initiated some of the
physico-chemical changes in the high molsture powder;
it may be simply that the solvent actlion of the water

allowed reactive groups to come into contact.




SUMMARY AND CONCLUSIONS

1. Three spray-dried separated-milk powders with
moisture contents of 2.9, 4.7 and 7.3% were packed in
air and in almost pure nitrogen, in gas-tight cans, arg

stored at 20, 28.5 and 5‘700. for over 3 years.

2. The powders were examined at intervals for
palatablility, colour, pH, absorption of oxygen,
production of carbon dioxide, solubility in water at
20° (two methods) and 50°C., moisture content, relativg
amounts of &~ and’ﬁ- lactose, soluble lactose,
distribution of soluble 'nitrogen'!, bacterilal content

and composition of insoluble material.

Se Iittle change was observed in the powders of
low and medium molsture content except in palatabllity
amd gas exchange at the higher temperatures. The

powder of the highest moisture content, particularly at
the higher storage temperatures, rapidly became

unpalatable, discoloured and Insoluble.

4. The pH and soluble lactose content of the high
moisture powder fell and evidence of a reaction between
protein and lactose was obtained. The & - lactose
crystallized causing the powder to 'cake', and its
molisture content to decrease, There was a slow

converslon ofp - lactose to«X - lactose. Oxygen was

absorbed and carbon dioxide produced.
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i:5. The loss of solubility of the high moisture
‘powder was largely caused by a decrease in the
solubility of the casein. The lactalbumin plus
lactoglobulin fraction gradually became insoluble and

proteose-peptbnes were produced.

G The temperature coefficient (for a range of
8.500.) for the deteriorative reactions was high and
approximated to 6 for those responsible for deter-
ioration in palatability. Thus moisture contents whigh
can be tolerated under temperate conditions for long

periods will be unsatisfactory at high storage temperatures.

7e With the exception of the changes in palatabililty,
the rate of deteriorative reactions was influenced only]

slightly by the nature of the atmosphere in the contaiﬁer.

8. It is probable that the protein-lactose reaction
was responsible for the production of 'off-flavours
described as mainly 'cooked' or ‘'caramelized' in the
case of nitrogen-packed powders and, in conjunction
with oxidative reactions, for the 'stale' and 'gluey'

'off'~flavours in air-packed powders.

9. An oxidative reaction (or reactions) was
probably responsible for the 'off'-flavours produced
in the low and medium moisture powders after long
periods of storage. It is possible that the small

amount of fat present was involved.

10. Nitrogen-packing was decidedly advantageous in
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delaying the development of toff!-flavours in all the

powders at the three storage temperatures.

11. A moisture content of about 4% would seem to be
a safe maximum for separated-milk powder stored under

temperate conditions.




i AN
* tJ

PART IV

The Solubility of Milk Powders

Composition of the soluble and insoluble portions of
reconstituted! milk powders

Introduction

It 1s importaent that milk powder should be
capable of belng easily dissolved or dispersed in
water without leaving an insoluble sediment. Many
methods of measuring this property, usually termed
the 'solubility' of the milk powder, have been pro-
posed. In all of them the powder is shaken or stirred
with water and the reconstituted 'milk! centrifuged to
sediment the insoluble material; theresfter thé
methods differ considerably but most fall into one of
two groups. Methods in the first group depend on the
measurement of the soluble total solids or of protein
in t he dispersed phase. These methods include thode
of Supplee & Bellis (1925), Hunziker (1926), Wright
(1932), Howat et al, (1939) and Parsons (1947)%, The
second group consists of methods which determine the
weight or the volume of the insoluble, or more properlyl,
non-dispersed sediment. Of this group, the methods of
Marquardt (1920), Lampitt & Hughes (1924), Lampitt &
Bushill (1931la), Cone & Ashworth (1947) and that
advocated by the American Dry Milk Institute (Grading
of Nonfat Dry Milk Solids, 1948) should be mentioned.

* TPhis method has not yet been published. It is
described briefly on p.l51,
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But different results are often obtained when the
various methods are used to measure the solubllity of
e milk powder end although arguments can be propounded
in favour of the methods in each of the two groups
mentioned above, 1t appeared that a better understand-
ing of the way in which the major constituents of milk
powders behaved when 'reconstituted! and centrifuged
was essential to a correct evaluation of the merits of
the available methods. It was with this objecet in
view that the present work was done.

Six whole-milk powders, two manufactured by
the roller process and four by different methods of
spray drying, were reconstituted under standard
conditions and separation of the fat and insoluble
material accelerated by centrifuging. (These samples
have been taken to represent some of the different
types of powder which are at present manufactured, but
they are not necessarily typical of the particular
type of plant on which they were prepared.) When
these powders were reconstituted and centrifuged, three
layers were obtained, a top or fat layer, a middle or
licquid layer and & bottom or sediment layer. These
layers were analysed for the major milk constituents.
Because one aim of good manufacture is to prepare as
soluble a powder as possible, it was obviously
important to examine the sediment fractlon 1n greater
detail. To do this, five of the whole-mlilk powders

and five separated-milk powders were used and a

sufficient bulk of sediment obtained by passing large
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volumes of the reconstituted milks through a Sharples
super-centrifuge (14,500 x g). The sediments were
washed, dried and analysed. The !'solubility! of each
of the powders was measured by methods representative
of the two groups end the validity of the results

assessed.

EXPERIMENTAL

Each powder was first anslysed for molisture,
protein (total nitrogen x 6.38), fat and ash. The
sum of these in percentage deducted from 100 was
assumed to be lactose. The amount of calcium and
phosphorus in the powders was also determined. There
were no appreciable differences in the compositibn of
the whole~milk powders or in that of the separated

powders; they were all normal (Table 27).

(a) Analysis of fat and liquid layers, The powder

(4 g.) was weighed into & 50 ml. centrifuge-tube of
known weight and reconstituted with 36 ml. of
distilled water. In one series of experiments, the
tube was held at 20°C. and in a second series at 50°¢C.
for 5 min. It was then shaken for 1 min., cooled
where necessary to 20°c. and centrifuged at 3,000
r.p.m. (1,800 x g) for 15 min. This method of recon-
stitution, using 1 g. samples, has already been
described in deteil (Howat et al., 1939). After
centrifuging, the tube was allowed to stend for 1l hr
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at 4°C. to harden the top layer which was then removed
as completely as possible and weighed. The liquld
layer was siphoned off and its weight found. Any
residual fat on the walls of the tube was removed on
a tared filter paper and its welght added to that of
the top 'layer. The tube was welghed again and the
welight of sediment found. In order to provide
sufficient material for analysis, eight tubes of the
same powder were used in each determination and the
fat and lioguid layers bulked separately. Water, total
nitrogen, fat and ash were determined on each of the
bulked layers and lactose calculated by difference.
The ash of each layer was analysed for calcium and
phosphorus. The composition of the sediments, in view
of the very small amounts obtainable from spray-dfied
powders by this method of reconstitution, was calcul~
ated from the cormposition of the fat and liquid layers
and of the original powders, Sufficlent sediment for
analirsis was obtained from the roller-dried powders
and the results agreed well with the data obtalned by

calculation.

(b) Analysis of sediments 1 kg. of each powder,

reconstituted at 20°C. in the same proportions and in
a similar way to the smaller samples, was run through
the clarifier bowl of the Sharples super-centrifuge.

This exposed the reconstituted milk to a field of {
14,500 x g for about 5 min. and gave a highly compressed
sediment. The sediment was removed, mixed with 200
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ml, of distilled water at 20 C., shaken for about

1 min, and spun for 30 min. in the batch bowl of the
Sherples., The mixing and washing was repeated twice
again, The sediment was removed from the bowl and
dehydrated by successive washings with 30, 50, 80 and
100% (v/v) ethanol, It was spun for 15 min, with each
conéentration of alcochol., Finally the sediment was
dried in vacuo at room temperature over phosphorus
pentoxide, allowed to reach moistyre equilibrium by
exposure to the laboratory air for two days and
analysed for moisture, total nitrogen, fat, ash,
calcium and phosphorus. Even with this treatment some
small amount of occluded middle layer may have
remained in the sediment and any difference between
the percentage sum of the constituents determined and

100 has been reported as lactose.

(¢) Solubility of the powders, The solubility of

the six whole-milk powders I1n water at 20 and 50°C.
was measured by four methods, namely those of Howat
et al, (1939), Lampitt & Hughes (1924), Parsons (1947)
and the Americen Dry Mllk Institute (Grading of Nonfat
Dry Milk Solids, 1948). The methods of Howat et al.
and Parsons belong to the'group in which the soluble
or dispersible solids of the powder are measured and

the methods of Lampitt & Hughes and the American
Dry Milk Institute are representative of the other

type of method in which the weight or the volume of
the insoluble fraction of the powder ls determined.




by hand and the reconstlituted mllk was centrifuged for

The method of the American Dry Milk Institute
measures the volume of sedimented material and thus
can only gilve a comparative imdex of solubility. The
other three methods enable the percentage solubility
of the milk solids to be calculated., BEach of the four
methods specifies different methods of reconstituting
and centrifuging powders but in order to compere the
methods, it was essential to use the same experimental
conditions for each. This was not possible for the
American Dry Milk Institute!s method ard the |
modification of this method already described in
detail in Part I, p.22 was used, In it the volume
of the once-washed sediment from 20 g. of powder 1is
measured, For the other methods the experimental
conditions specified by Howat et al. (1939) were
adopted, 1.e. a powder to water ratlo of 1 to 9 was

used, the powder was shaken with the water for 1 miln.

15 min, at 3000 r.p.m. (1800 x g).

The method of Howat et al., (1939) is fully
described in Part I, p. 20 . To recapltulate
briefly, the procedure in this method is that after
the reconstituted milk 1s centrifuged, the top and
middle layers are poured off and the sollds content
of the combined layers meaesured after redispersing the
top (fat) layer. The ratio of this value, 1.e. the
amount of soluble solids, to the total dry solids
initially present in the tube, expressed as a
percentage, is taken as the solubility of the milk




Table 28. Weight and composition of the top (fat) layers cbtalned by reconstltuting

and centrifuging 100 g. of the milk powders in 900 ml. of water at 20 and 50°C.

(The values were calculated from those obtained by reconstituting 4 g. powder in 36 ml, water.)

Powder : Roller A " Roller B Kestner 1K1im! Krause Milkal
Actual| % % |actuall % % lActual| % % lActual| ¢ % lactual| % % |Actuall % %
Constituent | compo-|{comp. |comp.| compo=|comp.|comp.| compo~|comp.|comp.| compo-|comp.]comp. [compo= Jcomp.|comp.| compo~| compd comp.
sition (dr); sition (dry | sition (dr¥ sition (dry |sition (dry | sition (drg
(g.) wi (g.) wi (g.) wi (g.) wi (g.) wt) | (g.) wh

At 20%., 63 {100 |100 33 1100 {100 26 |100 {100 19 {100 {100 24 [100 |100 25 | 100 | 100
Water 37.2 159.1 - 8.7 |26.4 - {17.2 |{66.1 - 9.2 |48.6 - 11.3 |47.0 - |12.0 [48.1 -
Protein 4.3 608 16.6 O-? 20 207 ‘ 2.1 8.1 23.9 Oog 4,6 8.9 0.9 5.9 7.4 0.9 305 607

(Nx6.38) * | (0.31) (0.21) (0.41) (0.25) (0.32)] (0.36)
Fat 19.5 130.9 |75.6 | 25.5 [71.1 [96.7 | 5.5 |21.2|62.6] 8.6 |45.2 [87.9 | 11.3 l7.0 |es.7{11.9 |47.56 [91.5
#1(0.08) (0.04) (0.32) (0.20) (0.21)] (0.20)

Ash « | 046 0.97] 2.4 0.1 0.38] 0.5 | 0.2 0.88] 2.6 | 0.1 0.75| 1.6 0.l } 0.49] 0.9 0.1 | 0.51} 1.0
Iactose(diff,)| 1.4 2.2 | 5.4 0.0 0.1 | 0.1] 1.0 3.7 |10.9| 0.2 0.8 1.6 0ed4 | 1s6 | 3,0 Dol | D2 | 0.8
% 1(0.15) (0.34) (0.77) (0.,39)| (0.47) (0.51)

At 50°C. 25 100 | 100 31 100 | 100 11 100 {100 25 100 | 100 27 | 100 | 100 23 | 100 | 100
Water 7.6 |30.4 - 6.4 [20.8 - 5.3 |48.4 | - 83 [|33.3 - 11.9 j44.1 - 8.2 [35.5 -
Protein w | 05 2.2 | 3.1| 0.3 0.8 | 1.0 0.5 4.8 9.3 0.7 3.0 4.5 1.1 | 3.9 | 7.0 0.6 | 2.7 | 4.2

(Nx6.38) (0613) (0.18) (0.16) (0.25) (0.34) (0.24)

Fat % | $6.7 166.9 196.2 |24.2 78,2 {98.8 | 4.9 |44.3 |85.2 |15.4 |61.5 |92.2 | 13.6 |50.¢ |90.2 |13.8 le0.0 lo3.0
(0.04) (0.03) (0.14) (0.10) (0.20) (0.12)

Ash o | 0ol 0.34| 0.4 0.1 0.19] 0.2 0.1 0.70] 1.3 | 0.1 0.32] 0.5 0.1 | 0.56] 1.1] 0.1 | 0.37] 0.6
(0.05) (0.05) (0.04) " 1(0.06) (0.09)| (0.06)

Lactose(diffag 0.1 0.2 | 0.3 0.0 0.0 | 0.0] 0.2 1.8 3.5 0.5 1.9 | 2.8 0.3 |1.0 | 1.7] 0.3 | 1.4 | 2.2
(0.30) (0.26) (0.21) (0e36) (0.48) (0.35)

* Figures in brackets are amounts contributed by entrained middle layer,
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powder solids. In the method of Lampitt & Hughes |
(1924), the reconstituted milk is centrifuged, the top
' layer discarded and the middle layer poured off and
itssolids content found. The weight of the wet
sediment In the tube is obtained by difference and thenm
the sediment is dried to obtain the Weight of solids
and water in it. From the weight of the dry sediment
is subtracted the weight of soluble solids contributed
to the sediment by the permeating middle layer. Thus
the weight of insoluble material derived from 100 g.
of powder and hence the percentage solubility of the
powder or milk solids can be calculated. In Parsons!
(1947) method, the reconstituted milk i1s centrifuged,
the top layer discarded, the sediment rediépersed into
the middle layer and the percentage of solids (a%) in
the now homogeneous liquid measured, i.e. soluble plus
insoluble solids. The 'milk' 1s centrifuged again to
re-sediment the insoluble material and the solids
content (b%) of the supernatant liquid layer measured,
1.e. soluble solids. The solubility of the milk

powder solids is calculated by expressing (b) as a
100 x b
a

percentage of (a), 1.e.

RESULTS
Tables 28 and 29 give the weight and
composition of the top layers and of the sediment
| layers when sufficient of the latter was obtained far

analysis. Table 30 shows the distribution of the

ma jor canstituents of the powders among the three
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layers, In this Table the amount of each constituent
appearing in each of the three layers is expressed as
a percentage of the total amount in the reconstituted
milk, and since the figures for the sediments were
obtained by difference, each horizontal line totals
100. Negative values shown for some of the sediment
constituents at 50°C. glve an indication of the
experimental errors inmherent in the technique
employed; these errors only became apparent when very

small sediments were obtained., The partition of

=

calcium and phosphorus between the layers is also give
in Table 30, with figures in brackets to indicate the
percentage of each contributed by the liquid entrained
in the top and sediment layers, assuming such liquid
to have the same composition as that of the middle

layer. Thus the top layer of the reconstituted Roller
Dried Powder A contained 14.4% of the total calcium,

but because 1l.4% was contributed by the entralned

b

liquid, the true proportion of calcium in the top laye

was 13,0% of the total,
i’able 31 shows the composition (as percentages l)

of the dry sediment produced in the Sharples super- |

centrifuge from five of the same whole-milk powders as

reported in Table 30 and also from five separated-milki
powders, four of which were manufactured in the same i
type of plant as four of the whole-milk powders, The |
calcium and phosphorus content of the ash of the
original powders is included for comparison with thgt |

of the washed sediment ash.
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Table 32 records the values for solubllity of
the six whole-milk powders as determined by four
methods representing the two groups previously
mentioned; the volume of urwashed sediment obtained
in the method of Howat et al. (1939) 1s included for

conparison,

DISCUSSION

General considerations., When whole-milk powder is

reconstituted in water a number of physlical changes
take place concurrently. ILactose and the soluble
salts go into true solution, fat is liberated from
the particles and the protein which has not been
denatured and made insoluble dissolves or becomes
redispersed into a stable suspension. Where protein
deterioration has taken place, as a result either of
overheating during manufacture or bad storage
comditions, the affected protein does not remain in
suspension but slowly gsediments. This sedimentation
of protein is noticeable with almost all roller-dried
powders but only to a much lesser extent with spray
powders .

Another point of differenceé between roller=-
and spray-dried powders 1s 1n the behaviour of the
fat when the two types of powder are reconstituted in
The fat globules from roller powder are

warm water.

mich larger than those from spray-dried powder and

they rise to the surface at & much greater rate,

joining with others either on the way or at the
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surface to farm an obvious layer of liquid fat, Any f
tendency which the fat in a reconstituted spray powder
has to rise to the surface is more akin to the f
creaming of fresh milk than to fat separationuggg_g_. {
It would appear that the protein membrane normally
surrounding the fat globules in liquid milk is
disrupted to a much greater extent inm roller-drying
than in spray-drying. King (1948) has suggested that
during roller-drying heat denaturation of the protein
membrane surrounding each fat globule and also poasibl&
mechanical fracture of the membrane by mimte lactose
crystals allow the globules to coalesce when the
powder 1s reconstituted and so prevent the formation
of 'a fine emulsion, In the spray-drying process there
1s less likelihood of the membrane being denatured by
heat and it is well known that in properly made and

stored spray powder the lactose exists as an amorphous

tglass! whereas in roller=-dried powders 1t is mainly
crystalline, 5

When reconstituted milk 1s centrifuged, the |
fat and non-dispersed material separate auickly and ;
three fractions can be easily distingulshed; the top g
containing a high proportion of fat, the sediment withj
a high proportion of protein and a liquid middle layer?
In practice, the middle layer permeates the top and "
bottom layers so that soluble constituents are present§
in both. Moreover, the 'insolubility! of the |
reconstituted powder, or more properly, the amount of |

non-dispersible protein which may vary physically from
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1

(2)

Temp, of
Powder reconst~|Thick-} Appearance Description
itution | ness
(°c.) (mm.) }(actual size)
(L) | Homogeneous but coarse in 'grain';
20 13 / white in colour, no visible ‘'free!
‘ A fat.
Roller A =) STmilar %o £op ?0.(%1?1; o vary G
50 2 Vousssssansi layers underneath, e top one cream
J coloured & the bottom one white.
(3) Three bands; 'fop i ilar in appear
20 5 ance to no.(1l); niadtsSc1ear %ﬁow
‘ Z!{”_{{.”I._”f mobile fat; bottom,comi)ounded of
two very thin layers as described in
RollerB )y
» Top band similar to no.{1l); which
50 4 W |+ merges into yellow fat (not clear
& free from protein as at 20°C.
o0 5 (5) gﬁ.%k ?1{211?.1‘ tottop ?0'1(1:%’2; very
7777777777777 n 'skint' on top of w 2]
i, meterial; trace o?‘ loose white
Kestner material underneath.
&) Thin wafer of white protein-like
50 2 EOOOnnoil | material on surface; remalnder
- like cream, )
Top wafer of white protein-like
20 2 material; bulk like cream; indefinite
'K 1im! yellow creamy band underneath.
(8)
50 2 sinaRvIeaREIRRARRE Similar to top no.{(6).
(9) White protein-like material on top;
20 3 MRNSANIRENSIASHITAS yellow cream hyer mel'gf. into an- I
------------- = other layer of white material with & layer
Krause (I6T of looss creem-1ike material underneath.
10
50 2.5 S
T Similar to tOp no. (6)-
, (11)
20 3 e | Similar to top no. (9).
Milkel f______{ o} .
. (12)
50 25 m Similar to top no. (6).
Fig. 18. Appearance of cross-section of the top layers after

centrifuging 4 g. of the powders in 36 ml. water at
1,800 x g 1n tubes 23 mm. in diameter.



| an almost granular to a flocculent form, considerably
affects the composition of the fat and sediment layers
If the powder is relatively !insoluble! and contains a
fair proportion of denatured protein, there is an
increased chance that as the fat rises to the surface
it will carry with it some insoluble protein.
Conversely, fat globules may be trapped by the large
bulk of insoluble protein as it sediments. If at the
same time the fat globules are large and the degree of
protein denaturation high, as in some roller powders,
both types of entrainment will have a greater chance
of occurring. In addition, some fat may never esocape
from particles of powder because of a covering of
insoluble protein. These uniissolved particles will
- probably sediment if they contain more protein than
fat and rise to form part of the top layer if they
contain mare fat than protein.

Milk powder is usually reconstituted by some
form of shaking or mechanical agitation and often a
considerable amount of froth Is produced which may
consist mainly of partially denatured proteln

(analogous to the process of twhipping'). When such

a 1iquid with supernatant froth is centrifuged, the

froth collapses and some non-fatty material may remain

on the surface layer. In Fig.l8 an attempt has been

made to depict the appearance in cross-section of the
ed, reconstituted powders.,

top layers of the centrifug

The top layers of the gpray-dried powders were all

covered with a thin paper-like layer of collapsed
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foam whereas the upper portion of the roller-dried
top layers was a white, homogeneous, grainy plug. It
1s of interest to record that during reconstitution
the spray-dried powders frothed much more than the
roller~-dried powders, It should be mentioned that the
top layers from powders reconstituted at 2o°c. often
possessed a diffuse base of cream-like consistency
whereas at 50°C., the demarcation of the top layer
from the liquid or middle layer was sharp. The
Krause and Milkael powders reconstituted at 20°¢.
appeared to have a top layer comprised o? four parts,
with a second protein-like layer interposed between

two cream layers,

To summarize therefore, both the top !fat!
layer and the sediment layer of centrifuged, recon-
stituted whole-milk powder may be expected to contain
fat, lactose, soluble salts and protein, in amounts
governed primarily by the manufacturing pz;ocess and

also by the methods employed in reconstituting and

centrifugling.

The nature of the layers obtained on centrifuging the

reconstituted powders. Tt will be seen from Table

32 that the six powders varied from a rather

insoluble atmospheric roller-dried product through &

very Soluble roller powder, & low and an average

solubility spray-dried.powder to two highly soluble

spray-dried powders. The considerable differences in

1 figures (Table 30) for the three layers

the analytica



Table 30. Percentage distribution of certain constituents of the reconstituted whole-milk powders
after centrifuging, and the weights of the top, middle and sediment fractions

E;bwder: Ro?ler 1 Roller B ' Kestner “ 1X1im? ’ Krause Milkal

P

Sedi- sedi- SedI- 15edi- SediA LVB. sedl-~]
Layer : Top |Middle| ment| Top Middlﬂe@ __ment Top {Middle ment | Top {Middle | menY Top |Midile | menl Top Midile | mentj
Reconstitution at 20°C.
Water 4,1 {77.2| 18.7 1.0 79.9 19.1 1.9 91.9 6.2 1,0 94,7 4,3 11,3 196.7 2.0] 1.3 ] 96.5] 242
Protein(Nx6,38){16.8 | 23.11] 60,1 25 63 .8 33,7 6 ¢S 61.6 31,9 B3¢0 | 89,4 Ted | 35 19245 4,01 3.1 | 9251 4.4
Fat 68,7 5.3] 26.0 }83.2 11.0 5.8 20.3 56,8 22.9 30,7 | 67.2 2.1 40,0 | B7.2 2.8 45.1 | 54.2] 0.7
Ash Qel | 59441 315 1.8 73.2 25.0 3.6 73 6 228 2.0 { 92,5 58 11.2 9761 1.0] 1.9 | 92.5] 5.6
Ca. 14,4 | 25,8 59.8 2.4 61,7 35,9 6«5 70.7 22.8 2.2 | 8547 {12.1 ] 2.2 | 935 4,31 3.1 | 94,91 2.0
#1(1.4) (643)1(0.7) (14.7)] (1.5) (4.8) ] (0.9) (3.9)(1.2) (1L.90(13) (2.1
P 13,2 134,21 52.6 3e7 §{ 6246 337 6 .6 81.6 11.8 27 | 83.8 [|13.5 |1 2.6 | 97.4 0.,0] 2.6 | 94.9] 2.5
O...I.OC...I...? .(1‘-..8.).....'..(8'2?). (9:@21........(]:5.:92 .(]ﬁ-:’z)ILOCOQ UIOO(SUSSI)OQO(OC:QI)UQI Oolngstrgzg%:slz‘oc...P&?:O.)(];:Slzoc'.. (g:?
Wt of each layer
from 100g. powder | 63 737 200 33 775 102 26 906 68 19 940 41 24 956 20 25 054 21
in 900 ml, water (g.)
Solubility (Howet
et al.,, 1939) 76 06 : 93 o7 100 100
‘ Reconstitution at 50°C.
Water 0.8 183,61 15.6 0.7 7.9 | l.4 0.6 98,3 1.1 0.9 198.0 1.1 {1.31}97.9 0.8] 0.9 | 98.4] 0.7
Protein(Nx6.38) 2.l [ 50.4 ) 47,5 0.9 92.9 6.2 1.6 82.7 15.6 2.9 | 984 =13 | 3.9 |93.2 2.9 1 2.2 193,91 3,9
Fat 58,2 114.2] 26,9 ]85.9 13.6 0.5 18,0 83.1 -1,1 54.2 |37.9 7.2 48,1 | 51.1 0.8 P23 | 46.3{ 1.4
ASh 104 7202 2604 008 98.1 101 1.1 99.4: "0 05 101 91.1 7.8 2.4 ﬁ-Ol.l -5 05 105 98.6 001
Ca 3 1.7 49.1 49.2 007 96 04 2.9 1.3 99 .0 "'0 03 201 99 .8 "1 .9 504: 96 .5 001 108 98.0 002
(0.5) (9.2)](0.7) (1.1) | (0.5) (1.1) { (1.0) (L.1)(1.3) (0.8){(0.9) (0.7)
P " 3¢3 155,11 41.6 1.5 24,1 4.4 25 92.8 4,7 4,1 197.2 [=2,015.,6 1]95.2 {=0.8 Q195,91 0.2
® 0 0 © 0 00 ® P09 800 8 v (Q’§2¢....-(:.L0-,Sol (0026.)"0...'. (1l'g3¢2.1.(0"5.2.IQ.....O(;’;)C.(Q'?)...'.. (1"2)(1:5)!‘0030 (9:3)’(9:9)‘..'..4(9'61 ‘
Wt of each layer
from 100g.powder | 25 806 169 31 954 15 11 979 10 25 966 9 27 965 8 23 971 6
in 900 mLwater(g.) :
Solubility (Howat
et al,, 1939) 91 98 100 100 100 100

* Data in brackets represent amounts of Ca and P contributed by permeating middle layer.

The experimental errors in the technique were revealgd when very small sediments were obtained: hence the small
negative values for somé sedimexnt constituents at 50°C.
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of these powders affords some indication of the
variation in distribution of milk constituents which
can occur wWhen whole-milk powders of different
solubllity are reconstituted and centrifuged. The
compositlion of the top layers, and of the sediment
layers which were obtained in sufficient bulk for
analysis, is given in Tables 28 and 29 respectively,
but for the following discussion a better overall
plcture of the distribution of the milk powder
constltments will be obtained by referring to Table 30,

Comparing first the top layers of the powders
reconstituted at 20°C., those from the roller powders
welghed most ané contained by far the most fat,
although they differed considerably from each other.
The protein content of the top layers was inversely
related to the solubility of the powder, the highly
soluble Roller Powder B containing less than the
Kestmer spray material, The amount of ash in each top
layer was almost directly proportional to both the
water and protein combent of the layer.

The sediment layers grouped themselves somewhat
similarly, those from the roller powders being by far
the greatest in weight and containing larger fractions
of the total protein. As with the top layers, the
sediment layers of Roller Powder 4 and Holler Powder B
differed considerably in composition. The weights of

sediment and sediment proteir from the spray powders

varied inverselr wit:r their solubilities. The ash in

these sediments appeared t¢ Gepend more on the emount
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of protein in the sediment than on the amount of
entrained liquor. The fat content of the sediments
varied with the degree of solubility in much the same
way as the protein content of the top layers, i.e.
the more soluble the powder the less fat in the sedimen
The distribuﬁion of constituents in the middlg
layers was naturally dependent on that in the other two
layers. Where much protein was insoluble, as in Roller
Powder A and to a lesser extent in both Roller Powder
B and the Kestner spray powder, the proportion of
proteln in the liquid was low; the composition of the
middle layers from the three more soluble spray powderd
was very similar, the high proportion of all the
constituents remaining in the liguid layers indicating

stable suspensions.

The rather insoluble Roller=Dried Powder A

and to a lesser extent the Kestner spray powder afforded

good examples of the mutual trapping of fat and
insdluble profein, resulting in a high proportion of
fat in the sediment and of protein in the top layer.
It seems reasénable to conclude that the very high
proportion of fat in the top 1ayér of Roller-Dried
Powder B shows that so long as the powder has a high
solubility, i.e. little denatured, insoluble protein,
the quick rise of the large globules of non-emulsified
fat and the gravitation of only & small amount of

protein prevent the fat being carrled into the sedimentz.

Before turning to the data obtained by

t.
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reconstituting the powders at 5000. the mechanism of
reconstitution in cold and hot water should first be
considered in the light of earlier investigations and
the present results obtained at 20°C. Wright (1932)
suggested that milk powder insolubility can be
considered as the result of two types of protein change
during the drying process, that due to wet heat causing
irreversible insolubility, and that due to dry heat
which can be overcome by reconstituting at temperatures
of 50 to 60°C. Hence the imsoluble protein in the top
and sediment layers at 20°¢. represents the sum of thes
two types of insolubllity, If one now considers what

is likely to be the result of reconstituting the powders

at a higher temperature, it might be expected, if
Wrightts (1932) theory 1s correct, that protein made
insoluble by dry heat would be redispersed, giving
less in both the top and bottcﬁn layers, and that the
smaller amount of sediment would entrap less fat, The
corresponding increase of protein in the liquid layer
might then have the power to stabllize more fat, 1i.e.
keep the fat in suspension. If the amount of protein
dispersed in the middle layer at the higher temperature
were large, it might stabilize fat which at a lower
temperature would either be trapped in the larger
sediment or appear in the top layer. The net result
would then be a diminution of fat in the sediment and

]

,the top layer, and a corresponding increase of fat in

'the 11quid middle fraction.
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To come to the results obtained in the present
work at 5000. s Roller-Dried Powder A was more soluble
at this temperature than at 20°C. but the amount of fat
in the sediment remained unchanged despite the decrease
in the quantity of sediment protein. Ome explanation
of this may be that the fat was associated with, or
trappéd within, soms of the irreversibly insoluble
protein and was never liberated during reconstitution.
If this were so, then reversibly insoluble material
would contribute little or no fat to the sediment.
This view 1s borne out by the behaviour of Roller
Powder B, in which reconstitﬁtion at the higher
temperature reduced the é.mount 'of protein in the
sediment from 33.7 to 6.2% of the total, showing that
most of the sediment protein at 20°C, was of the
reversibly insoluble type. At 20°C. as little as 5.8%
of the total fat appeared in the sediment and at 50°C.,
0.5%, indicating that at the lower temperature only
5.3% of the total fat in the reconstituted milk was
trapped by the reversibly soluble protein. The same
type of mechanism was apparently operative in the
Kestner powder, although it is clear that protein can
become irreversibly insoluble without necessarily
enclosing fat. In the two roller-dried powders and the
Kestner spray-dried powder, the smaller sedimentation oF
protein at 50°C. as compared with that at 20°C.

enriched the liquid layer with that constituent and

also stabilized more fat in this fraction. The reversei
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occurred in the three more soluble spray powders where
at 50°C. a little more fat passed from the liquid layen
to the top layer than at 20°C., possibly as a result of
the mobility of the liquid fat and the decréased
viscosity of the liquor.

To attribute all the difference in solubility
at 50°C. to redispersion of 'reversibly! denatured,
insoluble protein mey be to neglect the probably
greater accessibility of the protein to water at the
higher temperature, Indeed, 1t was found that soaking
Roller-Dried Powder A in water at 20°C. for 16 hr.
| prior to reconstitution at the same temperature raised
its solubility from 76 to 86% whereas the solubility of
the powder at 50°C. was 91%. (These values were
obbained by the method of Howat et al., 1949). Thus
the increase in solubility at 50°C. , Which 1s regarded
by Wright (1932) as being due solely to redispersion of
'reversibly! insoluble protein, may in fact be partly
caused by more intimate contact and mixing of water
with protein, probably aided by the licuefaction of the
fat. This in turn would result in redispersion of some
protein which although apperently non-dispersable at
20°C. would have been dispersed had the water reached 1t.

To summerize therefore, 1t would appear that
the greater the insolubllity of any milk powder, the
greater the likelihood of finding appreclable amounts

of fat in the sediment and of protein in the top layer.
As the temperature of reconstituton is raised, or the
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amount of soaking prior to reconstitution increased,
the solids of the top layer will become more wholly fatf
and of the sediment more wholly protein; the amount of
fat remaining in the sediment at 50°C. being closely

associated with the quantity of irreversibly insoluble
protein, or in other words, that protein which remains

insoluble at 50°C.

The composition of the washed sediments. The

analytical values given in Table 31 for the washed
sediments obtained in a high gravitational fleld
(14,500 x g) from whole- and separated-milk powders
reconstituted at 20°C. are very similar, particulerly
when allowance is made for the fat content of the ‘
former. As would be expected, the main constituent of
the sediment was protein. Washing did not remove all
the fat from the sediments and a considerable gmount
remained in the sediment from Roller-Dried Powder A.
No doubt this residual fat was mainly that assoclated
with the irreversibly insolubie protein, It can also
be seen from Table 31 that when a powder has a high
solubility, as in spray-dried material, the washed
sediment (whose volume is used as an index of
solubility in the American Dry Milk Institute's method)
will consist very largely of protein and ash. In all
the sediments, the protein and ash wére in fairly
constant proportion. The significance of this

relationship will be discussed in the next section.
It seems possible that the lactose apparently
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present in these washed sediments may not be derived
entirely from occluded residues of middle layers but that
some of the lactose is actually bound to the insoluble
protein as was found in the insoluble material isolated
from a deterlorated separated-milk powder (Table 25).
Although Henry et al. (1948) have shown that the dialysed
protein of fresh liquid milk confains some 'bound! sugar
they have also found that the dialysed protein of fresh
separated-milk powders contalns a greater proportion of
sugar, This fact suggests that the protein-lactose
reaction described in Part III may take place to a small
extent during the process of milk-drying but it is unlikely
that the primary stage of this reaction per se will affect

the solubility of the milk protein (cf. p.138); heat |
denaturation of protein, which is no doubt the principal
cause of insolubility in dried milk, may be a necessary

precursor of the protein-lactose reaction.

The distribution of calciuvm and phosphorus. Because a

fairly large proportion of the calclum and phosphorus in
milk is so closely associated with the casein molecule
it is probably important to consider these elements in
some detall when discussing the solubility of milk powder.
It can be seen from Table 30 that the 'true!

calcium and phosphorus content of the top and sediment
layers was roughly proportional to the amount of

protein in each, at both 20 and 50°C. Furthermore, in

the washed sediments obtained by means of the Sharples
Esuper-centrifuge, and which consisted mainly of protein,
there was great similarity between the ratio of calcium

to phosphorus from powders of different manufacture
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(Teble 31), the average ratios for the sediments of the|
whole-milk powders being 1l.72 and of the separated-mil¢
powders 1l.89. In the original milk powders these
average ratios were much less, 1.24 and 1,30
respectively, indicating roughly a 40% increase of
calclium relative to phosphorus in the washed sediments|
Moreover, in the sediments the proportion of both
calclum and phosphorus to other constituenté was
considerably greater than In the original powders.
In fact, by expressing the calcium and phosphorus as a
percentage of the ash it will be seen that the calcium
content of the zediment ash was approximetely double
that‘of the ash of the original powder and that the
phosphorus content was about 50% greater. 1In addition7
the amounts of ash, calclum and phosphorus per 100 g.
of protein in the dry sediments were remarkably similar
for all powdefs (Table 31)., The explanation would
appear to be that the composition of these washed
sediments was approaching that of true denatured
protein, in all probability meinly casein; thus most
of the calecium and phosphorus could be attributed to
calcium cagseinate and its assoclated tricalcium
phosphate,

A summary of Ling's investigations (1936, 1937)
into the state and distribution of the calclum and
phosphorus in milk will help to clarify the present

findings. His work led to the conclusion that (&)

Eapproximately one third (c.33%) of the calcium and

|
i
!
;
i
{
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phosphorus is present in the form of soluble mono-
calcium hydrogen phosphate, CaHPO4 (also called dicalcium
phosphate), (b) 20% of the calcium and 19% of the phos-
phorus are constitﬁents of the calclum caéeinate, (c) the
calcium caselnate has associated with it colloidal tri-
calcium phosphate [Caz(P04)o] which accounts for 47% of
the calcium and 30% of the phosphorus, and (d) the
remaining phosphorus (18%) occurs mainly in the ester
form., Other workers, Pyhe (1934) and Eilers, Saal & van
der Waarden (1947), are also of the opinion that the
earlier concept of all the-phospmte being present as
monocalcium hydrogen phosphate was wrong, and that the
colloldal phosphate probably exists as tricalcium phos-
phate bound in some way to the calcium caseimte, The
analysis by Ramsdell & Whittier (1944) of the sediment
obtained by subjecting fresh liquid milk to a very high
centrifugal force supports the view that a calcium case-
inate - tricalcium phosphate complex (consisting of 4.8%
of tricalclum phosphate and 95 2% of calcip.m caseimte).

is present in milk, In such a complex, the ratio of

calcium to phosphorus is 1.76% which 1s similar to the

It will be recollected (p.130, Table 25) that the Cg/P

atio in the insoluble fraction of a deteriorated separated-
1k powder was 1.68 which suggests that most of the lndgoluble
roteln was probably in the form of the calcium caseimatie-
ricalcium phosphate complex, However, the Sharples sediments
ontained relatively more calcium and phosphorus and the amount
of fTassociated! Caz(PO4) o was calculated to be 6.4 to 8.0 g.

er 100g. of protein. Tﬁis range is higher than the values

iven by others for Cas(Po4)2 assoclated with calcium caselinate
n fresh milk, e.2. 5.85g. per 100g. protein (Ling, 1937) and
$.10g. (RamsdelTl & Whittier, 1944). It would appear that some
Caz (PO4)o had become dissoclated from calcium caseinate
during denaturation and was sedimented along with the insoluble
protein-phosphate complex. Such a dissoclation is known to
occur during the heat coagulation of milk a?d e:iren durg.ng thet

: rated and condensed milks at_ ordinar emperatures
ﬁé’%ﬁgoﬁf&eﬁ%’ghgr, 1923; Deysher & Webb, 1948:5. v
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values of 1,72 and 1.89 obtained in the present work
for the washed sediments from whole- and separated-
milk powders respectively. Moreover, when the amount
of tassoclated' calcium and phosphorus per 100 g. of
sediment protein was calculated by allowing for the
calcium and phosphorus of calclum caseinate (S8ldner,
1888; ILehman, 1894; Ling, 1937; Ramsdell & Whittier,
1944), the 'associlated! Ca/P ratios were found to be
close to the Ca/P ratio in Caz(PO4)g, namely 1.94. |
Thus 1t would appear that most of the insoluble protein
In these sediments was in the form of the casein-
phosphate complex; the present work also supports the
view that the colloidal phosphate associated with

calcium caseinate is the tricalcium compound.

Methods of measuring solubility. Of the various

methods of measuring solubility already mentioned,
most give a reasonably accurate result with powders of
high solublility such as a good spray-dried powder, but
when applied to roller powders or to spray-dried powdens
of low solubility none of the methods glve accurate
results, The results in Table 32 may be critically
considered in light of the lmowledge of the distribution
of constituents among the three layers.

| The method of Howat et al, (1939) includes
the top layer in the soluble portion whereas, in fact,
up to 7% of this layer may consist of inmsoluble
protein”and so the solubility results may be too high,
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In this method the top layer 1s removed, the liquld |
decanted and total solids measured in the mixed top
and liquid layers, but as can be seen, the sediment
often'contains considerable cuantities of licuid, which
the method does not take into consideration. Thus for
this reason also, when the sediment 1is large the
"solubllity calculated from the percentage of solids in
the combined top and middle layers will be erroneously
high. This error will be compensated to some extent by
the fact that the sediment contains some fat for which
no allowance is made.*

The methods of Lampitt & Hughes (1924) and
Tampitt & Bushill (193la) measure the weight of solids
in the sediment layer. In both methods allowance is
made for the effect of the middle layer permeating the
sediment and in the second method allowance 1s also
made for entrapped fat, but in both methods some
insoluble protein will be lost in the discarded top
layer resulting in too high a solubility value. The
fact that in the method of Lampitt & Hughes no
allowance 1is made for fat trapped in the sediment may
help to counterbalance the 1st of insoluble protein

in the top layer.*

* Tt should be remembered that at 50°C. (for roller
powders at least), the fat in the sediment - apart from
that contributed by permeating middle layer -~ appears
to be closely associated with the irreversibly protein.
Whether this entrapped fat should be regarded as
soluble! or *insoluble! is a moot point.
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Results obtained by the method of Cone &
Ashworth (1947), in which the welght of so-called
tinsoluble! material in the combined sediment and top
layerslis measured, will be too low because the fat in
both of these layers 1s regarded as insoluble, More-
over, Cone & Ashworth assume that a single washing is
sufficient to free the sediment of material from the
permeating middle layer, whereas it has been shown
(Howat et al., 1939) that at least three and possibly
more washings are necessary.

In Parsons! method (1947), the top layer is
discarded and the solubility expressed as the percentag
ratio of the solids in the middle layer (1.e. soluble
solids) to the total solids of the middle plus sediment
layers, (1.e. soluble plus insoluble solids). In this
procedure the errors compensate each obther to some'
extent. For instance, by discarding the top layer, the
percentage of solids in the combined middle and sedimen
layers will be lower than it should be because of the
loss of the 'soluble! fat and insoluble protein which
were in the top layer; again, when the insoluble
material is re-sedimented, the solids content of the
supernatant liquid will also be low because of the
same loss of 'soluble! fat plus the loss of the fat
entrapped in the sediment. Thus unless the sediment
contains much fat when the top layer contains 1little
protein or vice versa, results by this method should

be very near the true solubllity of the powder.

t
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The 1nadequacy of the sediment volume method
of measuring milk powder solubility 1s well demonstrated
in Roller Powder Awhere the sediment volume at 2000.
by boﬁh the American Dry Milk Institute's method
(Grading of Nonfat Dry Milk Solids, 1948) and that
recorded during the solubility determination by the
method of Howat et al., (1939) was less than at 50°C.
The sediment at 20°C. differed markedly from that at
50°C. in belng denser and more compact; moreover the
top layer at 20°C. contained an appreciable amount of
insoluble protein which, had 1t not been carried up by
the fat, would probably have appeared in the sediment.
It has often been noticed that sediments from recon-
stituted powders may differ in density and mode of
packing even when other experimental conditions are
kept constant. It would appear that the sediment
volume method is best sulted for powders 1in which the
amount of sediment 1s normally small, as in most spray-
dried powders, Under these circumstances 1t can afford
a sensitive index of manufacturing conditions.

| The sources of errors which have been mentiloned
and which can be seen to be common to the methods
considered are minimized when the powder 1s reconstituled
at 50-6000. and unless a measure of the reversibly
insoluble protein is recquired, solubility determinations
at 20°C. even with soaking prior to reconstitulion should
be avoided, particularly for proller-dried powders. If
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a fairly rapid and accurate method is required which
is equally applicable to both whole and separated,
roller- end spray-dried powders that of Parsons (1947)
would(appea.r to be the most suitable,

SUMMARY

l. The mode of distribtution of the comstituents
of centrifuged reconstituted whole~-milk powder
manufactured by different processes has been

determined at 20 and 50°C.

2. Where considerabls 'insolubllity! exists,
protein is carried into the 'fat! layer and fat into
the sediment layer in quantities directly related to
the degree of 'insolubility!. The fat in the sediment
of roller powders appears to be assoclated almost
entirely with the protein which remalns insoluble at
50°C.

Se The sediments from reconstituted whole- and
separated- milk powders made by different mnufacturingk
proéesses have been obtained in bulk by vigorous
centrifuging (14,500 x g). Analysis of these sedimentd
reveals considerable similarity between them and it 1s
concluded that a well-washed sediment consists mainly
of denatured calcium caseinate together with calcium

and phosphorus in the same proportions as in tricalcium

phosphate, Caz(PO4)g; the calcium caseinate and most




of the calclum phosphate probably exists as a casein-

phosphate complex,

4, - The accuracy of some published methods of
measuring milk powder solubility has been considered
and the inaccuracies arising from the lack of
homogeneity of the !fat! and sediment layers are

stressed.
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