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I, INTRODUGTION

A. The que of Starch in Investigations of Starch Bearing
Foods,

Because starch is an important constituent of foods,
it has long been the subject of many investigations. The
nature of its formation, its funetion in the plant, its
structure, and the changes which it undergoes in various
eircumstances, such as in the preparation of the starch
containing material as a food, have all entered into these
researches, However, in some flelds the role of starch has
been either overlooked or relegated to a position of minor
importance by many investigabors. Such has been largely
the case in the study of wheat flour. Althousgh starch is
a major constituent of flour, it has been studled less than
the protein and mineral matfer. ILikewise in studies upon
bread and breadmaking, starch has been considered more as
an inert material., Other foods have been less widely
studied than flour, and consequently the importance of
gstarch in such materials has received even less attention

than in the case of wheat.

B. Statement of the Problem.
The purpose of this work is o study starch, some of

its propertics and changes in the various phases of the
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transformations which it may undergo in the treatment which
it receives in the course of manufacture o0f different food
products. The study has been chiefly on the starch derived
from corn. Other starches have also been used; often for
the sake of comparison, or as an aid in determining the
cause of the behavior of the starch under certain conditions,

In the work with corn starch, interest has chiefly been
directed toward the formation of gels, and the peculiar
property that certain gels posssss of expressing e portion
of their water content, so that there results a rigid, or
semi-rigid, body in contsct with a layer of clear liquid.
This phenomenon, known as "syneresis™, may be observed in
gels prepared from silieic aeid, scap, and proteins..as well
as in those made from starch., It is often observed upon
opening canned sweet corn. Here may often be found a con-
siderable layer of clear liquid on the surface of the solid
material. This is objectionzble because of the preference
for a product of uniform consistency. Syneresis may also
gccount in part for the staleing of bread.

Since the formation of starch gels involves heating in
the presence of water, it is not unlikely that the changes
which occur during the heating are intvimately connected with
the behavior of the gel which is formed. Thus there is in-
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volved in this invesbtigation, a study of those changes
which take plece. In these are included the swelling of
the granules of starch with the imbibition of water, and
the gelatinization of the starch. Ascompanying these
echanges, there is an enormous change in the viscosity of
the starch in water suspension. Because of this an attempt
has been made to correlate viseosity measurements with other

changzes in the starch paste and gel.




I1. HISTORICAL

.A. The Detefmination of Gelatinization Temperatures by
Mioroseopic Methods, and Factors which Influence the
- Regults Obtained.

Wolfgang Ostwald, (59) in his studies on colloidal
substances, was led to believe that viscosity measurements
might be advantageously used in the study of starch.
Previous studies had been confined largely to microscopic
observations, By such methods, detailed sbudies were made
of a great variety of starches. These studies included a
determination of the so-called "gelatinization point,”
which has been determined by a great mamber of iﬁvestigators.
The nature of this type of work, with the most generally
asccepted results, is recorded by Reichert (64).

The temperature of gelatinization for the starches with
which this work is concerned are given the following values
by Lippmann as reporbed by Reichert (64). Corn, 62.5%;
potato, 62.5%; rice, 61.259; and wheat, 67.5% With these
are also récorded the values as determined bdy Linter: Corn,
75%; potato, 65%; rice, 809; and wheat, 75-800, Whymper
(80) gives 65° as the temperature of complete gelatinization
of wheat starch.“ Other wvalues are given by Stocks (74) as

follows: Corn, 700; potato, 63%; rice, 74%, and wheat, 659,
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The gelatinization temperatures given above, and as
ordinarily determined by other investigators, were obtained
by mieroscopic examination. The method consists of heating
the sample of starch, suspended in wabter, to different
temperatures, and then examining bthe sppearance of the granules
under the microscope. With such treatment, the starch is seen
to swell, the granules lose thelr form, and finally appear to
burst. The temperature at which this takes place is considered
to be the gelatinization temperature.

This method has been somewhat modified by different
investigators. Dox and Roark (19) employed an electriecally
heated chamber on the microscope stage. Francis and Smith
(25) also used a slide by which the temperature could be con-
trolled while on the stage. They c¢laimed that the gelatine-
ization temperature could be determined within one tenth of s
degree, provided that the temperaturg be raised rapidly enough.
Nyman (57) devised a method for disbtinguishing different
sbtarches by the gelatinization of the grains as debtermined
under the microscope by the use of polarized light.

Many of the investigators have stated that the gelatin-
ization temperature can be determined accurately by the
methods outlined above, yet a study of the results obtained
revesnls discorepancies. Alsberg and Rask (5) have pointed
out that the method of preparation of the starches may in-
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fluence the results obtained, bscause of effeot of acids

or alkalies which are often used in the course of the
separastion of the starch. They believe this to be es-
pecianlly true where alkalies have been used, since they
have found (63) that the hydrogen-ion concentration of
wheat starch paste is on the acid side of neutrality.
Wolff and Fernbach {82) state that the paste made from
potato starch 1s acid %o phenolphthalein and alkaline to
methylorange, and that alkalies affeot the results obtained
upon heating starch,

That alkelies affect the swelling of starch has also
been observed by Symons (76). Similar observations were
made by Samec {665. Lepeschkin (44) states that the action
between starch and water is accelerabted by the presence of
acids.

Substances other than acids and alkalies may also
affect the swelling of starch granules, Samec (66) found
that salts and organic crystalloids affect the temperature
of gelatinization. Wolff and Fernback (82) fbund that
different results were ovtained if tap walter were used
instead of distilled water for washing the starch. This
was also observed by Lloyd (45).

Nyman (57) observed that the gelatinlzation temperature

e e g s e et -
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is different for large grains than for smell ones. This

wag also found by Meyer (53). Whymper (81) noted that

amall grains are not as readily attacked by heat as are
large grains, and that values obtained for the gelatinization
temperature also vary with the state of maturity of the
grains. Naudain (56) found that the larger grains gelatinize
more readily than small grains. Alsberg and Perry (4) show
that starch granules when injured by grinding in a pebble
mill will swell insbtantaneously when they come in contact
with cold waber. Gerngross {26) states that as natural
colloids age, their ability to swell decreases. Reichert
{64) reports that the gelatinizetion temperatures are
@different for starches freshly taken from the grain than

for those which have been dried. Samee {66) found another
factor to be the time which the sbarch has been wet.

‘ Still another factor which may influence the btemperature
of gelatinization is the rate of heating, as shown by Hyman
(67), Dox and Roark (19), Francis and Smith (25) and others.

Alsberg and Rask (5) point out that different investi-
gators use different means of judging the temperature where
gelatinization ococurs; for example, Reichert {64) and others
took the point at which anisotropy disappears from thg
majority of grains. Francis and Smitk (25) took the point




at which anisotropy diseappears fro§ all of the grains, while
Dox and Roark (19) took the temperature st which it dfs-
appears from all of the grains large enough to show charascter-
istic shape and markings. Hence Alsberg and Rask (5) believe
that the microscopic method leaves too much room for personal

Judgment to give feliable.results,

B. Measurement of Gelatinization Temperatures by the Change
in Transluceney.

In an attempt Yo £ind a method more satisfactory than
the use of the microscope for the determination of gelaftin-
ization temperature, Samec (66) devised a method whereby a
sudden change in translucency of the paste was observed., A
light was placed s0 that it could be seen through the sus-
pension, and the iemperature was taken when there occﬁrred
& change in translucency.

While this method appears to have an advantage.in that
the starch need not be transferred to the microscope, it ean
not be considered of any great wvalue because many starches

do not show any marked changes in translucency,

Thig review ocf the work of many investigetors shows
that the methods used in the debtermination of the gelstin-
ization temperatures of sbtarches sre not reliable and lead

t0 results which can not be considered sccurate. It also

PO .
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shows that there is doubt of the existence of any definite
point of gelatinization, but leads rather to the conslusion
of Alsberg and Rask (6) that this should be considered as a
gelatinization range.

C. TViscometric Methods.

In addition to the mioroscopic and change of transe
lucenoy methods used In the study of starches, viscometric
methods have also been employed.

Gatwald (59) in 1913 suggested the possidility of the
use of viscosity measurements for this purpose, He believed
that this method would prove to be of value because of %he .
‘extreme sensitiveness of wiscosity %6 changes in the nature
of a colloid, and because of the ease with which the measure~
ments may be made. Ostwald found that the viscosity of a
starch suspension decreases with increasing temperature up
to 570, when the gramules begin to swell. From this point
upwards to a temperature of 95° he found the viscosity in-
creased. At 1209 soluble starch is formed, and the viscosity
becomes less than at 909,

Viscometrie methods have been applied with wvarying re-
gults by many investigators since the use of the method was

guggested by Ostwald. Different types of instruments have
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been used, and the eoxnditlons under which they have been used
have been modified from time to time. A review of this work
will serve to indicate the wvalue of this type of measurementse.

The Ostwald capillary type of viscomebter has been
employed by & number of investigators, while others have
preferred the torsion type. Others have designed speciel
instruments, usually some modification of one of the above
types.

Yoshimo (84) employed the Ostwald wviscomefer e6m rise
gtarchs He found thet when the concentration becomes high
enough that the viscosity becomes infinite.

Samee (70) using an Ostwald viscometer found that the
viscosity varied with the kind of starch, Harvey (29) also
used the Ostwald type for starches which had been boiled by
live steam. He found that the viscosity of potato sfarch
decreased with time. Harrison (28) concluded that the
Ostwald viscometer gave results which were not accurate,
because when & certain concentration was reached, the sus-
pended particles interfered with one another in'passing
through the eapillary. He also found that the viscosity
inereased with time of heabting up to a maximum, after which
there was a decrease. Potato starch gave a very viscous

golution, but itsvviscosity became less upon repetition of

e g = e o e s e s m A s <o



the determinations, due to the breaking up of the swollen
granmules by flow down the eapillary tube.

Hatschek (30) pointed out that a comparison of vis-
cosities by the Ostwald viscometer 1s valid only in cases
where the rate of flow is approximately the same, since
viscosity veries with the rate of flow, However, he
recommends (31) the use of correctly designed ocapillary
viscometers instead of the "grossly incorrect types used
in industry.” He Lfurther stated that viscosity measure-
ments indicate ohanges in eolloidal solutions dbut do not
tell what the changes are,

Farrow and Towe (22) found that good results were
abtained with an 0stwsald viscometer, provided that the
same instrument be used for the different determinstions,

Denham, Blair, and Watts (17) used the Ostwald type
for flour suspensions, and found the resulits to be satis-
factory and oomparable, provided that the instrument be
designed 8o as to give stream line flow.

The Ostwald viscometer has bﬁeﬁ modified by other
investigators. One modification has been an arrangement
wasTeby pressure could be used. Such viscometers were
used by Ostwald {61) and by Herschel and Bulkley (35).
Hess (36) used reduced pressure. Rothlin (65) employé&
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the Hess modification.

MacNider (49) used a Scott viscomebter., Ermen (21)
employed a Redwood instrument, while Rask and Alsberg (63)
used a Stormer viscometer. Seaton, Probeck, and Sawyer

(72) recommend the Doolittle instrument because it oan be

used for plasticity messurements. Buel (13) found the

Doolittle to be unsatisfacotory because of a gradual weaken-
ing of the wire.
Much of the work on the viscosity of flour suspensions

has besn done with the MacMichael, or other types of torsion

visoometers. Henderson, Fenn, and Cohn (33), Blish and

Sandstedt (11), Gortner and Sharp (27}, and others used this
type.

Other methods of measuring viscosity are desmcribed by
¥oness and Giesy (55) who designed an instrument in which

the pressurs could be kept constant. Brown and Herron (12)

measured the weight required %o sink a thin glass dise inbo

the paste. Buel (13) measured the time of flow through a

funnel., Cappenburg (14) measured the force regquired to draw

8 Spherical weight upwards through the paste.

Mardles {52) used three types of viscometers in the

study of the sol bto gel transition. He found that a change

of the size of the capillary in the Ostwald caused a change

e
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in the results obtained. Revolving oylinder t{ypes were
also found to give irregular results. The method of a
£alling sphere was found to give irregular results as the
vigsocosity heeame highe.

The principal objeetion to the measurements of starch
guspensions by the methods described, is that the sus-
pensions may be plastic rather than viscous. Bergqﬁist (9)
has pointed out that in order to measure the viscosity of
starch guspensions, the soncentration of the sbarch must be
smell, whereas in commefce, higher concentrations are
ordinarily used. He recommends the use of the Bingham
plasiometer where measurements are to be mede at temperatures
lower than 70°, Above this temperature the flow of starch
paste is viscous. Sharp (73) found flour suspensions to be
plastic when the concentration is above nine per cent. Dumn
(20) eonsidered dough made from wheat flour to be essentially
a plastic systenm.

Hersehel and Bergguist (34) found the Bingham plastometer
0 be advantageous in the study of stereh pastes, as they
found it to be & more satisfactory indication of consistency
than viscosity measurements. Herschel and Bulkley (35) de~
seribed a method in which the Ostwald viscomeber can be used

o measure'consiétency by the emplioyment of different rates




of flow.

Thus we £ind that there is a considerable difference
of opinion, both as to the preferable type of instrument,
and as to the wvalue of the results obtained. Although
true viscosity may not be measured, yst such measurements
may prove of value in the atbempt %o gain some explanation

of the changes which starch suspensions undergo.

D, Factors Waich Affect the Viscosity of Starch Paste.
Ostwald (59) cites fen faetors which influence the
vigeosity of colloidal systems: (1) concentration, |
(2) temperature, (3) degree of disyersion, (4) solvation,
(§) eleetrical charge, (6) preliminary thermal treatment,
(7) preliminary mechanical treatment, (8) innoceulation with
small smounts of viscous colloids, {9) age, and {10) electro-
lytes and non electrolytes. In connection with the effect of
temperature, Ostwsld noted an Iincrease in viseosity with rise
in temperature up to a eertain point. This was followed by
a decrease in viscosity. He furbther observed (60) a relstion-
ship between the degree of hydration and the viscosity.
Other investigators have noted the effect of the factors
listed by Ostwald, as well as the influence of certsin other
eonditions.

The effect of the ags of tihe suspension was noted by
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Stoeks (74) who found that freshly prepared potato starch
solubion gave a higher viscosity than that obtained from a
solution which had been allowed to stand. Denham, Elair,
and Watts (17) report a similar "fall baek" in viscosity
that results upon the ageling of flour suspensions, and
attribute the cause to syneresis of the paste. However,
they believe that the gluten is chiefly responsible for
this change. Harrison (28) found that there was a gradual
increase in viscosity with heating, up to & maximum. This
was followed by & decresse which he thought to be due to a
breaking down of the swollen grains. He further observed

that the rate of heating affected the results. Harvey (29)

noted a similar decrease in viscosity with time for potato
and cassava starches, but falled to find any decrease for.
corn starch.

Samee (66, 69, 68) found that a deorease in viscosity
resulied when starch suspensions were heated at 1209, A%
the same tims, he found that there was a deerease in the

phosphorus content of the starch, and an incréase in con-

ductivity. Hence he concludes that the change which takes

place upon ageing is one of gradual hydrolysis of amylo~
phosphoric acid, one of the constituents of starch. He

also noted that the viscosity decrease 1s hastened by

ST AR gy e e e e 74 e,
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agitation. Tiebackx (79) believes that the viscosity of a
gtarch solution is proportional to its content of amylo-
pectin, a phosphoric acid ester. He agrees with Samse that
heating or long standing causes a hydrolysis of the amylo-
pectin, which is acoompanied by a decrease in viscosity.
Zwikker (85) failed to find any such relationship between
aﬁyIOpectin and viscosity. That there is an increase in
viscosity after mixing flour in water was observed by Iusrs
and Ostwald (46). This increase was abtitributed to the slow
swelling of starch. Dhar (18) believes that the decrease in

viscosity is comnected with dehydration, because the gresber

the hydration, the more viscous the solution. Mardles (52)
attributes such ghanges to progressive gelation. Gérngroas
{26) states that as colloids age, their water content and
ability to swell decrsases. Maquenne (50, 51) found that
sbarech paste tends to return to the form of the erude sbarch.
Hersghel and Bergauist (34) believe the decrease in viscosity
to be due to the dreaking down of the structure upon passing
throuch the eapillary, Buel (13) and Farrow and Jowe {(22)
have also reported upon the change in vigcosity with age.
The effect of added substances upon the viscosity of
étarch pastes has been considered by various writers. Wolff

and Fernbach (23, 82, 83) found a considerable increase upon
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the addition of GaCOgz, the effect being greater with ine
ereased concentration of the salt, while the viscosity can

be reduced by a reduction of the calsium oontent. They
found that the sddition of other basic substances, such as
Al1503, MgC03, NH40H, Ca(OH)p and NagC03, also increases the
viscosity while the addition of salts mneutral to methyl
orange has no effect. MacNider (48) observed that small
amounts of borax or of NaOH lower the viscosity, while larger
amounts increase it. Porst and Moskowitz (62) found that the
addition of alkali increased the firmness of the paste at
first, but with increasing alkalinity the paste became weaker.
Samec (69) found that NaOH or KOH react with stareh. This is
accompanied by a decrease in the Pg0g content and an increase
in viscosity. Iarge amounts of the alkalies peptize the
starch. Mohs (54) states that the addition of salts and
acids up to 0.,00856 N produces no change in the viscosity of
flour suspensions. Henderson, Fenn, and Cohn (33) found that
the éddition of small amounts of éalts diminishes the vis-
eosity at first, but that this is followed by an inerease,
NapS04 and MgS04 cause the most marked effeets. Clark and
Mann (15) state that electrolytes increase the viscosity at

small concentrations. The adsorption of NaQH by stérch is
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reported by Lloyd (45) to be much greater than for HCL or
KaCl. Baekhuyzen (7) states that the hydration of amylose
may be increased by heating in water, or by the addition of
KI, Ca(FOz)p, ZnClp, KOH, or NasC03. Hydration may be de-
ereased by lowering the temperature, concentration of the
golution, or the addition of alcohol or chloroform.

Other faetors influencing viscosity determinations are

reported. Among these may be considered the source of the
gtareh, Rask and Alsberg (63) report that different results
are obtained with starches from different varieties of wheat.
They believe the viscosity to be affected by the degree of
dispersion or the size of the individual particles, their
water imbibing capacities, densities, shapes, and elasticities
or plasticities,

Ermen (21) found that viseosity measurements are in-
fluenced by the temperabure, size of flame, and size of
beaksr. dedong (41) found that errors are likely to result
from é defective method of setting the viscometer.

That the method of preparation of the starch influences
ijts behavior is pointed out by Rask and Alsberg {63), The
alkali used in the process of the separation is especially
likely to affect the properties of the starch, Alsbefg and
Griffing (3) show that the degree of grinding is not without
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effect. Johnson (40) notes that the temperaiure employed in
the extraction of the starch, and the time that it is allowed
to stand in contact with water affect the viseosity. Brown
and Herron (12) found that if alkalies and acids were used

in the preparation of starch, a paste of lower viscosity re-
sulted. They alsc found that stareh which has been dried
slowly yields more viscous solutions than that dried gquiekly.

Thus it is evident that the treatment involved in the
preparation of starch affects the viseosity., There is elso-
the effect of the mechanical treatment of. the paste. This
has been shown by Hatschek (32) who believes that there are
layers of solvent formed about eagh particle. This layer
is destroyed by agitation; hence a deerease in viscosity.
That agitation by stirring, or that resulting in successive
determinations, produces & change in wviscosity 1s alse
indicated by Ostwald (59), Buel (13), Bergquist (9), Herschel
and Bergquist (34), Rothlin (65), and Hess (37).

Tadokoro and Sato (77) have made the interesting
observation thaet the vigscosity of rice starch is lowered by
the action of ultraviolet rays. This may explain in pard
the difference in viscosity of starch from wheat from
different localities.

Other theories regarding viscosity and causes of changes
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in viscosity include that of Swanson (75) who believes
that the viscosity of dough is due to the surface tension
forces in the films of water adsorbed on the starch and
protein particles, and depends directly upon the thickness
of the film of water surrounding the particles.

Alexander (1) believes that colloidal properties, such
as viseog}ty, depend largely upon the size of the dispersed
particles,

Blair, Watts, and Denham {10) believe that the increase
in viscosity may be due to strong repulsive forces between
gimilarly charged muclei within one water emnvelope. This
condition represents an early stage in the formation of a
gel in which the viscosity is enormous in spite of a low
c0lloid concentration,

Clark and Mann (15) state that agglomeration with
increase ip concentration into homogeneous larger particles
can not account for an increase in viscosity, for such a
proeess should result in a decrease in viscosity, because
of the decrease in surface and the amount of bound water,
Agglomeration may, however, be accomplished by an increase
in viscogity iIf there is enclcsure of water bebtween the
masses, and not an increase in the size of the particles by

coaleseence'of sméller ones. This is believed to be what
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happens in the case of starch.

Alsberg (2) believes that the viscosity of starch
suspensions does not depend upon any colloidally dissolwved
substance. The swelling he believes to be due to three
factors: rigidity, inherent swelling power of the granule
substance, and the relation of the mass of the swelling
substance to the surface area of the granule.

Katz (42) is of the opinion that the swelling and
stiffening of starch in water is an equilibrium process,
the 1imiting conﬂition thus depnnding on the temperature

and the relative amount of Water present.

This review of the work of many investigators indiecates -

that viseosity measurements are indeed sensitive to slight
changes in the system. While this confirms the opinion that
viscosity measurements are of wvalue in the study of the
eolloidal state, it also indicates the need of choosing

mebthods and conditions such that comparable results can be

obtained,

He Structure and Syneresis of Gels.
A review of some of the theories of the strueture and

properties of gels will serve to aid the solution of the part

et g et e
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of the problem which deals with gel formation and syneresis.

Taylor (78) presents some views regarding the structure
of gels, He states that since gels are obtalned by the
oooling or evaporation of emulsoid sols, it is mnatural to
conclude that gels possess the same structure, that isg, two
liquids persist from the sol stage. The structure then is
cellular, the walls being g highly viscous solubtion enclosing
a more dilute solubion.

The nature of the structure of the cell walls 1s dis-
cussed by Taylor, showing the disagreemenp among msny in-
vegtigators. The honeycomb, open and elosed network, rayed
and piled shot structures have been proposed. Taylor con-
eludes: "A gel comprises two phases: an ultra-microscopic
s0l1id phase, bathed in a liquid dispersion medium, which it
retains partly by molecular and partly by capillary forces.
The ultimate solid particles of gels are probably spherites.
This generally accepted view is a return to the earliest
theories of gels, put forward by Frankenheim in 1835, and by
vonNageli in 1858."

Arsem {6) also reviews the theories of gel structure.
He notes that while some writerg view & gel as a homogenous

system, others consider a gel as & heterogeneous system
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composed of two mingled phases, either ligquid-liguid, or
solid-1iquid. From the two phase solid-liquid theory have
been derived the theories of the solid phase honeycombdb,
network, sponge, and fibrillar siructure. Ultramieroseopie
study has convinced Arsem that many gels are apparently
without strueture, but in some cases where structure is
seen, the so0lid phase is not a honey comb, but a mass of
straight £1ibrils joined st thelr peints of intersection.
Others appear to consist of minute portions joined in an
irregular manners

Arsem holds the view that a normal gel consists of an
- associated phase and s free phase. Tne assoclated phase is
a single large molecule held in combination by the residual
valences of the molecular units. The associated phase differs
from a normal crystal lattice in that the molecular units are
irregularly oriented, and the lattice is expanded and contains
a large number of voids. The free phase permeates the
agsociated phase and f£1ills the voids in it.

Two types of gels are distinguished by Aréem: (1) FNormal
gels, which have a‘unifnrm space distribution of the molecular
units of the associated phase, with voids of approximately
molecular dimensions. (2) Segregated gels, which have a non-

uniform distribution of the wits of the associated phase,
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which conseguently has a relatively coarse structural frame
work in which the woids are large.

The mechanism of the formation of gels is discussed by
Arsem. In many cases when & subsiance separates from solu-
tion, conditions do not favor the building of a regular
erystalline lattice. This is especially true when the
substance has a high molecular weight. Many proteins and
carbohydrates form gels readily because ﬁheir large and un-
symmetrical molecular units do not orient themselves
regularly upon separation from solution, so that an expanded
lattice is built up with its units 1rregularly arranged.

Syneresis is elassified by Arsem as an irreversible '
change of the solid phases. He believes that the struetural
arrangements of units in a gel is inherently unstable, so
that a further condensation of the associated phase is
possible through the re-orientation of units, the release
of loosely combined molecules of the liquid phase, and the
union of previously non functioning residusl valences,
Syneresis then is defined by Arsem as a shrinkage of the
golid phase caused by progressive association and re-
orfentation of molecular units.

Holmés (38) believes that gels are formed by molecules
or other aggfegatéé uniting to form long filaments which




- 29 -

interlace in a sort of a "brush heap" siructure., Water may
be held in the eapillary spaces between fibers, by hydration
of the aggregates, or by dissolving in the aggregates,

Barratt (8) points out that ceritain gels which do not
show £ibril formation at first may do so with the lapse of
time. Gels in which the fibrils are coarse will exhibit
syneresis,

Kraemer {43) states that a sol must immediately precede
the gel state, although the sol state mey be brief. The gel
structure proposed by Nageli is believed by Kraemer to be the
only one eonsistent with the general behavior of gels.

¥eBain (47) points out the resemblences between sols
and gels, the chief differences being rigidity and e;asticity.
Be believes that the linking togebher of colloid particles to
form larger structures is caused by bonds of union as definite
as those aceting in adsorption or sesondary valency. Gelation
is due to the splitting off of some substances so that inter-
locking bonds between small particles may form.

That gels of rice starch show a compact network structure
under the ultramieroscope was observed by Tadokoro and Sato
(7). _
' Swanson (75) favors the theory of a network structure

of gels of dough, but believes that in starch gels the net-
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work gtructure is not as pronounced a8 in proteins.
Lepesohkin (44) does not regard the formation of
starch gel as a particular case of swelling. He believes
that the swelling of starch in hot water involves two
processes: (1) a chemical reaction between the starch and
water with the formation of hydrates; and (2) a swelling
in water of the products thus formed. The resction between
starch and water is accelerated by acids, except HpS04, bub
the acceleration is not due to the hydrogen-ion coneentration.
Courtonnec (16) found that concentratgd solutions of
certain chlorides, as those of caleium, barium, and magnesium,
cause the formation of gels from starch at room temperature.
This is also reported by Stocks (74) who believes thgt the
addition of certain substances lower the surface tension of
the starch granules so that the thickening point is more or
less depressed. Stocks found this to be especially the case
with caustic soda, zine cehloride, and hydrochloric acid,
which in concentrated solutions form a tenacious white trans-
lucent gel with starch even at ordinary temperatures. Other
metallic chlorides behave gimilarly, s&lthough less marked in
their action, but the chlorides of the alkalies appear to be

without effeat.
The syneresis of gels has bheen observed by other investi-




gators, as Holmes (39) who defines it as the separation of
water solutions from highly hydrated substances, such as
sillicic acid gels. He observed syneresis to be greater in
vaselaned tubes where the gel is free to eontraet, and that
the amount of syneresis varies directly as the free surface.

Fischer (24) states that when the so0lid phase of a gel
is no longer adequate to enclose all the solution of colloid
in the solvent, the system tends to "sweat," or the gel shows
syneresis., The gel still exists, but is no longer dary. ‘

Stocks (74) observed that starch gels on standing
separate lnto two phases, a more.solid €el and a liquid
phase, the latber containing very little starch. The
phenomenon he believes to be due to the aggregation oi the
molecular complexes, the collold becoming less dispersed.

In his studies on starch gels, Meyer (53) observed that
the dispersing agent is separated from starch gels without
the application of outside pressure. He found that the
separation was greater for gels of rather low concentration
and which had stood for some time, The Separation was found
to be hastened and increased by gentle shaking of the tubes
containing the gel. Since the separation appears to occur

with the pressure of the gel itself, Meyer believes that it
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is provable that the gel has & continvous net structure.
Gels of lower concentration show the greater separation,
probably because such gels have a lighler and loosger
gonneoting net work, The separated liguid was found to
contain small amounts of suspended particles of amylose
water solution in water.

Mardles (52) also found that mechsnical agitation
destroys gel structure by bresking the connecction between
clots.

Osborne (58) believes that the weaker gels hold part
of the ligquid phase by capillarity in the lattice of the
801id phese, whereas in the stronger gels the water exists
in solid solution in the substence of the frame work. This
view is held beczuse the weaker gels extrude water more
readily.

Maguenne (50) noted a change in the translucency of a
homogeneoug starch gel, gradually becoming opaque, and
finally depositing flocks. This Magquenne believed to be
due to a change in the starch, tending toward a form of
anylocellulose,

This review indicates that starch gels may be con-
sidered as consisting of two phases which may be termed the

assoclated phase and the free phase. The solid phass
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probably exisis in some kind of an irregular fibrial
structure, Syneresis may be regarded as a separation of
the free phase, and its cause is probably the segregation

of the associated phase,
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11T, EXPERIMENTAL PART

A. Microscopic Examination of Starch.

While no attempt was made to determine the gelatinization
temperature of starch by microscopic methods, suspensions of
starch in waler were examined after having been heated at
different temperatures for different periods of time. This
was done in order to study the nature of the swelling of the
granules, and to determine whether or not the reaction was
the same for large and small granules,

Several suspensions of starch in water were prepared,
and each heated to different temperatures.' A portion of each
sample thus treated was examined under the mieroscope. The
length of the time of heating at the different temperatures
was also varied from a few minutes te two hours, |

When the starches are heated in water as deseribed, the
granules appear to swell, As the temperature is ineoreased,
the degree of swelling is increased. As the heating is con-
tinued, the granmules become disbtorited, and finally appear to
burst,. |

The larger granules of starch agppear to begin swelling
at a lower temperature than do the smaller ones. When heatbe:.
to 60°, the larger grains of wheat starch were observed o

have increased somewhat in size and to be distorted, while
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none of the smaller grains appeared to have inocreased in
size. As the temperature was increased, it was evident
that the swelling of the small grains was a much slower
process, for while it soon became difficult to identify
the large granules as individuals, a large proportion of
the small granules still remained intact. Even when heated
as high as 9592 for five minubtes, it was still possible %o
distinguish some of the small grains.

The effect of the time of heaténg wes studied by holding
a suspension of starch in wabter at 709, Samples were with-
drawn at the end of every five minutes and-examined. At the
end of five minutes none of the granules were broken, After
thirty minutes none of the smallér gra ins appeared to be
broken, while but a few of the larger grains remsined un-
broken. A% the end of two hours many of the small granules
were still unbroken, while nearly all of the large gramules
had burst.

From the microscopic observations it is evident that
gelatinization is a progressive process, and that the gelatin-
ization temperature is dependent upon the size of the

individual granmules and the time of heating the suspensions,.

B. Gelation Temperature.
The changes which take place when starch is heated in
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water are believed by Alsberg and Rask (5) to involve an
imbibition of water and sonsequeni swelling %o a point

where the grains burst. The final result is a conversion

. of the starch suspension intc a sol which gels on gooling.

This conversion may be defined as gelatirnization.

Since the gelatinization of starch leads to the
formation of gels, the temperature to which the starch
suspension must be heated so that a gel is formed should be
a measure of the gelatinization temperabture. Accordingly,
such measurements were attemptled.

A series of suspensions of six grams of starch in 100
GesGe 0f water was prepared. Each was heated to a different
temperature and held at that temperature for fifteen minmutes.
Each was then cooled and examined to determine whether or
not a rigid gel had been formed, It was found necessary to

heat corn starch to approximately a temperature of 90° in

‘order %o obbain a firm gel, while wheat starch required a

temperature of aboub 920,

Since this method determines the temperature to which

the starch must be heated so that a gel results, it may be

-ealled the "gelation temperature., The method can ounly give

approximate results, because of the difficulty in determining

the point where the gel may be considered to be rigides Such
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determinations will also be influenced by the concentration
of starch smployed, and the time that the suspension is
heated.

The gelation temperatures thus obtained do noi differ
greatly from the temperatures of maximum viscésity'as given
by Alsberg and Rask (5). This temperature for corn starch
is given as 21°, while that for wheat starch is 959, as
compared to 90° Por corn starch and 92° for wheat starch,
the values obtzired by mesasuring the btemperature necessary
for gel formation.

This comparison indicates that there is a close relation-

ship between the viscosity and gelation of starch suspensions.

C. Viscometric Methods.
l. Types of Viscomsters Employed.

A Scott's viscometer was f£irst selected for the viseosity
studies, but was found unsuitable. The difficulty in the use
of this instrument was due chiefly to the settling oulb of the
starch, so that in making determinations, especially at low
temperatures, it was found that a considerable portion of the
starch remained behind. At higher temperatures some diffi-
culty was experienced with the formation of clots, which
oftentimes prevented the free flow through the delivery tube,
Further diffieultj was experienced in loss by evaporation and
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the formation of f£ilms on the surface of the pasies.

The Geterminations were next made with = "Doolittle's
Improved Torsion Viscosimeter.” While this instrument
proved much more satisfaetory than the Scott viscometer,
diffieculties were encounbtered in its use, Chief among these
were again the formation of surface films, whichk would cling
to0 the rod suspending the cylinder, so that, 1f not droken
by continual stirring, when determinations were made there.
was a sheet of L£ilm rotating with the cylinder. While this
£ilm could be prevented from forﬁing. it is not unlikely that
the agitation necessary caused a difference in the resulis.
Some loss was alsc experienced by evaporatbtion, necessiteting
the frequent addition of water to keep the volume constant.
It was also difficult to control the temperabure, especially
at higher btenperatures.

Finally viscomeiters of the Ostwald capillary type were
used, Thisg type of instrument appears o offer the most
satisfactory method of making the desired debterminations.
Difficulties were anticipated from the clogging of the
egpillary tﬁbe, but only in a few ingtaunces did this oceur,
The starch particles were readily kept in suspension by
agitation obtained by applying gentle suction to the tubes,
The exposed surfeces of the liquid are so small, that
practically no difficulty was encountered either by the




formation of films or by loss by evaporation. The temperature
is easily and accurately controlled, and if desired, several
instruments may be placed in the same bath so that a number
of determinations may be carried on side dy side,

The visocosity determinations which are discussed in the
following pages were made either by the Doolittle or the
Ostwald instrument, as indiecated in the discussion.

2e The Effcct of foncentration and Temper:tuvre upon

the Viscosity of Sitarch Suspensions.

The effect of the concenbtration of starch in water on
the change in viscosity with incressing tempsrature was
determined by measurements on suspensions of different con-
cendtrations at incereasing temperatures,

For the measuremenﬁs in which the Doolittle visconmeter
was used, the suspensions were made by adding from two to
sixteen grams of corn starsh to 200 c.c. of distilled water,
The guspensions were transferred to the viscometer cup and
readings taken at different tenperatures. Care was taken to
prevent the formation of £ilm, and the volume was kept constant
by replseing the water lost by evaroration.

The results are recorded in Table I, and represented

graphically on Chart I.
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TABLE I

THE VISCOSITY IN DEGREES RETARDATION OF DIFFERERT
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Degrees Retardation at a Temperature of

CORCERTRATIONS OF CORN STARCH WITH INCREASING
TEMPERATURE AS MEASURED BY THE DOOLITTLE VISCOMETER
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The results of a similar series of determinations made

in the same way, except that the corn starch was replaced by

wheat starch, are recorded in Table II, and represented

graphically on Chart II.

TABLE IT.

THE VISCOSITY IN DEGREES RETARDATION OF DIFFERERT

CONCENTRATIONS OF WHEAT STARCH WITH INCREASING
TEMPERATURE AS MEASURED BY THE DOQLITTLE VISCOMETER
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Similar experiment.é were carried out for corn starch,
using the Ostwald viscometer in place of the Doolittle. The
results are recorded in Table III, in which the viseosity is
eéxpressed by .}.;'..,. obtained by dividing the time of f£flow for
the starch yasze by the time of flow for water. The results

are shown graphieally on Chart III.

TABLE III.

THE VISCOSITY OF DIFFERENT CONCENTRATIONS OF CORN STARCH
WITH INCRSASING TEMPERATURE AS NMSASURZED 3Y THE OSTWALD VISCOMETER

Grams
of
S'ggrci.x -{t;- at a Temperature of
* O
100 :
Co Cus - —
160 370 : 80 ; 85 :B7.5: 90 : 92 : 94 : 96 : 98 :99,5
1. : 3,03 1.2: Lo4: l.4: 1,63 1.8: 1,8: 1.8: 1.8: 2.1
145: 3.0: 1.3: 1o4: 1o4: 1o5: 1,6: 3e9: 2u2: 2.3: 251 2.6
2o : 1o1: 1421 1oB: 1.5: 1.8: 1.9: 3o4: 4423 6,31 7481 647
2e5: 149: B.1: Bu2: 246 BeB: BeB: 4eB: 604 7ad: Ta5: 7.6
Be : 245: 2,9% 2,9 4,1} 4.4: 4,7 6,8:10,9:16.1:16,2:15,9
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The effect of concentration of wheat starch on
viscosity was slso measured with the Ostwald viscometer.

The results are recorded in Table IV, and shown graphically

on Chart IV.

TABLE IV.

THE VISCOSITY OF DIFFERENT CONCENTRATIONS OF WHEAT STARCH
WITH INCREASING TEMPERATURE AS MEASURED BY
THE OSTWALD VISCOMETER

Grams

of H

Sgg?°h : %;-at a Temperature of

300 c.c;

£ 60 : 70 : 80 : 85 :87,6: 90 : 92 : 95 : 97 :99,5

Lo 3 1o1: 1013 1425 12: 1083 Lod: leod: 1.6: 1.6 1,6
o 3 1oB: Lo4: 143 145: 1,6: 1.7: 1.9: 2441 2.8: 2.9
Ba__: 2,03 2o3: 2483 B,0: Be2: Bo7: 5uB: 648: 8.7: 8.6
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A comparison of the resulis obtained by the different
instruments is somewhat>difficult, since the most csharacter-
istic results are obtained by using different concenbtrations.
The concentration which is most favorable for use in both
types is sbout three per cent. Iower concentrations do not
appreciably affect the readings on the Doolittle imstrument,
while higher concentrations become too viscous to be de-
termined by the Ostwald. A comparison of results must then
be more qualitative than guantitative in nature, and for
that reason there is no advantage in converting the readings
t0 absolute viscosity. The results obtalned with the
Doolittle viscometer are accordingly reported as degrees
retardation as read direatly, while those obtained with the
Ostwald viscometer are reported as relative viscosity, ob-
tained by dividing the time of flow for the starch suspension
by the time of flow for water ot the same temperature.

An examination of the results resorded in the Tables I,
II, I1I, and I¥, shows thalt the maximum viscosity is attained
at different'temperatures, depending upon the concentration

of starch used. The viscosity of suspensions of low con-

centrations at the temperature of boiling water is not greatly

different than that at room temperature, while suspension of

higher concehtratidns become too viscous to read as the
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temperature is increased. It is also evident that the
temperature at which the greatest increase ooccurs can not
be readily determined when suspensions of low soncentrations
are useda

The temperature of maximum viscosity obtained upon
heating suspensions of three grams of starch in 100 e.c. of
water is different for different instruments. For corn
starch, the Doolittle viscometer shows this maximum o be
950, The maximum with the Ostwald is 98°. TFor wheat starch
of the same concentration, the maximum yiscosity is at 959
with the Doolittle instrument, and at 97° with the Ostwald.
This difference may be bevause higher temperatures can be
reached more rapidly when the Ostwald viscometer is used.
This probably also accounts for the failure of the reédings
obtained by the use of the Doolittle viscometer to show the
"?all back" in viscosity, that is, the decrease in viscosity
after the maximum is reached. However, the decrease is
shown by measurements made by the latter instrument after
the paste has been allowed to stand a short time.

In addition Vo the determinations made using corn and
wheat starch, rice and potato starches were also used. These
different starches were used in order to determine whether or

not the differences in viscosity are due to the relative size
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of the starch gramles,

A comparison of the viscosities of the different
gstarches is made in Table V. Three grams of each starch
were suspended in 100 c.c. of water, and the determinationai
made at inereasing temperatures with the Ostwald viscometer._;

The results are shown graphically on Chart V.

TABLE V

A COMPARISOR OF THE VISCOSITIES OF DIFFERERT STARCHES OF THE
SAME CONCEFRTRATION AS MEASURED BY THE OSTIW
VISCOKETER

T,
Staroh% : i zﬁ af - ijierjtm?GSOf : H : b :

: 60 : 70 : 80 : 85 :87.5: 90 : 92 : 94 : 95 : 96 : 98 :99.5
Corn z.sg 2.9§ 3.9; 4.1§ 4.4.; 4.3; 5.5?10.9; 1 1:16.55:1 5.9
Wheat : 2.0: 2,32 2.8: 340 Be2: 3.7: 5432 : 6.8 : 8.7: 846
Rice 1.9§ z.sf 2.3- J1i B.1: 3.7i BuBi 9,0  :10. 230.98 111.0
Potato: 2.0f B.7:11.9121.01 125,41  :  ildedi 169 & By5

* Reading at 97°.
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In Pable V it is shown that the point of maximum
viscosity is reached at a much lower temperature for potato
starch than for the others, while rice starch requires the
highest temperature. A comparison of the tempersture of
maximum viscosity with the average diameter of the granules
is made in Table VI.

TABLE VI.
COMPARISON OF THE TEMPERATURE OF
MAXIMUM VISCOSITY WITH AVERAGE DIAMETER OF STARCH GRANULES

Variety of : Temperature ot Average viameter oI

Starch :Maximum Viscosity § Granules
Rice : 99,5 : 0,022 m. ma
Corn ; 98 i 0,03 m me
Wheat : 97 {  0.05 me m.
Potato : 90 : Oeld m. m,

The comparison made in Table VI. indicates that the
temperature of maximum viscosity varies with the size of
the granules, However, if this were the only factor, the
temperatures of maximum viscosity for the starchés of rice
and corn might be expected to fall closer to bthe same value.
That a very considerable decrease in viscosity occurs
for potato starch after having reached the maximum value, is

evident from Chart V., Rice shows the least decrease, while
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there is but little difference shown by wheat and corn starch.

Here again is indicated a relationship to the relative size

of the grains,

3. The Decrease in Viscosity of Starch Suspensions with
Continued Heating.

Attention has been called to the decrease in the viseosity
of starch suspensions afier the maximum value has been reached.
Phis decrease has been found to become more evident as the
heating is eontinued, and to vary with the rate at which fhe
suspension has been brought to the desired temperature.

Corn starchsuspensions of different concentrations were
heated quickly to the boiling point, transferred to the
Ostwald viscometer, and the first messurement made without
delays The time which elapsed from the beginning of the heat-
ing to the start of the first determination was about three
mimites. This eounld not be conitrolled exactly, hence the
values obtained were not always identiczl. However, the

curves obtained are of the same general type.

Table VII and Chart VI show how the viscosities of three
different concentrstiions of corn starch decrease when held at

the temperature of boiling water,

e e e et s 5 ey an e
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TABLE VII

DECREASE IN VISCOSITY OF SUSPENSIONS
OF CORN STARCH WITH CONTINUED HEATING

Thres minutes required to bring the suspensions to temper-

ature and stert the first determination. Readlings taken

at 99°.
Gramns: :
of t/%5,
Stareh:
in Heating contimied for
100 :
CeCe

wh

. 9%
e o8
aw 9

105 120
sMine ‘hlno

t15 : 30 ¢+ 45 : 60 : V5
L]

=
*

Mine :¥dine. .Hi.inc .Mln. :Min, :‘Mino 375‘!

¥ 3

5 : 10
e ?

Shjenr oa o5
0
3(3

oolor mo 00

w
: e
£ ]

8083 8.9: 8,9

0 .

16.0: 11.0 10 l 10.2 10.0. 9.0: 9.1: 8.7

£

e

l . L3 -
* L

A

1. 3 3.3: z.ea 2.5. 2.4 z.z 240 1u8: 1o6f 1u6: 1ebs 1o5
58, 4:55.5122,0: 17,810, 2: Gods 4,97 4e5: Lels B.0: 3.5

Be

To show that the decrease in viscosity is affected by
| the rate of heating the suspension, several suspemsions of
squal concentration of corn starch were prepared and brought

0 the desired temperature at different rates.
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Table VIII and Chart VII show that the rate of decrease
1s greater for the suspensions which were heated gquickly.
The table also shows that the suspensions which were heated
slowly fail to show as high a viscosity as thoss which were
heated raspidly. Further, the vissosity of the rapidly heated
suspensions decrease until less than the values obtained for

tuose whieh were healbed slowly.
TASLE VIII

EFFECT OF THE RATE OF HEATING ON TIE DECREASE IN VISCOSITY
OF CORN STARCH AS MBASURED WITH THE OSTWALD VISCOMETER

Readings taken at 999,

Tine ret: .
quired % /1;0
Eg gg,ﬁifj Heating continued for .

(24

30 : 45 : 60 : 75 : 90
o t¥in, 'Mln. tMine :Min, :Min,

. Gv

s o»
LA 2/

105: 120
Min, :¥Min,.

e 00

0 :
Min, :Mi

B o

®
ehine g
?s
®
=
[¢}}

i
E

sefse 00 op

—_

3 min, 52.4 53.3.22.9 1” 8 10.2- 604; 4:9‘ 4.5 401‘ 30?; Jeb
$3 min, 17 8: 17.5 16.7 15.7 13.5 10.3; 8.0 7 l 6.1' 5.7; 5¢D

15.4115.6:15. 115, :14. :ld. i1de : : :

ws osfes 20fue solos o0 eulre

ay e

76 min.

[ —
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A gomparison of the rates of decrease in the viseosity
of differeut varietioes of starch uvpon continued heating is
made in Table IX, Three grams each of corn, wheat, rice,
and potato starch were suspended in 100 o.¢. of water, heated
rapidly over a flame, and the viscositles determined ab the
temperature of boiling water. The potato starch was so
viseous that readings could not be made during the first
fifteen mimites, The results are represented graphieally by
Chart VIIL

TABLE IX
DECREASE IN VISCOSITY OF DIFFERENT STARCHES
OF THE SAME CONCENTRATION WITH CONTIRNUED HEAPTIRNG
Suapensions brought to temperature in three minutes., Readings

made st 999,

Variety:
ot y: t/to
Starch : Heating continued for .
© 0+ 5 :10:15:30 :45: 60 : 75 : 90 : 105: 120
:Min, :Min, .Min. .Min. .Min. :Min. :Min, :Min, :Min,: Min: Min,
Corn  :52.4: :55.3 22,9 1'7.8 10,25 6e4: 4.9 4.51 2.1: 3.9: 3.5
Wheat _:16.3: 15.:5 10.6- 7.6: 4.7- 4.7: 3.7 :5.5 B33 2.7: 247
Rice  :10.2: 6uls 4l 5..'72 B.1: 2.7 2.7 2.5 2.5- 2.5: 25
: : : : : F H s ¥
Potato : ¥ : * : * ; 260: 224: 208: 171~ 159 117' 111: 100

*Moo wviscous to read. **¥71 after 400 minutes.
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The data in Table IX show that the relative raté of
decorease is in the order: ?otato, corn, wheat, rice. The
order of the same starches according to the deorsasing
average size of the granules is: potato, wheat, corn, rice.
The rate of decrease for corn and Wheaf starch is the re-
verse of that expected from a consideration of the slze of
the granules,

To obtain a Purther comparison of the rate of decrease
in viscosity with continued heating, suspensions of the same
starches of the same concentration were brought slowly to the
temperature desired for the observations. The time required
| was forty-four minutes. The reéults of this series of

determinations are shown in Table X and Chart IX.

TABLE X

DECREASE IN VISCOSITY OF DIFFERTNT STARCHES
OF THE SAME CONCENTRATION WITH CONTINUED HEATING

Suspensions brought to temperature in forty-four minutes.

Readings made at 99%.

0
L 3 L4

121, 122.8: B.6: B.7: 2.91 2.9: 2.7i 2.7t 2.7+ 2,70 247

Varilety:
or s /%0
Stareh 3 Heau“nb gontinued foc -
T 0 B T 1D : 30 £ 45 : 60 : 75 : 90 : 105: 120
Min. :Min. :Mm., .Min. .Mln. (Mine .Mz.n. Iin. .Mm. 'Min. ¢ Min.
Corn 217.8 1?.3.16.7 $15,7 10.3~1o.2' 8 o- 7. 1. 6ol §.7. 5.5
Wheat : 7. 1. 7, a 7.5. 8.0. e.o 8. o. 7. e 8.1: 7.82 7.5: 7.5
Rice & 9.8: 20,6 11.0 11.6 $10.4: 1o 2. 9.6: 9.0: B.6: Buds 7.6

Potato

- e e



b Y
IIRRRREE ST SRR A

PO Py [P . [ Ll (Jl..l{.\f,r..\.\v..,v:.,1.\..\‘;. el b ¥ A s wim v mma e Tk ,....ﬁ.\.‘v,..:ﬁ.v.\,t AU‘ B

i

i
]
ES

d - % OO USRS SIS TP SIS B 2 b
ket it o Bt €42 o PR ..

!
1

-
3

3
o

stavch

cxn Stavch

neat Staveh
St a

£
2

P t C.t %

o

{
i
P I w

Y R

}:’f(i\(e

P Heated S

: H
W
2
i :
i
! :
i j
m. ;
!
i T
i M
i
H
:
i
i
i
] Tt

bt durs i ot ek

L

T e e ate e T e VB ke 10

ZUP

R

Tme

Py ./\,&\ ')"__

40




- 62 -

The order of decrease in viscosity for the slower rate
of heating as shown by Table X is: potato, corn, rice, wheat,
as compared to the order potato, corn, wheat, rice, obtained
when the suspensions were more rapidly heated.

The experimental work shows that there occurs a con-
siderable decrease in the viscosity of starch paates soon
after the maximum has been reacked. The rate of decrease
is shown to be greater when the rate of heating is rapid.
There also appears to be some relation between the average
gize of the granmales and the rate of decrease. fhis re-
lotionship is not marked, and is readily evident only in the

cage of a sonsiderable varistion in the average diameters.

4, Bffeoct of Added Reagents upon the Viseosity of
Starch Suspensions.

From thé disoussion of the results obtained in the
determination of the wviscosity of stareh in water, it is
evident that the determination of the effect of reagents
wonld be attended with difficulties. This ig true because
the viscosity of starch in water 1s affected by the concen-
tration, temperature, rate of heating, time of heating, and
mechanical trestment during the determination. In spite of
these difficulties, some knowledge of the effect of added
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substances may be gained, provided that all determinations
are made in the same menner.

The Doolittle visgometer was used in the stﬁdy of the
affect of added reagents, because of the greater convenience
in adding material after the determination of the viscosity
of the starch in water. The additions could be made without
appreciable change in starch concentration, because the
evaporation of water necessitated the additior of water or
off some solubion te kesp the volume constant. This pro-
gcedure was not found prectical with the Osbtwald, because of
the use of smaller volumes, and because the léss by evapora-
tion was small,

Phe effect of the additionm of some acids and alkalies
upon the decrease 1in viscosity is shown in Table XI. For
each determination six grams of corn starch were added to
200 c.ce of wmbter. The suspensions were then placed in a
boiling water bath, held there for thirty minubes, then
transferred to the viscometer cup, and the determinations
made &t once, 5 0.c. 0of the indiczated reagents were then
added, and the viscogity debtermined &% the noted intervals

of time,
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TABLE XI

THE EFFECT OF ACIDS AND ALKALIES ON THE DECREASE IN
VISCOSITY OF SUSPENSIONS OF CORN STARCH

Reagents
ad.d.e&; :
g G.c. 0f: Degrees Retardation after intervals of
o« 1N :
: o* : 3 : 13 : 23 : 33 i 43
: Min, : Min : Min. : Mig. : Min, : Min,
Water : 52 i1 S50 : 47 i : 37
CHzCOOR : 560 : 54 : 51 3 41 : 38 3 27
"E1 : 56 : 51 : 26 3 18 : 16 : 16
HpSOg : 6% : 51 : 28 : 18 : 16 : 16
HgPOg  : 47 : 46 : 25 : 18 : 17 : 16
KOH : 50 : 72 : 55 : 44 : 41 i1 3

*Reading taken before the addition of any reagent.

The preceding table shows that the addition of acids
causes a more rapld decrease in the viscosity of the starch
suspensions than that shown for water alone. The rate is
nearly the same¢ for hydrochloric, sulphuric, ard phosphoric
a ids, but is somewhat slower for acetic acide. The addition
of ﬁotassium hydroxide causes a marked increese in the viscosity,
which is followed by a decrease.

The effect of added salts upon the viscosity of corn

starch is shown in Table XII., It was found from preliminary
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determinations that the effect of salts added in as small
amounts as were the acids and alkalies was not appreciable,
hence the starch was suspended in salt solutions rather than

in water. To 200 c.c. of water the weight of salt required-

i o make the scluvtion one-half molar was added. To this six

grams of gtarch were added. The viscosity was then de-
termined at increasing temperatures.
TABLE XII

THE CHANGE IN VISCOSITY WITH CHANGE IN TEMPERATURE OF
SUSPENSIONS OF CORN STARCH IN SALT SOLUTIONS

ous- ¢

pension

of H Degrees Retardation at a Temperature of

Starch

in :
2 : : : ? : H 3 & 2 s ; :
: 40: 50: 52: 54 : 56 : B8 : 60 : 65: 70: VH:; 80: 85: 95
: s : : : : $ 3 : : : : : ‘

Ho0 @ 13: 14: : H : : 14 : 16: : 18;: 23: 29
: s : : : : : : : 3 : : $

| BaCl : 13: 13: : : : 12 ¢ 13: 13: 15: : 15: 24

NagSOz 10: 12: ¢ : :  :318: : _: 14: 13: 15: 16

: 12: 19: 48; 101: 138: 157: 154:120: 70: 49: 36: 29: 17

| g
W]
AV
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TABLE XIII

THE CHANGE IN VISCOSITY WITH CONTINUED HEATING OF SUSPENSIORS
, OF CORN STARCH IN SALT SOLUTIONS

Suspensions:
of Stareh : Degrees Retardation after heating for
in :
: 3 : s 3 :
: 30 : 45 : 55 : 656 : W : 8
: Min, : Min, : Min, ¢ Min, : Min., : Min,
: iIG $ : 3 :
BapgS04 : 39 : 83 : 102 :109 : 115 : 114
BagPOg  : 17 3 16 : 17 : 27 : :

The results shown in Table XII indicate that sodium
chloride has no appreciable effect upon the viscosity change
with an inorease of temperature. Sodium sulphate appears to
depress the viscosity, but an examination of Table XIII will
show that the effeet is rather one of retardatiom. Sodium
phosphate causes a considerable inerease in the viscosity,
and the maximum is reached at a much lower temperature than
with water alone. The maximum is followed by a regular de-
orease, the values soon becoming constant. The constant
readings are reached in less than thirty minutes as shown
in Table XIII, whereas with FapgS04, the maximum is not reached
until gfter heating for seventy-five minutes.

These determinations haveshown that the addition of aeids
to stareh paste causes & rapid decrease in the viscoslty of

the paste. Preliminary experiments in which more concentrated

g e o e 4 et chen x e o



aclds were used caused so rapid a decrease that the changes
could not be followed. The addition of an alkali has been
shown to cause an increase in viscosity. Other experiments
have shown that the presence of aslkalies lower the tempera-
ture of maximum viscosity.

The effest of the presence of salts upon the viscosity
of starch suspensions may be due in part to hydrolysis to
give an alkaline reaction, as it is evident from the tables

that the order in increasing effect is NaCl, NasS04, and
NaaP 04.

| Do The Formation of Starch Gels and the Syneresis of the Gels.
When o suspension of starch in water is heated, water

is taken up by the granules. This causes the granules to

swell and to disintegrate, and a paste is formed., When the

paste is allowed to cool, the whole mass sets to form a jelly-

like body. The gel so formed, when allowed to stand, may

separate into two phases; a clear layer of liquid is formed

~on the surface, ieaving a more concentrated gel behind, The

i liquid, when filtered and svaporated, is found to conbsain

some solid material. ©No doubt this is starch in true solubion,

| The phenomenon of the separation of a clear liquid from a gel

. 18 Xnown as syneresis,

gt # e i o e ke i3 ot rit e
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The study of gel formation and syneresis involves the
effect of concentration, rate of heating, amount of exposed
garface, variety of staroch, the time that the gels are
‘allowed to stand, and the effect of certain added subsiances.

Various concentrations of starch éuspensions were heated
over a free flame to the desired temperature, and the result-
ing pastes transfergyed to test tubes. Two sizes of tubes
were used so that the effest of exposed surface might bé do-
termined. The larger tubes averaged 2.2 ocm, in dilameter by
"18 om. in length, while the .smaller tubes varied from 1.2 to
1.5 em. in diameter by 17 omi in length: The smaller tubes
were graduated so that the volumes ¢ould be read directly.
The larger tubes were not graduated, so it was necessary to
remove the contents for measurement,

The tubes were used without any coating material, or
with a coating of wvaseline. Other substances, such as wax,
| paraffin and colloidion were found to be of no value as
saating material. The use of wvaseline was found to be bub
slightly beneficial, thus indicating that the‘starch gels
Go notv cling firmly 4o the walls of the tubes.

Some difficulty was experienced with mold growbth in the
tubes. This growth was prevented by the addition of smalll
amounts of toluene, and by storing the tubes at a temperature

i
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of -29, All tubes were tightly stoppered to prevent less
by evaporation.

Ag the‘proportiqn\of starch to water is increased,
more rigid gels are formed., When concentrations as low as
one or two peréent are used, the resulting gel is not com-
tinuouns, but there appear tc be formed separate clumps of
gels When concentrations of three percent or greater are
used, a continuouvs gel is formed. The higher concentrations
form gels more guickly when cooled than do the lower concen-
$rations.

That the amount of syneresis decreases as tﬁe coneen=
tration of the starch increases is shown by the resultis re-
corded in Tables XIV and XV. This decrease is seen to de
less marked for the gels made from potato starch than those

made from other varieties,




PABLE XIV

THE SYRERESIS OF STARCH GELS
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TABLE XV
THE SYNERES IS OF STARCH GELS
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The temperature to whisch the suspensions must be heated
g0 that gels will be formed wvaries with the kind of starch.
This was shown in the discussion of the gelation temperature.
As the temperature necessary in all cases was not far below
the boiling point of water, all of the starcech suspensions
were brought to this tempsrature.

Heither the rate of heating nor the time of heating
appear to effect the ridigity of the gels formed, nor is |
there any appreciable effeot upon the amount of syneresis,
This was shown by heating different concentrations of the
different varieties of starceh o0 the temperature of boiling
water at different rates, én& holding them at this temperature
Tor varying lengths of time,

That the surface area of the gel has an influence upon
the amount of syneresis is shown by a somparison of Tables
XIV and XV, When the larger tubes are used, the amount of
syneresis is greater. That this is not due to the larger
volume of the whole is shown by the percentage amount of
syneresis. This value is obtained by dividing the volume
of clear liquid by the whole volume.

The amount of syneresis is glso shown to be different
for different varieties of starch. A comparison of Tableé

XIV and XV shows that corn starch exhibits somewhat the
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greatest amount of symeresis, then potato, wheat, and rice.
Corn and potato starches show very nearly the same values,
while wheat and rice starch have much the same values, both
being much less than for the first {two. '

That syneresis is s progressive phenomenon is shown by
a comparison of the amounts of liquid expressed by the gels
after standing for fifteen days with the amounts expressed
after twenty days. In all tubes in which any appreciable
amount of syneresis was shown, some liquid was separated at
the end of one day. The amount shown Ineresses rapidly for
a few days, and then the rate of increase becomes slow.
Syneresis has been found to be practically complete, in
most cases, at the end of fifteen or twenty days, although
there is a slight increase after that time. Tubes allowed
to stand one hundred twenty days gave values which in nearly
every case were the same as those at the end of a Pifty day
period.

. The addition of dilute acids to the suspensions of
starch in water was found to prevent the formation of gels,
and to convert the pastes into clear, non viscous liquids.
The addition of alkalies in as small amounts as from 0.1 to
0¢5 cecs of 0415 F to 50 c.ca of the paste was found to
greatly reduce the rigidity of the gels formed. When larger

7 g g e e e i an




amounts were added, there resulted a very wviscous fluid,
but gels were not formed.

To sbtudy the effect of other added substances upon the
syneresis of starch gels, a series of suspensions of corn
starch was prepared by the addition of four grams of the
starch to 100 c.c. of water, together with the weight of
the salt used such as required to make the salt concentration
one-half molar. These suspensions were heated to the boiling
point over a free flame, transferred to large test tubes,
which were stoppered and stored at -2°,

Table IVI shows the effeot of the salts upon the
syneresis of the gels.




- 75 -

TABLE XVI
THE SYNERESIS OF CORN STARCH GELS IN THE PRESENCE OF SALTS
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Table XVI shows that the acetate, sulphate, and
oxalate ions have caused a large increase in the amount
of syneresis of the gels. That the effect is largely due
to the anion is apparent, sinee sodium and ammonium Sul-
phates produce nearly the same effeot, The metals with
the valence of three or four prevented the formation of
gels. All of the other salits used, appear to either prevent
or retard syneresis.

That the results obtained on the formation of starch
gels and syneresis can not c¢laim to be quantitafive is
obvious, since of the difficulty in controlling the factors,
which have been pointed out, which influence the results.
However, the resulis may be considered to be qualitative,
since the observalbions made in different dsterminatiomspoint
toward the same conclusions.

The experimental work has shown that the amount of
syneresis is greater in gels of low councentrations; 1t is
not appreciably affected by the rate or time of hsating the
gstarch suspension; i% is dircetly proportional tc the sur-
face area of the gel; 1t is different for different varieties
of starch; it 1s dependent upon the age of the gel; and it is
increaée&‘or decreagsed by certain added substance. That there

is no direct relationship between the average diameter of the
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original starch granules and the amount of syneresis has also
been shown.

That there is a relationship between the amount of
syneresis and the viscosily of the starch pastes is evident,
since the viscosity has been shown to inorease greatly with
but 1ittle inorease in concentration. Syneresis has been
shown to decrease with the inerease in concentration, the de-

erease being considerable for slight inorease in concentration.
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IIl. DISCUSSION

Certain investigators believe that the flow of starch
pastes is plastic rather than visoous, 3s has been shown
in the literature review. Whether or not this is trus,
nearly all of the workers in this field agree that the
viscometrio measurements are of value since they indioate
that certain changes are taking place in the system.

The nature of the changes which take place when starch
is beated in water is noit fully understood, although many
explanations have been attempted. From the obsefvations
made during the course of this work, and from the study of
other investigations, are derived the explanations attempted
here.,

The increase in viscosity with the rise in temperature
may be considered as due to the imbibition of water by the
sterch granules, followed by the bursting of the grains and
congequent dispersion of the material of which the granules
are composed. The dispersed material presents a surface |
ares which is greater than that of the original granules.
The newly formed aggregates of starch molecules may be con-
gidered as each having a f£ilm of water about them, The
ageregates then tend to coalesce, and thus may be formed

g e o e e



relatively small particles of gel, in which the surface
£ilm 6f water of szoch aggregate is inocluded, as well as
other enclosed water. These aggregates must be held to-
gether tightly, as they are not free to flow. Continuous
gels are then formed by the gradual aggregation of these
gel particles, until a continuous gel is formed, which is
so viscous thalt there is no flow, e

The decrease in viseoslty after the maximum value is
attained must then be considered to be due to the bresking
of the bonds which hold the gel particles together. When
the bonds are broken, the gel particles are free to move
and enter into new combinabtions. This permits the enclosed
weter to escape, or the zel exhibibs syneresis. The hresking
of the bonds also lowers the viscosity, so the deerease in
viscosity and syneresis may be considered to be due to the
game cause., When the gel particles recombine, less water will
be ocduded; the result is that a more concentrated gel is
formed, while the excess ligquid separates from the gel.

The bonds whieh hold the starch aggregates together may
be broken by mechanical agitation, such as results when the
paste is stirred, or by the‘agitation that results upon re-
peaﬂed determim tions of the viscositye. |

It has been shown that starch granules which are large
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give pastes of greater visecosity than do the smaller granules,.
The large surface area of the individual granules may permit
a more ready imbibition of water, and thus lead to a greater
degree of dispersion.

Pastes in which the starch concentiration is low lead %o
the formation of gels in which the aggregates are but loosely
bound, and in which a relatively large smounts of liguid are
enclosed. The bonds are easily broken, and the aggregates
tend Yo recombine in closer unijon to form more coneentrated
gels, This rearrangement results in the separaéion of con-
siderable amounts of liwuid, snd explains why gels of low

econcentration show the grestest amount of syneresis.




1.

Qe

Ge

4.

Oe

-81-

IV. CONCTUSIONS

The tempersture of maximum viscosity of starch pastes
varies with the size of the granules.

The viscosity of starch pastes increases greatly with
comparatively little Increase in the concentration of
the starch.

The amount of syneresis of starch gels becomes less asg
the concentration of the starch increases.

The more viscous a paste of any variety of starch, the
less is the gyneresis of the gel formed from that paste.
The rate of the syneresis of starch gels may be

hagstened or retarded by the addition of cerdtain re-

agentse.
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V. SUMMARY

Microscopic examination has shown bthat the swelling of
starch in water is affected by the size of the granules and
the rate of heating. Gelatinization temperatures can not be
satisfactorly measured by microscopie methods, nor c¢an the
temperature be accurately determined by the firmness of the
gels formed from the pastes,

The Ostwald type of viscometer was found best suited
for most of the visceometric worke The viscosity is shown
to be dependent upon the temperature, rate of héating, time
of heating, concentration, and variety of starch or the
average dlameter of the starch granules, |

The decrease in viscosity whieh occurs after the maximum
value is reached is shown o be influenced by the concentra-
tion of the starch, the variety of stareh, and the rate of
heating the suspension.

Acids were found to cause a rapid decrease in the vis~
cosity of starch pastes. The addition of alkalies caused an
increase, followed by a decrease. Salts that hydrolyze to
glve an alkaline reaction have much the same effect upon vis-
cosity as the alkalies.,

The syneresis of gels is shown to become less as the

goncentration of the starch increases, or as the paste from




which the gel 1s formed becomes more viscous. The amount of
syneresis is shown to increase with increassed surface and with
the agé of the gel. Certaln salts are shown to either retard |
or hasten syneresis, the most marked effect being due to the

presence of acetates, sulphates, and oxalates.
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