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The project uncleI' investigation, of \vhich this study is a
part, is '4The Effect of Altitude on the Baking of Flour lVlixtures."

Since egg white is one of the n10st inlportant constituents of
cake batters, particularly in the sin1pler types; and since the
project is especially concerned with the effect of altitude on the
cake-baking process, it \vas decided that a study of the influence
of chen1ical and physical factors on egg-\\Thite foan1s should be
the first point of attack.

It \vould, of course, be useless to atten1pt to interpret or
explain the effect of atn10spheric pressure on a con1plicated mix
ture, such as a cake batter, when the behavior of each ingredient
by itself is but slightly understood.

Egg \vhite is used in cake batters to leaven. It is able to do
so by virtue uf its ability to entrap air in a finely divided state
and to permit its expansion by heat \vithout allovling it to escape,
at the same time becoming set. In other \vords, egg \vhite has
the property of forn1ing a stable foan1-a special type of an
emulsion. Thus the initial problem, as applied to this field, nar
rows do\vn to a study of the foan1ing properties of egg \vhite.

LITERATURE REVIE~T

Considerable \vork on the structure of egg \vhite has been
reported, particularly as it is affected by storage. This "vork
has been done largely under the direction of P. F. Sharp, at Cor
nell (1-5); J. L. St. John, at Washington State College (6-9);
H. J. Almquist, at the University of California (10-17), and by
others (18-31). These investigators have sho"vn that the "\\Thite
in newly laid eggs has a pH approaching that of the blood of the
hen, about 7.6, and that as soon as the egg has been laid it begins
to lose carbon dioxide by diffusion. With the loss in carbon diox
ide the pH, or alkalinity, increases to about 9.5 \vithin a few days
in a well-ventilated roon1 (2). This change takes place lTIOre
slowly at 10\\7er temperatures, and it n1ay be entirely prevented
by the presence of air containing the proper concentration of
carbon dioxide (1).

Accompanying the above changes al1d depel1dent on them is
a process known as liquefaction (12). This involves the trans
formation of the egg white from a firm, viscous state to a more
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lin1pid state, due to a decrease in percentage of firn1 \vhite and an
increase in percentage of liquid \vhite. Al111quist and Lorenz
(12) \vere able to sho\v that firm \vhite \vas C0111posed of a fine,
fiber net-\vork of pure Ovo111ucin, vvhich entrapped the ordinary
liquid \vhite. In the absence of sufficient carbon dioxide these
fibers break up and so can no longer entrap the liquid \vhite.

It has also been sho\vn by Holst and Aln1quist (10) and b}"
Almquist and Lorenz (13) that the total solids content in the
liquid \vhite of an egg is equal to that of the firm \vhite, regard
less of age.

There are t\VO publications by St. John and FloI' (7), and
by Hunt and St. John (6) reporting \vork on the foan1ing prop
erties of egg \'Thite. Their studies vvere undertaken to determine
\vhether eggs containing a large percentage of liquid vvhite (stor
ag'e eggs) could be \vhipped as satisfactorily for the preparation
of an angel food cake as could the eggs containing a larger per
centage of firm \vhite (fresh eggs). According to their findings
the more-liquid vvhites give a foa111 of larger volume, and more
desirable texture than the firmer \vhites. The liquid portion of
the vvhite, on the average, gives a cake of larger volu111e than the
firmer portion. According to them a reasonable length of storage
has little effect on the value of the egg white for angel cake.

Another article in \vhich egg-vvhite foam is discussed is that
of Otto Rahn (32). In his explanation of vvhy egg \vhite forms
a stable foan1, he aSSlllnes that it is similar to vvhipped cream
and then explains \vhy crean1 forms a stable foam. Rahn states
that it is necessary to have some substance present in the solu
tion that concentrates in the surface, due to its lovvering of the
surface tension (La\v of Gibbs) , and then solidifies readily. His
idea is that the foam of egg white is a typical emulsion that con
forn1s to the present accepted theories of emulsion stability.

Bancroft (33) states that a foam is similar to an e111ulsion
except that the dispersed phase is air instead of liquid or solid,
and that the conditions for forming a froth are much the same
as those for the forming of an emulsion, in that the droplets or
bubbles 111Ust be surrounded by a sufficiently viscous or plastic
film to prevent then1 from coalescing. This film is made up of an
e111ulsifying or stabilizing substance. Wilson and Ries (35) be
lieve that the film or skin is always plastic and not merely vis
cous. They quote Plateau (36) as having shown that the filn1
viscosity vvas as much as 1,000 times that of the body of the
liquid. The formation of a film is granted in every citation found
on the subject except that of Holmes and Child (38), whose inter
pretation has been criticized (37).
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According to Clayton (37) :
"The nlost stable arrangelnent acconlpanying interfaces in general is

that the surface energy should be a 111inilnun1. Consequently, if a dissolved
substance raises the potential energy at the interface, it will tend to leave
the interface; if it dinlinishes the potential energy, then it ,viII concentrate
at the interface."

The concentration in the interface is governed by Gibbs lavv
(50), to the effect that if the surface tension is decreased with
increases in concentration of solution, the solute tends to increase
in the surface in excess of that in the body of the solution; also
if the surface tension is increased vlith increases in concentra
tion, then the solute decreases in eoncentration in the surfaces,
creating a deficit there in respect to the eoncentration in the body
of the solution.

A film is never produced on a pure liquid, but all true solu
tions will foam if they give either a positive or negative adsorp
tion. In order, ho\vever, to obtain a stable foan1, the interfacial
film or skin n1ust be altered in some n1anner such that it becomes
sufficiently viscous. Fevv crystaloids fill this specification but
n10st colloids do, especially proteins and peptone (34). Due to
the tight packing of the molecules in the filn1, they coagulate and
in the case of protein and allied substances they are chen1ically
altered, i. e., denatured. Coagulation may be produced in a \vay
similar to that effected by Bridgn1an (41). He sho\ved that egg
albumin could be eoagulated by excessive pressures.

Ran1sden (56), as early as 1894, showed that n1ere agitation
of various protein solutions produced coagulation and a fe\\r
years later (57) that solid or highly viscous eoatings \vere spon
taneously and rapidly formed on the free surface of all protein
solutions. Wu and Ling (58) have investigated son1e of the fac
tors controlling the rate of coagulation of proteins, particularly
egg albumin, by shaking solutions of them. The:y think that the
process of shaking merely ren10ves the coagulated protein, \v11ich
\vas adsorbed and coagulated, thus exposing a ne\v surface on
\vhich adsorption and coagulation may be repeated.

Freundlich (34) states that eoagulation n1ay lead to the for
mation of discontinuous flakes \vhich then stabilize the foams in
a manner similar to that of a po\vder. He goes on to say:

"When a bubble is forn1ed the liquid n1ediunl has t\VO surfaces sep
arated by liquid. This liquid drains out slowly due to gravity. The friction
is indeed very great for the velocity ,vith \vhich liquid 11loves in a capillary,
according to Poisenille's la\v, is proportional to the fourth power of the
radius. The actual viscosity of the liquid will also be unquestionably of
inlportance; a large viscosity is favorable to the stability of the foam."

The vie\vpoint of Ware (39) is that emulsifying is a disper
sion or thinning aetion, and that it n1ay be assumed that the vis-
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In foams produced from milk and "vhey proteins, a marked
increase in stability of the foams was produced by heating pre
vious to beating (44, 45). This in1provement in foaming was
thought to be due to changes in viscosity, peptization and, in par
ticular, to an accelerated denaturation of the protein, resulting
in a gelatinized or semi-solid film.

It was thoug"ht that possibly heat treatment rnight like\vise
improve the foan1ing properties of egg" \vhites. Therefore,
batches of egg white were heated at various temperatures froln
45 0 to 60 0 C. for 30 minutes and at 65 0 C. for 15 minutes. They
were allowed to cool to room temperature and then beaten 2 min
utes. In those heated to 60 0 and 65 0 C. some coagulation of the
egg \vhite was produced, much more, of course, in the one heated
to 65 0 than ill the one heated to 60 0

• Controls of non-heat-treated
egg white were also run.

Examination of the experin1ental slopes and of the slopes
calculated from the equation derived from Figure 12 indicates
that heat treatment of egg ,vhite to temperatures up to 50 0 C.
for 30 minutes had no effect on the foams produced from this
material, but treatment at higher temperatures decidedly de
creased the stability.

Table H.-Effect of Heat Treatment on Foam Stability.

Temperature
of treatment

SP. Gr. EA}). Cal.
of foams slove slope Remarks

.102 .60 .76 Untreated

.106 .60 .68

.122 .66 .36

.121 .58 .38
.108 .60 .74 Treated
.111 .53 .58

.146 .70 0

.140 .86 0

.177 1.60 0

.159 1.60 0

A test was made to see what effect would be produced by the
difference in sharpness of the whip used in producing the foam.
It "vas thought that possibly a sharpened beater edge would pro
duce more change in viscosity for an equivalent period of beat
ing. Three batches were beaten with the edges of normal sharp
ness (radius of curvature about .2 mm.); two batches were
beaten with the beating edges covered with two thicknesses of
adhesive tape (radius of curvature about 1 n1m.) ; and one batch
was beaten ,vith the beater sharpened to knife-edge sharpness.
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The results are given in Table III and they show that, within the
limits of experin1ental error, neither the viscosity nor the sta
bility were affected by the radius of curvature of the beating
edges.

Table IlL-Effect of Beater Sharpness.

Sp. gr. Slope Viscosity Remarks

.105 .71 :3.14 normal beater
.106 .71 :3.00 normal beater
.111 .51 :3.38 taped beater
.10,1 .fj4 3.08 taped be~ter
.110 .66 3.19 sha rpened .beater
.112 .76 2.9:3 normal beater

Cook books in general state that one must not get any yolk
into the white, on separating the eggs, when the white is to be
used in cakes of the type of angel food. St. John and Flor (7)
state that their foams containing a small amount of yull{ "vere
very unstable to heat.

Experiments were carried out to test the effect of egg yolk
on egg-white foarn. Batches were beaten containing from 0 to 3
drops of yolk per 53 cc. of egg white. The results failed to show
any apparent dirrerence jn the stability of the foams produced
from egg white containing the small amounts of egg yolk indi
cated above.

A series of batches of egg ,vhites were beaten 3 minutes at
various altitudes in our altitude laboratory* to determine if
changes in air pressure would produce any change in the foam
behavior.

A sufficient an10unt of egg white ,vas stirred to produce a
uniform nlixture. Two batches were beaten at Fort Collins alti
tude, i. e., 5,000 feet, as controls and then t"vo more batches were
beaten at another altitude from each day's supply of egg ,,,hite.
This n1ethod \lvas used to be sure that the different lots of egg·
"vhite would produce similar foams under similar conditions.

Photomicrographs were taken 1~ minutes and 10 minutes
after beating had stopped, and are shown in Figure 17a, band c.
Specific gravity measurements were also made, but both failed
to show any effects of the variation in altitude. Stability, bub
ble size and specific gravity seem to be about equal regardless
of altitude.

"'See Ref. 46 for a description of the altitude laboratory. However, since this bulletin was
published, changes have been made to the extent of installing humidity and temperature con
trols. A detailed description will be published nt a later date.
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DISCUSSION

In no instance have we obtained data for which we can clain1
any appreciable degree of accuracy. It is very difficult to esti
mate the experimental error. The material dealt vvith is, at the
outset, variable from day to day. Altho the eggs all come from
the same flock under uniform feeding, 12 to 15 eggs were certain
ly 110t a large enough sample to assure uniform protein content.

The various measurements were the best at hand, the mea
surement of viscosity probably being the most accurate. Even
in this case the first run thru the capillary gave a higher viscosity
than the second, showing that the pulling of the liquid up into
the measured bulb of the pipette, in preparation for a run,
doubtless reduced the viscosity slightly. It is believed, however,
that the results are significant to the first decimal.

For specific gravity measurements it vvas necessary to use
a large open dish and to put the foam in place with a spatula.
It was quite possible to have air pockets in this foam, altho every
precaution was taken to prevent them. Some of the foam was
doubtless destroyed by the handling.

The foam was weighed to ± .2 gm., on the balance shown in
Figure 6. Allowing for possible air pockets of 2 cc., and an
error in weighing of 0.2 gram of a foam, V\Those specific gravity
was 0.100, an error of about 1 percent would be incurred. This,
however, does not take into account the amount of foam de
stroyed by handling, but that would probably not make the total
error greater than 5 percent.

The amount of drained vvhite vvas weighed to ± 0.2 gram.
The greatest probable error was doubtless due to the hold
ing up of liquid egg white in pockets, that had actuall~T drained
from bursted bubbles. By taking the maximum rate of draining
as the slope, the accuracy was increased to the maximum. There
was, of course, some error in taking the slope from the plots of
time vs. weight.

In the case of the determination of "grams of insoluble pro
tein" it seems that the largest likely error would be in not being
able to wash away all of the uncoagulated protein from the coag
ulated. Therefore these values were probably too high.

The pI-I was determined by means of the quinhydrone elec
trode-a hydrogen electrode not being available-which is at
its best inaccurate above a pH of 8.0. A steady potential was
never obtained, but the variation was not great. The pH values
below 8.0 are probably accurate to ± 0.1 pH and above 8.0 to
± 0.3 pH.

In testing the accuracy of the method of measuring surface
tension on water at 25 0

, the value 72.8 dynes per em. was ob-
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tained (an average of five measurements), an error of about 1
percent. Ho\vever, it has been pointed out by Wilson and Ries
(35) that in surface-tension measurements by ring or drop
weight methods in solutions of sodium oleate and sodium stear
ate, considerable error was introduced due to the frictional force
corresponding to the yield value of the plastic solid surface film
which it is necessary for the ring to overcome. This causes the
surface tension apparently to increase with time ill dilute solu
tions, because the film is increasing in strength. This is doubt
less also the case in our albumin solutions, because it was actually
found that the apparent surface tension increased with time.
Thus a very uncertain error was introduced, that could not be
estimated.

During the beating, the egg whites were agitated tremen
dously in the presence of air, and it might be expected that the
viscosity would have little, if anything, to do with the formation
of the foaln. Ho\vever, according to the results herein given, it
was found that, vlithin tIle limits of experimental error*, the
spec1>fic gra'Vity of the foa'm lua,s d'z~rectly pro]Jorf'z~o~nal to the 1.)'is
cosity of the eggzch1~te drai1t'ing fro'nz, that foa,1n (Figure 14).
We assume the viscosity measured to be equal to that of the liquid
within the foanl. This would lead one to believe that as the vis
cosity is reduced the beater is able to tear the liquid illto thin
ner and thinner liquid layers that then entrap the air. Peter and
Bell (44) and Clayton (37) state that a low viscosity increases
the ease "vith vvhich a foam or an emulsion may be formed, but
the above relatioll has never before been pointed out.

Schnurmann (54) found, on passing air thru porcelain fil
ters into aqueous solutions, that the bubble size vvas independent
of the filter and dependent on the viscosity. This nlay or nlay not
be related to our investigation.

The d~lt':l plotted in Figure 12 \vere original!:v Dlotted \vith
the age of the eggs designated by different sYlnbols. The re
markable thing, at once apparent, \vas that the age made 110 dif
ference. (The eggs \vere aged at roon1 ten1perature from 0 to
11 days.

It has been definitely shovvn by ot11ers (see literature re
vie\v) that the egg white liquefies on aging and so becon1es, as a
vvhole, less viscous. This n1eans that ,,'ith an increase in age the
difference becon1es less bet\veen a given viscosity, corresponding
to a given specific gravity, and the viscosityt of the unbeaten egg

*It was regretted that nitrog-en analyses were not run. because it is possible that the ap
parent experimental error might have been reduced by making a correction for protein
content.

,Perhaps plasticity or limpidness might be a better word than viscosity in thi;; case. It is
realized tllat natural egg white can h::l.ve no tru p viscosity. However, altho it has not been
tested, it is believed that the ef2:g white draining from the foam was very nearly a true
liquid.
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white. Since it has been maintained above that it is necessary to
have a definite viscosity in order to obtain a given specific grav
ity of foam, then the older eggs should, on beating, arrive at the
given specific gravity quicker than fresh eggs. This is exactly
the case as is shown in Table I.

In both commercial and in donlestic baking fresh eggs are
not considered to be as good for the production of angel cake as
eggs a fe\v days (2 to 4) old. The preceding data indicate that
the only reason why the fresh eggs should not produce as good a
cake is that they \vere nl0re difficult to beat. Provided the eggs
were whipped to equivalent specific gravities the fresh eggs
should, and do, produce angel cake identical with those from eggs
a fe"v days older. The beating of fresh egg whites to a sufficient
volume by halld is practically impossible, "vhile older eggs beat
much more easily.

However, the data also indicate that eggs still older should
produce just as successful a cake as the fresher eggs, but this pre
diction does not hold good. Evidently some change other than
simple liquefaction takes place during the aging of eggs that has
an effect on the production of angel cakes. *

It is probable that "vitll other types of beaters the specific
gravity for a given viscosity \vill be different (see Table XII),
but the same relationship between viscosity and specific gravity
should still hold true. A highly desirable type of beater would
be one in which the sanle foam lightness could be produced at a
higher viscosity, thus increasing the stability of the foam, which
appears to be so important, especially in angel cakes. Small
changes in viscosity produce considerable change in foanl stabil
ity in the presence of acid. (Conlpare Figure 32 with Figure 13.)

The decrease in viscosity, as the period of beating increases,
adds further evidence to the findings of Almquist and Lorenz
(12), who were able to sho"v that thick egg white is composed of
a fine fiber network of protein entrapping the ordinary liquid
"vhite. They also sho\ved that as the egg ages this fiber network
disintegrates or becomes so weak that it can then hold only a
small amount of liquid white. Beating evidently tears up the
fibers and destroys the structure. As the age of the egg increases
the ease with "vhich the viscosity may be reduced increases.

The structure of firm egg '~lhite is similar to, and has many
properties in common with jellies. The effect of mechanical agi
tation, or stirring, has a liquefying effect on jellies (55) (33)
similar to the effect produced in egg white on beating.

The behavior of the foams produced from dried egg white
show the lack of the above jelly structure.

The liquid draining from the foams is probably made up of
liquid draining from between the two liquid-air interfaces with-

·See Balls and Swenson, 19:34, Ind. and Eng. Chern. 2 h , 570.
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out any actual breaking of the bubbles, and also from accumula
tions of the liquid resulting from the bursting of the bubbles.
The nlajor part probably comes from the collapse of the bubbles,
because it was found that the finer the bubbles the more rapid
the draining. Since the rate of draining is a linear function of
specific gravity, it is not likely that it is made up, in the main,
of n10re than one factor. If it were, any change in the rate of
bubble collapse would have to offset exactly the decrease in the
flovv of liquid bet\veen the two interfaces as the bubbles decrease
in size.

Further evidence for the above conclusion is that as the
bubble size decreases the surface area increases and so the thick
ness of the liquiJ layers between bubbles n1ust decrease \vith de
creases in bubble size. The rate of draining, according to Poi
senille's la W, is proportional to the fourth po\ver of the radius of
the cross section of flO"'N (34), which means that the rate of
draining of liquid from betvveen the interfaces should decrease
with the specific gravity. The observed effect, however, is ex
actly the opposite.

Other workers on foams and emulsions have used the period
of tin1e for a layer of liquid, or for a distinct separation of the
t~TO phases to become evident, as a measure of stability. In this
laboratory a much superior means of stability n1easuren1ent has
been used. We have admittedly measured the rate of draining
of the liquid from the foam, but this is merely a measured spee ri

of separation into t\VO layers. In our case, especially, it has
proved to be a good measure of stability because \ve have shown,
by applying Poisenille's law, that our "rate of draining" must be
made up largely of liquid draining fron1 bursted bubbles with
only a small fraction of it composed of liquid actually draining
from between interfaces.

The nearest approach to this method has been described,
since the work in this report was finished, by Epstein (47). He
used the amount drained after 15 to 20 minutes as a measure of
the stability instead of the maximum rate of draining.

It has been generally accepted, as stated in the revievv of lit
erature, that viscosity aids emulsification solely by the hindrance
offered to the coalescence of the dispersed globules. The same
can be stated in terms of foams, which are merely special cases of
the general class-emulsions. In foan1s, the process which takes
place after formation (34) is apparently a draining of the liquid
from between the interfaces until at some point the structure
becomes so weak that it will no longer support the \veight or
forces about it. The bubbles then collapse, releasing a much
larger amount of liquid which drains away.
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Clayton (37,50), and Freundlich (34), quoting others, state
that increases in viscosity increase the stability of en1ulsions and
foams, other things being equal. The conclusion was drawn from
comparisons of sin1ilar systems of different stability and viscos
ity, or systems in vvhich the viscosity \vas changed by chemical
means; not in a single instance were they able to use identical
systems in which viscosity changes were produced by purely phy
sical n1eans, as vve have been able to do. The experiments were
far fron1 ideal, but vve believe them to be accurate enough to show
some interesting relations.

In Figures 13 and 32 it is evident* that for a given pH the
stability of th.,e foaTns ]Jrocl~{,ced fron'z, ,eggz£'hite 1~S a Zi1~ear fU1'~c

ti01~ of the 'viscosity.

This gives us an explanation as to why the slope or stability
is a function of the specific gravity. Since the slope is related
to the viscosity and the specific gravity related to the viscosity,
it simply follo\vs that the specific gravity should be related to the
slope, or stabilitj-.

It has been shovvn that by beating egg white to a low specific
gravity an extremely unstable foam was produced, which ex
plains \vhy large holes are produced in angel cakes made from
eggs beaten to extreme lightness.

Since this work was finished an article appeared on "The
Beating Properties of Egg White," by Henry and Barbour (51)
giving results that agree in every case with the corresponding
findings of this more extensive investigation.

They found that beating egg white at temperatures varying
from 15 0 to 25 0 C. had no effect on the stability of the foam
produced, and that even at 10° C. the stability was only slightly
less. They also go on to say that their methods of measuring
fOalTI stabilityt indicate that the longer the egg white was beaten
the more unstable the foam became.

On adding sulphuric acid it was stated that the stability in
creased, but on adding sufficient acid to reduce the pH to 5.47
an exceedingly unstable foam resulted (see Figure 26 in which
a pH of 5.5, produced by acetic acid, resulted in a very unstable
foam). No change in stability was produced by the addition of
small amounts of sodium hydroxide.

*Here it is necessary for us .to disregard the' data on thick separated· egg white. Our exCUSe
for' doing so is that we think it likely that the kinds of protein are different in the case of
thick white from that of the thin or whole white. altho the' nitrogen' content has been
shown to be the same (13, 15). The data on thick egg white by themselves show a linear
relationship'between ~'ta~ility and' viscosity.

tThey used the size of a 'given volume of foam that had dried at room temperature and the
penetrometer method of Peter and Bell (44) as measures of stability.
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We have attempted in the following calculations to arrive
at some idea of the amount of liquid-air surface existing in these
foams. Freundlich states that the cross section of the bubbles
making up a foaln \vould be irregular hexagons with equal angles
of 120 0 (34). This requires that the cells or bubbles have the
shape of an irregular dodecahedron, a figure bounded by 12 pen
tagons. It is a figure resulting from the compression of a mass
of plastic spheres, all the san1e size, packed as closely together
as possible.

The average bubble size for a foam whose specific gravity
was .137 \vas estimated to be .02 cm. On assu1l1ing the cells to
be all spheres of this size*, the minimum specific gravity obtain
able was calculated to be .265. Bogue (48) says that they are
polyhedra and not spheres. Assuming the above average cell size
and that they are regular dodecahedra, it is possible to have as
low as .076 for the specific gravity if the thickness of the sep
arating layer bet"v'leen the units is allowed to approach zero.

In the regular dodecahedron the angle bet\veen faces is
116 0 34'. Assuming that a space is filled with regular dodecahe
drons of equal size, the first problem will be to find the nU1l1ber
filling a cubic centilneter. The radius of an inscribed sphere in
a dodecahedron was found to be 1.114a, where a is the side of
the pentagon making up the surface of the dodecahedron. The
diameter of the inscribed circle is equal to the distance per cell
along the x axis. Then along the y axis the effective diameter
equals (2 x 1.114a) cos 26° 34' and along the z axis (2 x 1.114a)
cos 26 0 34' x cos 18 ,-' tin-res the clia-rneter of th·e in.scribed circle.
The surface of a dodecahedron is given as 20.646 a:2 and the vol
ume as 7.663 a 3 (59).

Average bubble
sizet

.020 cm.
.015 em.
.010 em.

Sp. gr.t
of foam

.137
.120
.100

Total vol.
of foam

402 cc.
459 cc.
552 cc.

Space occupied
by air

86.9(:0

88.0'0
90.0r;,

tThese' were taken from actual data obtained.

DuNoUy (49) gives \\That he thinks the most probable di1l1en
sions of the albumin 1110lecule, i. e., 41.7 x 30.8 x 30.8 A 0, and
m:lSS ofI' 15].3 x 10-:21 gnlS. per 111()lecule. Assunling that in this
concenti'~tec1 solution the lTIolecules vvould cro\vd so as to stand
on end, vve calculate the follov\Ting:

>JrThis calculation does not,of course, represent exact conditions because small bubbles whieh
lie in 'between the Jarger bubbles would OCC\lt)y considet~able volume and so reduce the foam
specific gravity.
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Sp. gr.

.1:37

.120

.100

Total surface
of cells

10G,300 sq. em.
168,500 sq. cnl.
304,000 sq. em.

Total no. mole
cules on the
total surface

1.12 X 101~

1.77 X 101~

3.20 X lOl~

Weight of
molecules

.058 gms.

.o~n gms.
.lG4 gms.

Wt. of insol.
protein from

Fig. 15

.15

.20
.28

The agreerrlent bet\veen the calculated value and the value
of insoluble protein obtained is remarkable considering the ap
proxi111ations and assumptions. In the first place we have used
the dinlensions of the albu111in molecule when it is uncertain
\vhether or not the surface active protein is albumin. The method
of determining insoluble protein is far fron1 accurate. The as
sun1ption that the unit cells are irregular dodecahedrons is open
to question. The calculations were based on the regular dode
chaedron vvhich is admittedly in error because they cannot pos
sibly be regular when thrO\V11 in together as they are in foam.
The average bubble size is very plainly a guess since the size
varies over a wide range, as n1ay be plainly seen in Figure 3.

It is, hovvever, entirely possible to explain the apparent
dimolecular layer of coagulated protein by assuming that, due to
the agitation, the first coagulated-protein-surface-Iayer was im
111ersed and a fresh liquid surface exposed on which a second
layer of albllll1in molecules coagulated.

There is apparently a very good reason \vhy a small amount
of acid is added to egg whites when beaten. We have found that
in general the proper amount of acid will reduce the rate of col
lapse from 2 to 3 times vvhat it would have been in the absence
of the acid.

For the first additions of acid there was (with the exception
of acetic acid) a definite increase in viscosity. This does not
account for the increased stability, however, which can be shown
by comparing experimental values of the rate of draining vvith
those calculated from their viscosity by means of the equation
Slone == - 0.3917 + 1.94. Also, the treatment of the egO' whit.e
with acetic acid did not produce an increase in viscosity, but did
produce an increase in stability. Therefore the stabilizing effect
must be due to something other than the increase in viscosity.
The only other possible part that could be affected by the acid,
and at the same time increase the stability, would be the surface,
or liquid-air interface.

There are several possible explanations: I.-The adsorp
tion at the surface nlight be greater, thereby producing a thicker
protein film. 2.-The film might be made up of a protein-acid
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addition product or protein salt, the increased stability being due
merely to the better structural properties of this film-building
material. 3.-The change in acidity may simply improve the
structural properties of the film, or it may increase the "super
ficial viscosity," or it might do both.

If the first V\ ere true \ve would expect a marked change in
the surface tension, thus indicating a change in the adsorption
at the surface. In addition, it would be expected that the in
crease in thickness of the protein film could be detected in the
"gran1s of insoluble protein." From the data in Table V and
Figure 28, it will be seen that there is no significant change in
the surface tension nor in the "gran1s of insoluble protein."

Wu and Ling (58) were able to show that the rate of coagu
lation of purified eg'g albunlin on shaking "vas a maximum at the
isoelectric point (pH == 4.8), and that it decreased rapidly for
any change in pI-I from this point. It is difficult to see hO'll this
would explain the improven1ent in the stability of the foan1 un
less the more rapid coagulation would increase the amount of
coagulated protein. This was not found to be the case. In addi
tion, the maxinlum stability was obtained at a pH considerably
different from 4.8.

To test the second possibility we atten1pted to shovl by analy
sis an increase in c.hloride and sulphate content in the foan1 over
that in the drained \vhite. The foan1 had been treated \vith hy
drochloric or sulphuric acid. We did not succeed.

The fact that the addition of sodium hydroxide, in sufficient
an10unts to neutralize the previously added potassiun1 acid tar
trate, has no effect on the stabilizing ability of the acid salt is
rather surprising, since \ve have sho\vn that sodiun1 potassium
tartrate has no stabilizing effect. It sho\vs that changes are pro
duced by potassiun1 acid tartrate that are irreversible, and they
probably are denaturation, or coagulatiol1 changes or both. It
also shows that it is likely that the stabilizing effects of acid
treatment are not due to a protein-acid addition product or pro
tein salt, but are clue to changes "vhie11 in1prove the structural
properties of the protein film, \vhich in turn are due to the
acidity.

The evidence points to the third possibility as being the an
swer to the puzzle. It has been s110\"n and pointed out by Freund
lich (34), Bancroft (33), Clayton (37, 50), Wilson and Ries
(35), and others that a larg"e superficial viscosity is necessary
for foam stability. Lee and Wu (53) state that the con1pressi
bility of an albun1in filn1 was the greatest at the isoelectric point
and that the force necessary to push a DuNoily ring thru the
film surface ,vas a maximum at the isoelectric point. The mean-
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ing of conlpresslbility and surface strength may possibly be dis
tOTted to nlean elasticity or toughness vvhich vvould lenJ support
to the idea that t11e filnl had a higher superficial viscosity at this
decreased pH. It ,vas not possible for us to investigate this phase
of the problem. It would, ho\vever, be very interesting to inves
tigate the prolJerties of these films as affected by changes in pl-I
by n1eans of a torsion pendulum sin1ilar to the type used by Wil
son and Ries (35).

Thus it has been shown that acid improves the stability of
foanls and it is believed that this is one of the reasons vvhy the
presence of acid Inakes possible a successful angel cake. The in
creased stability, due to the presence of the acid, perlllits the
batter to expand \vith heat and the setting to take place before
the foam has broken down sufficiently to form large holes in the
center or heavy layers on the bottom.

However, arid undoll htedly has some other essential effect,
because base neutralizes the effect of acid in angel food cakes,
altho an equivalent amount does not neutralize the effect of acid
in producing increased foam stability. In other words, the neu
tralization of the acid by base in the production of angel cake
causes the cake to shrink abnormally during the last few minutes
of baking which the unneutralized condition prevents. An equal
number of equivalents of all acids do not produce equivalent ef-
fects in the production of angel cake-12 x 10-3 equivalents of
acetic acid per 100 grams of egg white gave a very coarse-
grained cake, vvhile 12 x 10-3 equivalents of citric acid gave a
finer-grained product and the same amount of potassium acid tar
trate produced a still finer-grained cake, exactly as predicted
from the data on the effects of these acids on the foam stability.

We believe that acetic acid and citric acid in larger amounts
were not so effective in stabilizing the foam as potassium acid
tartrate, because of the changes in viscosity which they pro
duced. It appears as tho there is a critical viscosity in the neigh
borhood of 2.0 centipoises, below which the surface changes pro
duced by the acid in the foam vvere no longer able to neutralize
the forces causing collapse of the bubbles. It will be noted that
in the case of treatment with citric acid, or acetic acid the vis
cosity reached 2.0, but in those foams treated with either potas
sium acid tartrate alone or with potassiun1 acid tartrate and
\vater the viscosity did not reach 2.0 centipoises. However, there
is not ll1uch margin in the last case, and this weakens the
arg·ull1ent.
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SUMMARY

A new 111ethod of measuring foam stability has been devel
oped and used which is believed to be superior to any other
method.

In spite of some deviation in results, it has been shown for
the first time that egg-white foams conforn1 to the modern ideas
of foan1 structure, i.e., that there is an adsorption of stabilizing
agent at the liquid-air interface and that this adsorbed film coag
ulates, forming a non-soluble solid film, thereby stiffening and
stabilizing the foam.

In addition, it has been independently sho\vn that the follo\v
ing are characteristics of egg-white foams:

I.-The foam stability is directly proportional to the viscos
ity of the liquid medium, and the specific gravity of the foam is
inversely proportional to the viscosity. It follows from these t\VO
statements that the stability is inversely proportional to the spe
cific gravity of the foan1.

2.-Beating tears up the fiber structure of the egg \vhite,
thus reducing its viscosity, at the same time that the foam is
formed. Natural egg white behaves similar to a typical jelly, but
regenerated egg white does not have these jell-like properties.

3.-There is a concentration of protein at the liquid-air in
terface which is rendered insoluble during the formation of the
foam and the amount of this protein is roughly proportional to
the specific gravity, or surface area of the foan1.

4.-Neither Ca (OR):!, NaOH, Na:!SO:_;, nor heat treatment
have any apparent effect on the foams, but acids and acid salts
increase the foan1 stability considerably. This effect is thought
to be due to a change in the protein concentrated at the liquid-air
interface.

5.-Not all acids produce equivalent effects in stabilizing
foan1, potassium acid tartrate having the most desirable effect
of the three acids used-acetic, citric and potassium acid
tartrate.

6.-If potassium acid tartrate is added in the first part of
the beating period and then during the latter part of the period
sufficient sodiulll hydroxide is added to con1pletely neutralize the
potassium acid tartrate, the stabilizing effect of the acid is
changed only slightly, if at all.

7.-In the presence of potassiu111 acid tartrate, egg yolk re
duces the stability of the foa111.

8.-Changes in altitude have no effect on foam c11aracter
istics.
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