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INTRODUCTION

Certain characteristic properties of milk are altered by
homogenization. When milk is homogenized by recommended
procedures, however, the majority of these changes enhance
its desirability as a beverage. If the homogenization process
is not carefully controlled, undesirable qualities, such as high
viscosity, various defects in flavor or curdling when used for
cooking purposes, are manifest, Earlier research established
the fact that the homogenization of milk at relatively low tem-
peratures (80o F.) caused a rather sharp increase in the vis-
cosity of the freshly homogenized milk, which continued to in-
crease up to 72 hours of storage at 45° F. Some of the other
factors believed to be associated with the occurrence of a high
viscosity were variations in the processing of the milk and
variations in the composition of the milk which contributed to
the formation of clumps or clusters of fat globules due, pos-
sibly, to the presence of proteinaceous material.

The extent to which homogenization modifies the nature
of the fat-globule membrane is not clearly understood, because

the available information consists primarily of conjectures and




postulations proposed to aid in the explanation of some of the
changes that are known to occur as the result of homogeniza-
tion. There is no clear-cut experimental evidence concerning
the composition or the nature of the changes which occur in
the fat-membrane material due to homogenization. A few of
the characteristic properties of homogenized milk which have
served to focus the attention of investigators on the fundamen-
tal nature of the fat-membrane material include: (a) the re-
duced stability of homogenized milk to high temperatures, (b)
the reduction in the curd tension of milk that has been efficiently
homogenized, (c) the increased susceptibility of homogenized milk
to develop solar-activated flavors and (d) the retardation of the
copper-induced type of oxidation in homogenized milk. These
are only a few of the reported observations which point to the
importance of obtaining fundamental information concerning the
composition and properties of the fat-globule membrane sur-
rounding milk fat and especially homogenized milk fat.

The object of this investigation has been to study vari-
ous factors related to the development of high viscosity in milk
and to determine, insofar as possible, the nature of the normal

fat—-globule membrane and the influence of homogenization on




the fat-globule membrane. For the sake of clarity and continu-
ity in the presentation, the investigation is presented in three
independent sections. Section I is a study of some of the fac-
tors which influence the viscosity of homogenized milk (homog-
enization efficiency) when homogenization procedures and the
composition of the milk are varied. The experimental work
reported in Section II makes use of a calorimetric technique
to obtain information on the physical state of globular fat at
various homogenization temperatures and its influence on the
development of high viscosities in homogenized milk, Section
III presents a method for the isolation and subsequent charac-
terization of the fat-membrane proteins and makes a compari-
son of some of the chemical and physical properties of creams
obtained from nonhomogenized and homogenized milk.

A general summary of the over-all investigation and
some of the pertinent conclusions are included in the last sec-

tion.




SECTION 1

THE EFFECT OF VARIATIONS IN THE HOMOGENIZATION

PROCEDURE AND IN THE COMPOSITION OF MILK ON

THE EFFICIENCY OF HOMOGENIZATION AND ON

THE DEVELOPMENT OF HIGH VISCOSITY




REVIEW OF LITERATURE

Viscosity

Definition of Viscosity

Davies (1939) defined the viscosity of a liquid as fol-
lows: ''The viscosity of a liquid—its internal friction or its
resistance to shear, agitation or flow—is measurable in abso-
lute units—the poise—which may be defined as the force re-
quired to produce a difference in the velocity of flow of a
liquid of 1 cm. per second when this force is exerted on 1
sq. cm. between two parallel planes each 1 sq. cm. in area
and 1 cm. apart. . . . The viscosity is usually expressed in
centipoises, the standard being that of water at 20° C. (= 1.005
centipoises).'!

Viscosity of Milk, Homogenized Milk,
Skimmilk and Whey

Soxhlet (1876) was the first to investigate the changes

in the viscosity of milk due to alterations in temperature. He

reported values obtained with an Ostwalt-type tube viscometer
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that ranged from 4.25 to 1.64 centipoises at temperatures vary-
ing from 0° to 30° c. Kobler (1908) worked at a temperature
from 15° to 18° C., Taylor (1913) made viscosity determina-
tions at 20° C., and Cavazzani (1904) conducted experiments
at 37° C. and all obtained data supporting Soxhlet's findings.

The report of Buglia (1908) is the first reference known
to show the effect of homogenization on the viscosity of milk.
His data showed that the homogenization of raw milk resulted
in an increase in viscosity. Bishop and Murphy (1911) were
the first in America to demonstrate that homogenization in-
creased the viscosity of whole milk by showing a decrease in
the rate of flow of the homogenized milk on an inclined glass
plate and that the viscosity of skimmilk was unaffected by ho-
mogenization. Wiegner (1914) and Quagliariello (1917) also
reported that homogenization increased the viscosity of milk.
Evenson and Ferris (1924) reported that homogenization of
whole milk increased the viscosity and also, the viscosity in-
creased with increasing homogenization pressures.

The study of milk viscosity reported by Bateman and
Sharp (1928) was outstanding in that some of the more funda-

mental principles for determining viscosity were investigated.



They used a Bingham-type viscometer with which it was pos-
sible to vary the shearing pressure on the liquid under exam-
ination. In this manner, it was possible to study the influence
of shearing pressure on viscosity. They found that the viscosity
of milk varied with shearing force, indicating, according to the
theorization of Hatschek (1912), that milk is not a true viscous
liquid and, that a single viscosity measurement at an unknown
shearing gradient had little theoretical value. At a shearing
pressure of about 200 grams per square centimeter, a value
approximating the shearing pressure of an ordinary gravity-
flow, Ostwald-type viscometer, they reported values for the
relative viscosity of skimmilk at about 1.48, raw whole milk

at 1.55, pasteurized whole milk at 1.56 and homogenized whole
milk at about 1.67 centipoises. Although some of their indi-
vidual wvalues wvaried, it was generally noted that homogeniza-
tion at 50° C. and 4,000 pounds pressure per square inch caused
a rise in the viscosity of whole milk, but was without effect on
the viscosity of skimmilk. In addition, it was observed that

the viscosities of homogenized milk and skimmilk remained
constant when repeatedly run through a capillary, whereas the

viscosity of whole milk was reduced by this treatment. They
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attributed this difference to the lack of fat-clumping and to the
regularity in the size of the fat globules in homogenized milk.

Trout, Halloran and Gould (1935) noted that raw milk
homogenized at 90° F. was increased in viscosity, but that
pasteurized milk homogenized at 145° F. was reduced in vis-
cosity; a factor which they attributed to the effect of heat on
milk. From 12 trials, they reported an average value for raw
milk of 2.152 centipoises before homogenization and 2.315 cen-
tipoises after homogenization at 2,500 pounds pressure. In a
similar set of trials with pasteurized milk, 2.142 was the av-
erage viscosity value obtained before homogenization and 1.814
centipoises following homogenization.

Whitaker, Sherman and Sharp (1927), employing the Ost-
wald-type viscometers immersed in a temperature-controlled
water bath, found that the specific viscosities for skimmilk for
temperatures between 5° and 80° C., Vafied from 2.96 to 6.57
centipoises, respectively. After conversion to relative-viscosity
with the aid §f Bingham and Jackson's (1918) specific-viscosity
values for water, these values then ranged from 1.95 to 1.59
centipoises for temperatures varying between 5° and 80° cC.

with a minimum of 1.52 between 600 and 700 C. Similar results




were obtained for skimmilk by Eilers and Korff (1945), who
reported relative-viscosity values for whey at 50 and 800 C.,
as 1.27 centipoises with a minimum value of 1.19 between 50°
and 700 C. More recently, Tapernoux and Vuillaume (1934)
reported the viscosity (specific) of milk and skimmilk over the
temperature range from 0° to 40° C. as 3.44 to 1.23 and 2.84
to 1.08 centipoises, respectively. Eilers, Saal and van der
Waarden (1947) converted the values for milk to relative vis-
cosity and found wvalues of 1.59 at 0° C. and 1.64 centipoises
at 4400 C. These calculated values are not in agreement with
the relative viscosity values referred to previously; because,
in general, the relative viscosity of fluid milk and closely
related products increase as the temperature is decreased.

Some Factors Affecting the Viscosity of
Milk and Related Products

Pasteurization and heat treatment. Woll (1895) reported

that pasteurization at 67° C. for 20 minutes causes a slight re-
duction in the viscosity of milk and cream and an increase in
the viscosity of whey. Babcock and Russell (1896), Evenson and
Ferris (1924), Dahlberg and Hening (1925) and others also re-

ported a reduction in viscosity following the pasteurization of
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whole milk and cream. A noteworthy exception to this general
observation was reported by Achard and Stassano (1925), who
noted an increase in the viscosity of pasteurized milk.

Whitaker et al. (1927) recorded a decrease in the vis-
cosities (measured at 24° C.) of skimmilk and whey pasteurized
at temperatures up to 60° C., whereas higher temperatures (600
to 100o C.) resulted in an increase in viscosity. At tempera-
tures above 100° C. the viscosity of skimmilk continued to in-
crease. Under the same conditions, they noted a marked re-
duction in the viscosity of whey. From these results they pos-
tulated that the presence of casein in the skimmilk was respon-
sible for the increase in viscosity and that it served to sustain
the coagulated serum proteins; since their coagulation by heat
in the absence of casein (rennet whey) resulted in a decrease
in viscosity., Similarly, Bateman and Sharp (1928) reported a
decrease in the viscosity of skimmilk pasteurized at 62° C. for
30 minutes. After a more careful consideration of some of the
inherent properties of viscosity, they concluded that the decrease
in the viscosity of skimmilk after pasteurization probably re-
sulted from a slight alteration or denaturation of the protein

materials.
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Homogenization procedures. The general effect of homog-

enization on the viscosity of milk has already been reviewed,
however it seems appropriate to review in some detail the ef-
fects of certain variations in homogenizing procedures on the
viscosity of milk,

Wiegner (1914) calculated from viscosity measurements
made prior to homogenization that 2.27 per cent of the casein
of normal milk was adsorbed on the fat globules, whereas 25.20
per cent was adsorbed after homogenization. He assumed that
casein was the only substance adsorbed and that its density was
about 1.46. The foregoing postulation is in accord with the stud-
ies of Odén (1912) who emphasized the importance of the par-
ticle size of the dispersed phase on the viscosity of the over-
all system, and with Hatschek (1912) who concluded that the in-
creased viscosity resulting from homogenization was due to the
adsorption of a film around the dispersed particles. Trout et
al. (1935) reported, however, that a reduction occurred in the
viscosity of pasteurized milk when it was homogenized with in-
creasing pressures.

Evenson and Ferris (1924) noticed that high homogeniza-

tion pressures increased the viscosity of ''remade'' milks.
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Tretsven (1939) concluded that the viscosity of homogenized
milk was a function of the fat content and of the homogeniza-
tion temperature; low temperatures being most conducive to
high viscosities. Farrell (1942) recommended the use of high
homogenizing temperatures to avoid fat-clustering and the ex-
cessive viscosities which are induced at low homogenizing tem-
peratures. Bateman and Sharp (1928) observed that raw whole
milk which had been warmed to 50° C. and homogenized at
4,000 pounds pressure increased in viscosity and that the higher
value remained constant on repeated viscosity measurements.
In this respect homogenized milk is similar to skimmilk, in
that the viscosity does not change on repeated measurements,
but is unlike nonhomogenized milk, in which the viscosity de-
creases gradually on successive measurements. This uniform-
ity in the viscosity of homogenized milk was also noted by
Caffyn (1951), who used homogenized milk to study certain in-
herent factors peculiar to milk viscosity.

Whitaker and Hilker (1937) studied the effect of homog-
enization at 3,000 pounds pressure on various lots of 4.0 per
cent milk and 20 per cent cream which had been handled dif-

ferently with respect to heat treatment. The average size of
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the fat globules, their tendency to cluster as the result of heat
treatment and homogenization were of primary consideration,
but no viscosity determinations were reported. Milk samples
which had been preheated to 145° F. and then homogenized at
various lower temperatures and raw milk which had been held
overnight at 40° F. and then warmed prior to homogenization
showed no fat-clumping when homogenization temperatures were
below 100° F. All of the samples were pasteurized at 145° F.
for 30 minutes and then stored for 18 hours at 60° F. prior to
examination; a factor which may or may not have influenced
clumping. The cream samples which had been treated in a
similar manner, however, showed definite clumping of the fat
globules when homogenized at temperatures as low as 50° F.
following preheating. Homogenization at 80° F. was found to
be conducive to fat-clumping in cream samples which were
warmed to the homogenizing temperature after a preliminary
holding period at 40° F.

Trout and Scheid (1941) studied the efficiency of homog-
enization of raw milk at various temperatures after a 24-hour
storage period at 40° F. Some homogenization effects were

noted when the milk was homogenized at 80° F., but satisfactory
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dispersion of the fat globules did not occur until the homogeni-
zation temperature reached 100o F. or above., Since it was
assumed that pasteurization would normally follow homogeniza-
tion, no viscosity studies were made on these samples. More
recently, Moore and Trout (1947) reported on the occurrence
of a progressive thickening in homogenized, pasteurized milk.
Further investigation revealed that the viscosity of a 4.6 per
cent pasteurized milk, homogenized at 80° F. and 2,500 pounds
pressure, increased markedly and continued to increase up to
the fourth day of storage at 45O F. They also noted that a
characteristic ''chalky'' flavor and the presence of protein ag-

gregates accompanied the progressive thickening.

Variations in the composition of milk. Bogdan (1905)

believed that the viscosity of milk was proportional to the total
solids content, but variations were observed in isotonic samples.
Taylor (1913) utilized viscosity determinations to estimate the
solids-not-fat content of milk. Bateman and Sharp (1928) pre-
sented data to show the fallacies of the above concepts by show-
ing that the viscosity of skimmilk varied with the treatment and

the physical state of the components.
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Oertel (1908) reported that viscosity did not change with
a rise or fall in solids, but that it depended on the size and
nature of the fat globules. At the same time, Bishop and Mur-
phy (1911) observed an increase in the viscosity of milk and
cream following pasteurization, but could not produce a change
in the viscosity of skimmilk. They attributed the increased
viscosity to the fat content of the milk. However, Spottel and
Gneist (1945) concluded that the fat content of milk could not
account for the difference in the viscosity of morning and ev-
ening milk, Tretsven (1939) stated that the viscosity of homog-
enized milk was partially dependent on the fat content.

The data of Whitaker et al. (1927) indicated that lactose
played a minor role in the over-all viscosity of skimmilk, but
that the protein components were of prime importance. Nu-
merous investigators, notably among them Wiegner (1914), Bug-
lia (1908), Hatschek (1912), and Bateman and Sharp (1928) attrib-
uted the increase in the viscosity of homogenized milk to the
adsorption of the dispersed phase (probably proteins) on the
increased fat surface as the result of homogenization. Palmer
and Dahle (1922) and later Palmer and Anderson (1926) con-

cluded that the viscosity of milk resulted primarily from the
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adsorption of colloidal proteins on the surface of the fat globule

and not from the percentage of fat in the milk.

Fat-globule clustering. As has been indicated previously,

mechanical manipulations are conducive to the clumping of fat
globules and they play an important role in determining the vis-
cosity of fat-containing milk products. Babcock and Russell
(1896) were the first to observe that a diminution in the clus-
ters of fat globule in pasteurized milk and cream was accom-
panied by a reduction in the viscosity. Bishop and Murphy
(1911) observed that the homogenization of cream at 140° F.
produced a higher viscosity than homogenization at 70° F., but
that repasteurization tended to decrease the viscosity. Sommer
(1946) explained that the increase in viscosity resulting from
homogenization depended not only on the reduction in the size
of the fat globule, but also on the extent of fat-clustering.
Abundant clustering would favor higher viscosity,

Doan made a series of noteworthy contributions to the
information concerning the effect of homogenization on the vis-
cosity of whole milk and cream. He (1927) speculated that
homogenized milk would cream if the fat globules could be in-

duced to clusters, but later observations showed that the fat
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globules of homogenized milk had little tendency to cluster even
after prolonged storage (1929a). He believed that the heightened
Brownian movement of the small globules, which served to keep
the fat globules in motion, was greater than the force of inter-
facial tension tending to draw the globules together in clusters.
Excessive clumping in 4.0 per cent milk homogenized at 1000
F. at 3,500 pounds pressure was encountered only when the
serum-solids to fat ratio was less than 0.40 to 0.50. If, how-
ever, the fat content were increased to 6 per cent, the critical
ratio became 0.50 to 0.60; whereas an increase in fat content
between 8 and 18 per cent raised the critical ratio to 0.60 to
0.85.

Doan (1929b, 1929c) noted that in addition to an adequate
concentration of serum-solids, the calcium-ion concentration
was also a contributing factor to both fat-globule clustering and
protein stability in homogenized milk. Nevertheless, he (1932b)
concluded that neither the electrostatic charge nor the agglutinin
theories of clustering adequately explained why the fat in homog-
enized milk failed to cluster. Doan (1928) and Doan and Min-
ster (1933) observed clusters of fat globules in milk of unusu-

ally high-fat content which had been homogenized at low
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temperatures (100o F. and lower) and abnormally high pressures.
In most instances, fat-clustering in homogenized milk could be
eliminated by double-stage homogenization. Wittig (1949) re-
ported that homogenization at low temperatures resulted in fat-
clumping, which was attributed to a change in the film—forming
material rather than to the fluidity of the fat. The film ma-
terial varied with the temperature, thus its dispersion was in-
creased by the use of homogenization temperatures between 60°
and 65° C. and was retarded between 37° and 42° C.

Whitaker and Hilker (1937) observed some clustering
in homogenized milk which had been processed above 100° F.,
Pasteurized at 145° F. for 30 minutes and held for 18 hours
at 45° F. Dahle and Jack (1937) recorded some clumping in
homogenized milk processed under normal conditions with a
single-stage valve, but no clumping was evident when milk was
homogenized with a double-stage wvalve. Moore and Trout (1947)
reported an excessive viscosity in milk homogenized at 80° F.
and 2,500 pounds pressure. They were also able to detect a
copious amount of clumping which was believed to be protein-
aceous in nature. Dunkley and Sommer (1944) reinvestigated

the theories used to explain fat-clustering and the creaming of
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milk and postulated that: ''homogenization prevents the forma-
tion of a definite cream line by denaturation of euglobulin ra-
ther than by subdivision of the fat globules.''

Sharp (1940) and later Sommer (1946) stated that fat-
globule clumping in homogenized milk could be induced by the
addition of agglutinin (euglobulin). The work of Doan (1929a)
showed that high preheating tenperatures on any fraction or
combination of milk serum-solids had a tendency to reduce fat-
clustering in homogenized milk.

Doan (1927) and Theophilus (1941) observed that the en-
hanced creaming ability of ''‘viscolized'' milk and milk to which
a quantity of homogenized milk had been added was due to the
formation of numerous fat clusters. Trout (1950) noted that:
""marked clustering does occur in homogenized 10- or l2-per
cent milk, commonly known as 'half-and-half,' and in homog-
enized cream.'' Babcock (1931) reported that the fat-clumping
which occurred in homogenized cream was increased by high
homogenization pressures as well as by low homogenization
temperatures. Doan (1931) recognized that single-stage homog-
enization of cream frequently caused the formation of fat-globule

clusters and a decrease in heat-stability. He found that the
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addition of high-quality serum-solids or, in some instances, a
stabilizing salt such as sodium citrate, frequently resulted in
an increase in heat-stability and a decrease in the fat-cluster-
ing tendency. He concluded that double-stage homogenization
was the most efficient and practical means of preventing fat-
clustering., These observations are in agreement with those of
Webb (1931), who likewise found that the use of double-stage
homogenization (2,000 pounds total pressure and 500 pounds on
second stage) was beneficial in lessening the detrimental ef-
fects of homogenization on the heat-stability of cream. To in-
sure maximum dispersion and a minimum of separation of fat
in evaporated milk, Webb and Holm (1939) recommended the
use of high homogenizing pressures and a double-stage valve.

In somewhat similar studies involving ice cream mixes,
Mortenson (1918), Sherwood and Smallfield (1926), Martin and
Dahle (1925), Reid and Moseley (1926), Hening (1928) and others
have reported the occurrence of excessive fat-clustering and
protein instability in the mix. In most instances these defects
were induced by single-stage hormogenization at high pressures.
Generally, they reported that agitation after homogenization,

rehomogenization at a lower pressure, or double-stage
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homogenization eliminated fat-clumping. Reid (1927) stated that
fat-clumping in single-stage homogenized cream was so pro-
nounced that variations in homogenization pressures had little
effect.

Apparently, excessive fat-clustering in homogenized milk
and other dairy products play an important part in determining
the ultimate physical properties of these products. The fat-
clustering which occurs in some homogenized milk is probably
closely associated with the normal fat-clustering tendencies in
nonhomogenized milk, Therefore, it seems appropriate to re-
view briefly some of the theories which have been advanced to

explain this phenomenon in nonhomogenized milk.

Theories Proposed to Explain Clustering

Gravitation of fat globules. Both McKay and Larsen

(1906) and Bancroft (1926) conjectured that the difference in the
rates of rise of fat globules of different sizes provided the nec-
essary opportunity for globule contact and the formation of clus-
ters. The greater the opportunity for cluster-formation, the
greater would be the tendency to rise. Sommer (1946) empha-

sized the importance of the absolute size and the variations in

“?‘
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the size of fat globules as factors influencing clumping. The

large globule with its greater buoyancy would overtake the smaller

globule in the upward sweep, thus providing an opportunity for
contact and cluster-formation. This fact was observed by Doan
(1927) and Theophilius (1941) as a factor responsible for the
deep creaming of ''viscolized'' milk, Dahlberg and Marquardt
(1929) concluded that the size of the fat globule was not the
most important factor responsible for the difference in cream-

ing properties.

Electrostatic charge on fat globules. Sirks (1923) re-

ported that the electrophoretic mobility of the fat globule, mea-
sured in a microelectrophoretic cell, varied and therefore had
no relationship to the extent of fat-clustering in milk. Dahl-
berg and Marquardt (1929) attempted to explain fat-clustering
on the proposition that the fat globules in milk carry opposite
charges and that clustering results from mutual attraction of
oppositely charged globules. However, such a theory is not
supported by experimental data, because it has been shown by
several investigators (Sirks, 1923; Jack and Dahle, 1937a) that

the fat globules in milk carry a negative charge and there is
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no reason to suppose that both positively and negatively charged
globules would be present in the same system.

Schneck and Brandt (1931) and North, Courtney and Som-
mer (1935) found some relationship between the electric charge
on the fat globule and its tendency to clump. They attributed
the decreased fat-clustering tendency in heated milk to an in-
creased charge on the globules. Sirks (1923) presented data
to show that a decreased fat-clustering tendency was accom-
panied by an increase in the electrokinetic mobility of the fat
globules. Furthermore, Dahle and Jack (1937) presented data
from which they concluded that the change in the mobility of
the fat globules as a result of heat treatment was not related

to the fat-clustering tendency.

Interfacial tension. McKay and Larsen (1906) suggested

that the improved fat-clustering and creaming observed in milk
that had been stored at low temperatures might be due to an
increase in the surface tension of milk, Lower surface ten-
sion in cold milk has also been reported by Sharp and Krukov-
sky (1939). Doan (1929a) postulated that fat-clumping in homog-
enized milk might be explained on the basis of the interfacial

tension between the fat and serum. Van Dam and Sirks (1922)
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and North et al. (1935) observed no important relationship be-
tween the interfacial tension at the fat/serum interface and the

fat-clumping tendency.

Stickiness. Rahn (1921, 1922) and van Dam and Sirks

(1922) noted increased fat-clustering and improved creaming
properties in milk to which a hydrophilic colloid, such as gel-
atin, gum tragacanth or gum arabic, had been added. The en-
hanced clustering property was explained on the basis of an
increase in the stickiness of the membrane adsorbed on the
fat globule. Rahn believed that the colloids adsorbed on the
surface of the fat globules formed an adhesive membrane cap-
able of binding the globules together when they came in contact
with one another. Van Dam and Sirks (1922) emphasized the
part played by plasma in the formation of fat-globule clusters.
The observations of Schneck and Muth (1930) lend support to
the foregoing statements.

Brunner and Jack (1950) believed that the fat aggrega-
tion which occurs during the churning process was due in part
to the physical state of the fat. The necessary condition being
that the fat be neither solid nor liquid, but that it should be in

a semi-soft or ''sticky!'' condition. Wittig (1949) was more
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concerned with the nature of the fat-film which influenced fat-

clumping than with the physical state of the fat.

Agglutination. Whether the term ''agglutination,'' as ap-

plied to the clustering of fat globules, is used in its proper
connotation is questionable. This expression has generally
been reserved to express bacterial agglutination and, accord-
ing to Dunkley and Sommer (1944), its use to describe the fat-
clustering phenomenon: ''can only be justified on the basis of
convenience.''

Babcock (1889a) believed that the clustering of fat glob-
ules in milk was made possible by the presence of fibrin. Hekma
(1922) reported that fibrin was not a constituent of milk and,
therefore, the ''‘fibrin'' theory of Babcock was untenable. Van
Dam, Hekma and Sirks (1922) believed that the clustering of
fat globules could be accounted for by an agglutinin present in
milk., Further studies by Hekma and Sirks (1923) demonstrated
that the creaming substance in milk was thermolabile at the same
temperature as bacterial agglutinins., By the fractionation of
milk serum, it was found that the constituent primarily involved

in agglutination was identified with the globulin fraction. This
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observation has also been reported by Palmer, Hening and An-
derson (1926).

Brouwer (1924) fractionated globulin which had been salted
out by half-saturation with ammonium sulfate into euglobulin and
pseudoglobulin and demonstrated that the euglobulin fraction was
beneficial to fat-clustering and creaming properties. Rowland
(1937) noted that the reduction in creaming ability, probably ac-
companied by a corresponding loss in fat-clustering, was propor-
tional to the amount of albumin and globulin that was denatured
by heat.

Sharp and Krukovsky (1939) considered the clustering of
fat globules to be an agglutination process and concluded that
the agglutinin in milk is normally adsorbed on the surface of
the solid fat globules and is released into the serum upon ligq-
uefaction of the fat. These data were verified by Dunkley and
Sommer (1944) who isolated the agglutinin material and charac-
terized it as euglobulin. They concluded, ''that the clustering
of fat globules in milk takes place by the same mechanism as
that involved in the agglutination of bacteria.'' They also ob-

served that in addition to agglutinin, complementary materials




27
in milk, such as low-salt concentration, were required to pro-
duce fat-clumping.

Hening and Dahlberg (1932), Weise, Nair and Fleming
(1939), Burgwald (1940), Skelton and Herreid (1941), Smith and
Doan (1948) and others have reported favorably on their ability
to promote fat-clustering and increase the viscosity of fluid
cream by a ''‘rebodying!' or ‘‘reseparation'' technique which in-

volved careful temperature manipulations.

Homogenization Efficiency

Expression of Homogenization Efficiency

Efficiently homogenized milk is usually expressed in
terms of the degree of dispersion of fat, thus relating to the
efficiency with which the process was accomplished. The def-
inition of homogenized milk which has been generally accepted
was furnished by the United States Public Health Service (1947)
and is stated as follows: '"Homogenized milk is milk which has
been treated in such a manner as to insure break-up of the fat
globules to such an extent that after 48 hours quiescent storage
no visible cream separation occurs on the milk and the fat-

percentage of the milk in the top 100 ml. of milk in a quart
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bottle, or of proportionate volumes in containers of other sizes,
does not differ by more than 10 percent of itself from the fat
percentage of the remaining milk as determined after thorough
mixing."!

Other definitions (Tracy, 1941; Babcock, 1947; Doan,
1946) have been offered to describe properly homogenized milk
and, in general, they imply the same conditions as prescribed

by the definition quoted above.

Reported Values and Methods of Measurement

Fat—globule size. Van Slyke (1891) measured the size

of fat globules and reported values for Jersey and Guernsey
milks ranging from less than 2.4 to more than 12 microns in
diameter; 37.5 per cent were less than 7.2 microns. The di-
ameters of Holstein fat globules ranged from less than 2.4 to
9.6 microns, and 88.7 per cent were smaller than 7.2 microns.
More recently, Campbell (1932) reported that the mean fat-
globule volume for Guernsey milk was 18.8 per cubic micron
and that 65 to 80 per cent of the globules were less than 3.5
microns in diameter. The largest number of fat globules was

in the 2-micron class. He also gave the mean fat-globule
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volume for Holstein milk as 10.4 per cubic micron and that 20
to 94 per cent of the fat globules were less than 3.5 microns in
diameter, whereas 1.5 to 3.5 times as many globules were in the
l-micron class as were in the 3-micron class.

Wiegner (1914) observed that the average size fat globule
was subdivided into approximately 1,200 small globules by ho-
mogenization. He recorded the mean diameter of fat globules
in homogenized milk as 0.27 micron, measured with the aid of
a Siedentopf-Zsigmond microscope. On the other hand, Som-
mer (1935) calculated that if the average fat globule were 6
microns in diameter, then only 216 globules, 1 micron in di-
ameter, would be obtained after homogenization.

Rahn and Sharp (1928) stated that roughly 85 per cent
of the fat globules in homogenized milk are smaller than 2
microns in diameter and that all are under 3 microns. Hal-
loran (1932) believed that the fat globules in homogenized milk
would have to be less than 2 microns in diameter in order not
to cream. Wittig (1949) was even more definite and claimed
that in properly homogenized milk, which he labeled ''micron-
ized,'' the fat globules should be less than 1 micron in diam-

eter,

)
A g



30

Homogenization efficiency tests. Parfitt (1938) recom-

mended the use of a high-powered microscope equipped with
an ocular micrometer to measure the size of fat globules in
homogenized milk. Properly homogenized milk should contain
uniformly dispersed fat globules about 1 micron in diameter.
Farrall, Walts and Hanson (1941) utilized the microscopic
measurement of the sizes of fat globules in homogenized milk
to calculate an index of homogenization efficiency. Doan and
Mykleby (1943) felt that the Farrall Index was as well adapted
to the estimation of homogenization efficiency as was the United
States Public Health Service's gravity separation method, but
the opportunities for error, due to faulty technique, were about
the same. H They recommend a Farrall Index of about 12 as
being indicative of properly homogenized milk, in comparison
to the United States Public Health Service Index of about 8
per cent,

According to Trout (1950), von Sobbe (1914) and Burr
and Weise (1914) were the first investigators to advocate the
estimation of homogenization efficiency by testing various layers
of the milk after quiescent storage. They recommended that
250 milliliters of preserved milk be set aside in special gradu-

ated cylinders for 72 hours at room temperatures. Finally, two
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50-milliliter portions should be drawn off from the top and the
remaining lower portion should be tested for fat. If the original
fat content were equal to 100, then the fat content of the bottom
portion, after being converted to a percentage of the original
fat content, was calculated to express the homogenization effi-
ciency.

Procedures for estimating the degree of homogenization
based on the fat separation principle were recommended by the
United States Public Health Service (1939, 1947). As adopted in
1947, the test consists of testing the top 100 milliliters and the
remainder of the quart after 48 hours of quiescent storage at
45° F. From these two measurements, the percentage differ-
ence was calculated using the value obtained from the top 100
milliliters as the base. The percentage difference should not
exceed 10 -per cent (United States Public Health Service, 1947).
Various investigators (Trout and Scheid, 1942; Doan and Mpykleby,
1943) have made critical evaluations of the earlier United States
Public Health Service (1939) procedure.

Snyder and Sommer (1943) reported a method in which
centrifugal force was utilized to hasten the separation of fat in

tests involving homogenization efficiency.
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Mayer (1917) thought that the even distribution of fat in
homogenized milk should make it possible to utilize optical
density measurements as a means of determining the degree
of homogenization. More recently, Ashworth (1949) applied
this principle in perfecting a turbidity test for determining the
efficiency of homogenization.

Factors Influencing the Efficiency
of Homogenization

Doan and Minster (1933), Farrall (1941) and Judkins
(1943) s.tressed the importance of the mechanical condition of
the homogenizer and the valve system in the efficient production
of homogenized milk. Josephson, Doan and Adams (1941) were
not able to obtain as efficient homogenization by means of
rotary-type homogenizers as could be obtained with the conven-
tional piston-valve machines. Doan and Mykleby (1943) were
able to obtain more efficient homogenization per pound of pres-
sure by a wire-core type valve than with the solid valve.

Trout (1950), after reviewing the literature on homog-
enization, concluded that 2,500 pounds pressure was adequate
to produce a homogenized milk which would meet the United

States Public Health Service standard, provided the homogenizer
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and valves were in good mechanical condition. Pressures in
excess of 2,500 pounds were of little value, even though a finer
dispersion of the fat might be achieved.

Jones (1929), Doan (1932a, 1937) and others recommended
that milk should be homogenized at or about the pasteurization
temperature to insure that the fat is in a liquid state. Trout
and Scheid (1941) were able to demonstrate limited homogeniza-
tion effects in milk homogenized at 80° F. but no noticeable
fat dispersion was recorded. Good fat dispersion was obtained
in milk homogenized at temperatures above the melting point
of milk fat. These observations were essentially the same as
those reported by Whitaker and Hilker (1937).

Doan and Mykleby (1943) reported that high-temperature
pasteurization lowered the United States Public Health Service
Index on milks that had been improperly homogenized, but had
no effect on efficiently homogenized samples. On the other hand,
Wittig (1949) believed that alteration of the film-material could
account for a decrease in homogenization efficiency when high-
heat-treated milk was homogenized at 300 atmospheres (ca 4,500
pounds). Maximum homogenization efficiency was obtained with

100 atmospheres (ca 1,500 pounds).




34

Summary of the Review of Literature

The viscosity of milk, usually expressed as relative
viscosity, has been reported by numerous investigators at about
1.56 centipoises. This value decreases slightly after pasteuri-
zation at normal pasteurization temperatures, but increases if
the pasteurization temperature is high enough to affect the se-
rum proteins. Generally, homogenization has been found to
cause an increase in the viscosity of milk which was enhanced
by high homogenization pressures, high fat content and low ho-
mogenizing temperatures. The basic wviscosity of milk, as well
as the increase in the viscosity of milk following homogeniza-
tion, has been attributed to both the quantity and nature of the
constituent fat and plasma proteins, but most generally to the
physical state of the milk fat.

An unusually high degree of fat-globule clumping gen-
erally has been associated with increasing viscosities in dairy
products containing fat. Fat-clumping has been explained by
many theories, most of which are as follows: gravitational or
fat sweeping, electrostatic charge, interfacial tension, sticki-
ness and the agglutinin theory. Of these, only the agglutinin

theory is believed to be applicable in explaining the normal




35
fat-clumping in milk, However, some investigators have elected
to explain the aggregation of fat globules, as found when milk
is violently agitated, on the basis of the physical state of the
globular fat,

Efficient homogenization reduces the average size of the
fat globules in milk from about six microns to about one micron
in diameter and increases the area of the fat surface approx-
imately fivefold. Reputedly, it is the increased surface area of
homogenized fat which adsorbs plasma proteins and causes an
increase in the viscosity of homogenized milk, The efficiency
of homogenization has been tested by numerous techniques. The
two most important ones are designated as the United States
Public Health Service Index, which measures the separation of
fat after 48 hours of quiescent storage, and the Farrall Index,
which measures the range in the size of the fat globules. The
factors recognized as influencing the efficiency of homogeniza-
tion have been reported as: homogenization temperature and
pressure, pasteurization temperature, the mechanical condition
of the homogenizer and the composition of the milk,

In view of the above reports in the literature concerning

the various factors which influence the efficiency of homogenization
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and the development of a high viscosity, experiments were con-
ducted with milks of varying fat and solids-not-fat content to
study the effect of variations in temperature and pressure on

the development of a high viscosity in homogenized milk.




EXPERIMENTAL PROCEDURE

The milk used in this study was herd milk selected
from patrons of the Michigan State College Creamery. The
milk was filtered upon receipt and immediately holder-pasteur-
ized at approximately 143° F. for 30 minutes, or as otherwise
noted. Samples saved for subsequent analysis ranged from
2.82 to 6.60 per cent fat and from 11,12 to 15.62 total solids
as determined by the Mojonnier procedure.

After pasteurization the milk was vat-cooled and por-
tions were withdrawn at 1400, 1000, 900, 800, 70° and 60° F.
to be homogenized at 1,500, 2,500 and 3,500 pounds pressure.
Both single-stage and double-stage (500 pounds pressure on
second stage) homogenization were employed. A 25-gallon per
hour, laboratory model, homogenizer was used during the first
phase of the study, but because of certain inconsistencies, all
of the final data were obtained with a piston-type, 500-gallon
per hour homogenizer. In one series of trials the milk was
cooled, following pasteurization, to 45° F. and stored for ap-

proximately 24 hours, after which it was warmed to the indicated

homogenization temperatures.
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In order to evaluate the effect of these procedures on
the efficiency of homogenization and the viscosity of the fin-
ished milk, it was necessary to save the following three sam-
ples for subsequent examination: one l-quart sample, one 100-
milliliter sample in a graduated cylinder and one l-pint sample.
All of the samples were cooled immediately in ice-water and
stored at 45° F. until examined.

Cream volumes were determined by measuring the vol-
ume of the cream layer in the 100-milliliter sample stored in
the graduated cylinder after 24-hour storage. The size of the
fat globules and the degree of dispersion were determined after
one milliliter of the well-mixed milk was diluted with 25 mil-
liliters of distilled water by examining a hanging drop under
the oil-immersion lens of a Spencer microscope which was
equipped with a calibrated ocular micrometer. Homogenization
efficiency was further ascertained by means of the United States
Public Health Service (1947) test which expresses the homog-
enization efficiency in terms of the percentage difference in the
fat content between the top 100 milliliters and that remaining
in the l-quart sample held at 45° F. for 48 hours. Viscosity

determinations were made on the l-pint samples with the aid
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of a Brookfield Synchro-Lectric viscometer, which expresses
the viscosity of a fluid product as ''relative viscosity!' when
measured at 20° C. In order to obtain the maximum viscosity
in the processed milk, all samples were held at 45° F. for 72
hours.

Although the milk samples were probably representative
of the variations that occur in normal milk, it seemed desir-
able to prepare a series of recombined milks in which the
ratio of solids-not-fat to fat varied over a wider range. Fresh
cream (32-per cent fat), skimmilk, distilled water and low-heat
nonfat milk solids were used to prepare synthetic milks of the
following composition:

Series A. Eight per cent solids-not-fat and fat ranging
from 3 to 6 per cent.

Series B, Eleven per cent solids-not-fat and fat ranging
from 3 to 6 per cent.

Series C. Three per cent fat and solids-not-fat ranging
from 8 to 11 per cent.

Series D. Six per cent fat and ranging from 8 to 11 per
cent.

These milks were processed and examined in a manner simi-

lar to that described for the normal milk samples,




RESULTS

Influence of Homogenization Procedures

The data presented in Table 1 show the influence of
various temperatures on the efficiency of homogenization and
viscosities of low-test and high-test milk homogenized at 2,500
pounds pressure with a single-stage valve. These data are
representative of that obtained from three different trials with
low-—fat milk (2.8 to 4.0 per cent fat) and three different trials
with high-test milk (4.4 to 6.6 per cent fat). The balance of
the experimental data are recorded in Tables 4 to 7 inclusive.

An inspection of the data in Table 1 shows that the ef-
ficiency of homogenization decreased as the homogenizing tem-
perature was lowered. Homogenization in the temperature
range of 80° to 70° F. was accompanied by slight clumping in
the low-test milk, whereas in the high-test milk the clumping
tendency was classified as moderate to profuse. An increase
in the viscosity of high-fat milk was also recorded at these
temperatures. Homogenization at temperatures lower than 70°

F. causes a partial churning of the fat which was manifest as
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an aggregate fat mass or ''cream plug'*t at the top of the sam-
ple bottles. Homogenization is not complete at the lower tem-
peratures since there was an increase in the number of large
fat globules.

The behavior of high-test pasteurized milk is demon-
strated by the data presented in Table 2 by an increase in the
viscosity and by the tendency of the fat to clump when the milk
was homogenized at 80° F. When the homogenization pressure
was raised from 1,500 to 3,500 pounds (single-stage), a pro-
nounced increase occurred in the tendency for the fat globules
to form clusters and by an increase in the United States Pub-
lic Health Service Index, indicating a decrease in homogeniza-
tion efficiency. At 3,500 pounds pressure, the fat clusters
were so profuse that they were practically indistinguishable
one from another when observed microscopically. A sharp in-
crease also occurred in the viscosity after the 72-hour storage
period.

The data compiled in Table 3 show the influence of two
methods of preparing homogenized milk on homogenization ef-
ficiencies, fat-clumping