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IFTRODUCTION

The statement, "The safest plan is te buy always a standard
brand of staroh which has been proved by long experience to suit the
requiremsats of the industry,” made by one authority (1) ‘ypiﬂn
fairly well the status of knowledge oonocrnllu the applicability of
starches in the paper industiry. This condition prevails im spite of
the fact that starch has deen used im paper llﬁ'« 3500 B.0. (2).

The reasons for the use of nhreh: uv'upor are manifold. It
serves such concrete purposes as 1nori’nin¢ the strength, folding en~
durance, and erasadility of the sheet (1, &), improving the formation,
finish, and printing qualities of the sheet, imcreasing the retention
of mineral fillers, layiag fuss, and substituting for bdeating in cases
of ht;ciouoy of beating cspacity. In addition, starch is used to im-
prove such adstract, senserial properties as foel.'vubno. and stiff-
ness (1).

The methods of applieoation of the starch are as diverss as
She purposes for which 4t h intended. It may be 1ncorpontod in the
papu- -t almost any -tm in the Wnﬂuﬂu prooon from th- bntor-
to the oalender qﬁaﬁ.’il iin the mly ‘part of “the 'buuna eyclo’. in t!u ”
later part, in the lmiu chest, in the hesdbox, on the t;n. in the
size tubs or presses, or in-the calender nﬁcr’ Boxes. The opinions
which have Deen emoirically dorvt;‘ad conceraing the: #roper |§ocies.
tyves, and grades of starch to be used in each methnd of application

are equally divergent.
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Formerly the general practice was to use %“thick-boil ing*
starches in the bester, whereas "thin-boiling® starches were used for
the other methods of amoplication (5). Thick-boiling starch is native
starch as isolated from its source and may bde added dry, swollea by
cooking but not substantially disintegrated, or doiled before use (l).
Thin-voiling starches are usually prepared in the paper mill by nild
acid or ensysatic hydrolysis (§) of native starch to produce a starch

of lower viscosity.

¥ithin the last few years, however, numerous modified starch
products particularly adapted to the paper industry have been developed
(6, 1, §). They are produced by treating native starch with hydrogen
peroxide, alkﬁliﬁo‘or alkal ine earth metsl veroxides, alkaline hypo-
chlorttcn. acids, and entymes. Although the application of Shese
products has, for the most part, bdeen decidedly beneficial, they have
been develoved largely empirically, bdecause of the lack of knowledge
concerning the true fundsmentsl mature of starch; and each grade of
starch is made specifically for the conditions oiloting in the mill to

whioh it is delivered (§).

For over a century numerous scientists have interested them-
selves in the physical, orgamic, and ocolloidal chemistry of starch.
Their results, as recorded in the scientific literature, are profuse
and controverlial, if not garrulous, leading one contemporary authority
() to remark, "The literature is replete with misleading, confusing
statements, and half truths." However, in spite of the uaze of con-
flicting data and a few persistent altercations, a fairly clear con-

ception of the fumdsamental nature of starch has been evolved.
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Until very recently little has been dome to make the art of
papernaking amenable to these prolific concepts. The industry gemer-
ally has deen laggard i adepting new starches and starch products
and has Deen satisfied to select those for its consumption by emoirical
machine trials which, although the ultimate criterion, are costly and

reVardative to further development.

The purpose of this study was %o n;rfoct some techanigque for
the testing of starch which oould be apolied to the selection of the
proper species, type, and grede of starch for a particular use: to the
obnorvation'pf the changes caused by coéking the starch; and to the de-
teraination of the optimum conditioms for cooking the starch for s par-
ticular use in order to obtain the asximum amount of bensfit from its

In this work, the tol‘i under consideration were aorlied
mainly to different species of starch rather than to Jifferent modifi-
cations of the same snecies since it was delieved that any test which
gave concordant results yifh starches of such widely divergent origins
would apply at lcdat_cquplly well to vaéiqtionsijghtn the same species.
lofuover. the iinrchet'ioloctod--tapibca. corn, bota\é. snd sveet po-
tato--have, for the most part, been widely uaod>1n the i{ndustry and
their:chezecteristics have been gstadl ished by loag experisnce. These
charnetertlticl nsy be susmarized (3, &, 10) as follows: Tavjoca
starch is strongly adhesive and oroduces a narked increase in strength
and folding endurance. I£ is not especially effective in increasing
the stiffness or rattle. Oormstarch has rather poor adhesive proper-

ties and is much inferior to %apioca in its effect on strength and
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folding endurance. It gives a stiffer sheet with more rattle than
tapioca. Its low cest has oromoted its widespread use in the United
States. Potato starch is strongly adhesive and its other proverties
are similsr to those of taploca. Its value as a foodstuff and the
fact that it retains a strong taste and odor of potatoes have pre-
vented its extensive use in thx§ ocountry. Svgct potato starch has
only recently been made available for commercial consumption (11, 12)
dut, based on seaicommercisl runs, it is stated (R) to be comparadle
to tapioca and corn starches wlth.ronpoct %0 -tran;th.bopacity. and

degree of sizing.

In carrying out the work a modified consistoneter test, simi-
1ar to thst which has been abstractly reported by Caesar (13, 1k), was
aade o8 the series of starches in order to odtain information about
thniffzrunulo structure and their gelatiniszation, rupturing, and dis-
persion characteristics. ¥ith this information, the colleidal disper-
sion of the starch througheut the cooking p§§coss was followed Wy the
soap-starch viscosity (15, 16) in order to determine the sone of maxi-
-ﬁi colloidality (1. The assumntion was made that the starch was in
its optimum condition for use at this point (18). The validity of this
assumption wes tested by means of hﬁquhnotn containing starch cooked
under the optimum conditions found. On the assumotion that the ad-
hesive effect of starch and, hence, the properties which i% imparts to
paper, are due to the formation of films around the fiders (3, 10. 1)
and that the stremgth of such films, in the same manner as films and
filenents prevared from celluloss (20, 21), is dependent on the mo-~

iocnlnr weight, the relative molecular weights of the starches were
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deterained by means of thelr viscosities in sinc chloride solution

using the relation derived by Staudinger and Heusr (22).
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RISTORICAL RNVIRW

Kirchoff's classical discovery in 1811 that acid hydrolysis
of starch converted it to glucose started the scientific investigation
and elucidation of the fundamental structure of starch. Since that
tise, this prizary observation has been confirmed and augnented by
numerous investigators by euch methods as thermal devolymerization
(23), hydrolysis of starcﬁ.dquvativo§ $23). and enzymatic hydrolynltv
(25) wntix, at pr;:h-t;f1:'1s\prosdb£;rtho only definitely estadlished

and generally accepted fact in starch chemistry.

Although glucoss is the ultimate »roduct of hydrolysis,
carefully controlled hydrolysis (g§) or sveocific enzymatic action (25)
results in saccharides of two or more gluoose units leading to a vari-
ance in opinions concerning the complexity of the starch loloculu.‘
There are two general schools of thought on this subject. The first
school (27-29) has contended that a polymerising unit of defimite consti-
tution and of relatively low molecular weight undergoes molecular as-
sociation by means of residuasl or auxiliary valencies and that, when
the associated vroduct or polymer is subjected to hydrolysis under
proper conditions, it may revert te the original nolymerising unit.
The second school (30-33) has exnressed the belief that the bdasic hex-
ose units are united by means of ordinary.priiary valencies and that
scission of the pelysaccharide to simoler compoumds involves the sever-

ance of a primary valency link and its union with another grouping.

There is 1ittle unanimity, however, among the memders of the

two schools. Of the first group, some investigators (3h-36) have
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contended that the molecule is nod 2 polysaccharide but a stromgly
ageregated glucose snhydride. Pringsheim snd his collaborators (11.
33)., from the fact that the action of Bacillus magerans on starch re-
sults in di-, tri-, tetre-, hexe-, and octssmyloses, have suggested
that the molecule consiste of dasic units polymerited to different
degrees and held togzether by sudsidiary valencies. ‘However, Karrer
(39-31) bas nointed out that these cowpounds are all slosely relzted
to maltose and he has assumed that the basic unite of the starch mcle-
cule sre maltose anhydride residues, which are held together dy second-

ary valendas donds,

As 2 result of methylation studies (24, 26) and the fact
that the emsyme meltase hydrolyzss starch to maltose {25}, the adher-
ents of the second school of théught are agreed that conjugated maltose
units comprise the starch molecule. CQntroierly. however, arises eon-
oerning the mode of linkage snd the nusber of residues in the moleocular

chain,

Host investigstors ssem to be convinced that the analtose
residues are polymerized through a~linksges. This conclusion is
reached not by oconorete svidence but by inferences which tend to in-
dicate that the B-linkage is not possidle. Thus, the extreme diffi-
culty of completely nothylntinc stsreh (24). to the trimethyl cowpound

as conpar'd with the easp with whiech eolluloto i connlotely nethylated,

s alcribed to steric hinderance. Sinoe cellulose is adeittedly o

straight-chain polymer conteining S~linkages, it is assumed that starch
containe &-linkages sand thet the molgoule is not in the fors of a

straight chain. In determining the moleculnr weight of starch by his
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viscosity metiod, Staudinger (42) found that the comstant ia his equa-
tion was ten times ns large for cellulose as for starch comSaining the
same number of glucose unite in the chain. Since his formula (22)
‘indicated thet the viscosity varies with the length of the rodlike
nolecules, he assumed that in the starch molecule the glucose units
are earranged helically rather than in a straight chain in order to ac-
coamodate them in a-lhortot molecule. Such an arrangesent would ne-
coesitate apllgkagoa between the unite if Iekulo's.ooncoption of ai-
f'ctional valence donds is adhered to. Mleyer and Mark (11) vostulated
a '1¢~|u; urfana.-;nt of the units which would likewise necesesitate
an a-linkage. In contrast to these views, Ling and Nanji (&1) con-~
tended that starch contains both a~ and A-linkages. This contention is
based on the observation that freshly vrecipitated dlastass hydrolyses
anylose t0 maltose, wherers it hydrolyzes amylopectin to & hexatriose

which they regard as afi-hexasmylose.

Teo wethods have baen employed to determine the number of
glucose units in the molecular chain: the determination of end groups
(44-46) and the determination of viscosity (22, k2, 48-50). The end-
' ‘group method consists of sxhaustively methylating the starch, hydro-
lysing the methylated product, and determining gqusntitatively the
smount of tetramethylglucose which is formed from groups o§ the end of
"the chain. Objections to the method are raised bdecause of the aiffi-

culties encountered in methylation, which has already deen pointed
out, and because of the possidility of runturing the molecular chain.
The viscosity method consists of determining the viscosity increase

caused by low concentrations of the material in a suitadle solvent.
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The molecular weight is determined at sero concentration, using suitabdle
mathesatical relations (31), in order to avoid associatiom of the mole-
cules. The constant in StandinGQr's equation must de determined by
using compounds of kmown, relatively low molecular weight. The princi-
pal objeations to this method are the difficulty in obtainming truly
monomolecular dispersions and the doudbiful wvalidity of the assumption
that the constant remains the same over suwoh a larco'rlnga of molecular

weights.

The values for chain length and molecular weight found dy
the two methods sre far from coacordant, even in the order of magni-
tule. Haworth and his co-workers (uli-li7), ueing the end-group method,
found a ocbain length of 24 to 30 gluoose units, corresponding to s
- molecular weight of 5000 to 6000. Staudinger (42), using the viseosity

sethod, found values ten times as large as these for similsr products.

" In regard to the gross structure of starch, two theories
concerning the formation and finsl structure of the granule were formu-
1ated early in the development of starch chemistry and have deen dan-
A1ed dack and forth since then. In 1858 Higeli proposed the theory
that starch granmules are formed in the amylovlastide of the plant by
a process of intussusception--that is, growth from the osutside imward--
the outer layer bdeing older and less hydrated. He assumed that the
granules were built up of orimary orystalline unite of molecular aggre-
gates which he called “micelles.” The micelles were rounded or oval
in shape 2nd arranged according to certain symmetrical patterns. He
differentiated tvo materials im the gramule: the outer layer, which

is insoluble in water and which he described as not bBeing colored by



iodine, he called starch cellulose and the inner material, which is

readily soluble in water and gives a clear blue coloration with iodine,

he called granulose.

In 1895 Keyer proposed the trichite theory of granule for-
mation. According to this theory, the granules are formed as sphero-
crystals by apoosition. They are believed $o be built up of orystal-
line dendritic units (trichites) whioch consist alternately of the two
nein coastituents of starch. The more resistant oonstituent he called
segmylose, the less resistant, f-smylose. The water in the granule is
distriduted bDetween the trichites dut the atttribnftonltt not unifors
radially. Some of the conceatric layers are more hydrated and, hence,
less dense than others, causing a difference in refractivity which is

apparent 2s well-defined concemtric stristions in some starches.

Afser its proposal the trichite theory of Meyer held pre-
cedence until quite recently, when the theory cfvligoll was confirsed
by the vork of Hanson and Eats (52, 53) and Sjostrom (54). These
investigators found that they could nroduce a swelling of the starch
granuls by a mild treatment with acids and solutions of electrolytes.
After such a treatment the wholé starch granule can bs seen micro-
scopically to be made up of regularly ordered wits of 0.3 %0 1.0
micron 1ying in radial and taigonttal layers. The units are orebadly
aade uo of amylose (55), the amylovectin surrounding them as a net-
work. Ho indication of the trichite structure reported by Meyer was

found.
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The orystalline structure of the starch granule has deen con-
firmed by x-ray enalysis (33, 58, §1). Moreover, it has been found
that the x-ray diagram for sll native starches f2lls in one of tio
Lroups, the rice group or the potato group., The 4iffraction pattern
is the same for both groups dut the intensities of the various rings
~ are somewhat different in the two cases. The reason for this differ-
ence is not clear but ie considered to be due to slight vhysical or

chenical differences causing nonuniformities in the structure.

The alleged two components of starch, amylose (R-asmylose,
granulose) and smylopectin (a-amylose, starch cellulose), have been ex~
tensively 1nvest1¢atod‘and reported in the litaratﬁre. The nuneroutv
in;ontigators have aligned themselves into two dodies of ovinion. The
first group premises that starch is composed of two definite, chemi-
cally distinct constituents, amylose and amylopectin. The second
group contends that the greanule is comoosed of a single chemical en-
tity which becomes soluble to a grester or lesser extent through hy-

dration.

The two materials, anylose and amylopectin, have, oresunsbly.v
been leparited by various methods devending on their wsolubility in
water: by confrifuging (58, 59), by ultracentrifuging (£Q), by freer-
ing th; dispersions (§1), by electrodecantation (§2-67), by ultra-
filtration (§§;i§§). and by orecipitation with such reegents as alco-
hal, acetons. and sszontacal basic 1ead ucatatc'(ﬁi;lj). There is
no agreevent in the relative orovortions of the two constituents found

by these various methods (7h) since, for potato starch alone, the
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proportions of amylopectin reported in the litersture vary between

2 per cent and 23 per cent. Taylor and lddles (75), who attempted to
obtain comvlete solution of all the amylose by using ammoniwm thio-
cyanate to disperse the granules, reported the lowest value for amylo-
pectin (2 per cent). They used bdoth ultrafiltration and electrodialysis
n?thod- and found close agrecuent betvesn the results obtained by each
method. Ling and Nanji (43) claimed to have established an slmost oon-
stant ratio of 2:1 between the amylose and amylopectin of numerous
starches, using eight different methods of separation. Samec anmd
Hoefft (26, I1) reported that the nroportions im votato starch were

17 per cent amylose and &3 per cent amylopectin. - Taylor and Beckmann
(I8) stated that there are st least two. fairly well-defined constitu-
‘onii in the starch granule; thoyvaceouﬁxod for the diffornnoe:iin the
ratio of amylose to amylopectin Dy a comsideration of She physical
condition of the vaste froa which tﬁqy are seperated. vAltbarg (13),
likevise, has shqtn that, when pastes of high viscosity are separated,
the amount of amylovectin is high, whereas limpid pastes of the same
concentration give a lov value. It is believed By these investigators
Shat th; ratio is independent of the method of trestment provided nil

the granules are ruptured.

A difference in the chemical behavior has also been noted
by Reich and Damanski (§0). The amylopectin was found to give a di-

ncetate on acetylation, whersas the smylose gave a triacetate.

Harrison (8]) contradicted the generally accepted theory of
the dual structure cf the starch granule dy stating that there is no

truly soludle starch in the granule and that the outer vortion is not
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chemically different fros the inamer portion. FHes stated that the starch
granulee are comdored of one aubstanc? in different physicsl stetes of

hydration or of aggregation of the molecules.

This view seems logical to many investigators since the
characteristic propnerties of starch anpear to be occesioned by the
oresence of a-glucosidic linkages which vrevent the formation of long,
straight molecules. Starch contains macromolecules which, owing %o
their particular conformation, possess nronounced facilities for ag-
gregation and interlocking. The phenomenon of tough, water-resistant
shells is probadbly caused by a closer packing of the molecules in the
outside layers of the granmule with a corrgqpondingly greater resistance
to hydration and subsequent dispersion. Aaylonectin, then, 1s assumed
to consist essentially of aggregates of these interlocked macromolecules
which, in the presence of water, undergo hydratiom with the formation
of n.-lcollar structure such as has been advocated recently by Xarrer
(82) and Staudinger (43) for starch solutions. Om the other hand, a
relatively loose packing, or state of aggregation, of the molecules in
the interior of the granule would account for the ready dispersion od-
served. In amylose solutioas there is found a less interlocked and
more heavily hydrated condition of the macromolacules. Om this view,
there should exist s continuous rangs of products with properties

intermediate detween those of smylose and amylopectin.

Support for this view is afforded by the observation (47, IU)
that nerfectly clear amylose solutions, which have dean separsted from
'aaylopoctin by dltrafiltratioh; undergo a orodess of retrogradstion by

asgocistion and interlocking of the molecules. The solution turas
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cloudy and eventually amylopectin material separates. It would seem
(78)., then, that a starch paste consists of an equilibrius mixture of
more or less hydrated forms of the one sudstance and the discrevancy
in the ratio of insoluble to soluble portions can be explained as a
shifting of the equilibrium point caused dy the 1npole§ conditions.
Cassar (3) has stated that merely retrograded starch is often mistaken
for amylopectin and that it is not at all unlikely that there may de

0o such chemical entity as amylopectia.

As additionsl support of this view, Karrer and Krauss (59,
§2) separsted amylose and ssylopectin from a boiled starch paste by
contrirnging. The ssylopectin separation could be repeated several

times and a yield of dlylo!e obtained each tinme.

In contrast to the view propoani i;lneiethud Damanski (§0Q)
that the tws constituentd behaved differenmtly chemieslly, Haworth,
ﬁirlt. and ¥ebd (4B) reported that under suitadle, mild conditions
starppnxagctcd«chcﬁicpllyjas thoﬁgh it consisted entirely of amylose.
The difference which Reich and Damanski reported may be attridutadle

t0 steriec hinderance.

The resistance to disversion exhibited dy certain portions
of the starch granule may be caused by the presence of nonamylaceous,
noncarbohydrate constituents {3, §3), the existence of which is re-
vesled by the fact that they contain such fnorganic substances as |
phosphorus, nitrogen, calcium, magnesius, end iron. These constitu-
ents are considered by some to be merely extreneous imvurities de-

posited in the gramule during its formatioa. FHowever, it hes been
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generally accepted that they are associated with the starch molscule in

S0me MANDNSY.

Of these substances, the nature and distribation of phos-
phorus has received most attention. Samec (85, 77, S4-31) has shown
i guite conclusively that the starch gramales are not homogeneous and
shat the phosvhorus is associsted, for the most part, with the saylo-
pectin. Further, he has considered it to de in the form of an amylo-~
phosvhoric acid, since the decrense in viscosity and cataphoresis and
the increase in solubility, osmotic pressure, and activity when starch
solutions are heated or nllowed to stand could be accounted for only by
hydrolyeis with the liberntion of free chosphoric acid from a compound
of this type. Sherman and Baker (32) have also confirmed this view.
Karrer (59, 81), however, found practically as much phosphorus in the
anylose as in the maylopectin in the case of votato starch and more in
the case of tapiocs. Hirst and his co-workers (i]) slso demonstrated
that these views were not entirely satisfactory, becavse Shey were
able to sepsarate a soludle anylose fraction which retained the same
percentage of phosphorus as the amylonectin and the original starch.
Both investigators fouand that the amylopectin differs comnletely in
solubility and naste-forming oroverties from the saylose, and they con-
cluded that there is no relation between the phosvhorus content and

the pasting vroperties.

Borthrup and Helson (93) found that little or no frse phos-
phoric acld was libofated under the conditions descrided by Samac nor
was 1% removed by exsraction with dilute acid, either in the form of

free vhosohoric acid or in comdination. On the ocontrary, it was found
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noce-uéry to heat fof several hours with 10 per cent ncid te liberate
a1l the phosphorus as free phosphoric acid. They, therefore, believed
that the phospchorus is chemically comdined in the starch granules in
some sore resiestant foram th#n a-iiophosphoric acid, such as an ester.
They were able to isolate a phosphoric acid ester to prove their con~

tention.

Fsdty acids ars also found in relatively large amounts in
sone starches; they are particularly characteristic of the cereal
starches, such as cornstarch. Their presence is indicated By the fact
that on hydrolysis with aqueous acids a residue, which contains vel-
mitic, oleic, and linolic scide (), is left. Schoch (3%) reported
thet the acids were distributed throughout the granules as an extrane-
ous impurity. That these acids are not.extrnnoouo 1-p9r1tiot is shown
by the fact that~thoy persist in nonextractadle form after ronovai of
the protein and aftcr orolonged extractggi vifh fat solvents and are
rqcéfirﬁ\quonby ‘!tbfh’en§ hwd§6iyti¢ }fe&iiqht (!i)y Taylor and
1dd1es (75) found that they bvoro not distriduted throughout She granule
but were almost quaniitgttvqu in the an:lop;ctin. Taylor and %ernts
(25)? also shoved the existence of bound fatty acids in corn amylopestin
and considered thesm to be responsibdle for the electrical charge on the
colloidal particles. The manner in which these fatty acids are Yound
to the carbohydrate is a aatter of speculstion. Taylor and Eelson (96)
found that the fatty material was principally palmitic acid but that
there was also an umsaturated substance of unkmown structure. They re-
vorted that the valmitic acid was apvarently attached directly to the

unsatursted comvonent and indirectly to the carbohydrste. Taylor and
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jernts (95) suggested that the fatty acid may be bound to the carbo-
hydrate through 11pidlike linkages. Lehrman (37) suggested that the

fatty acid may be present as an adsorvtion comolex with the carbo-

hydrate.

Hitrogenous substances, presumsbly in the form of vrotein,
have often been found to a considerable oxtent in anyloooctin. Koets
(2_. 99) showed that the protoln and an;iophosnhortc scid mey form a
goascervate by mutusl attraction due to oovosition in the charge om the
particles. “hen such complexes are dimpersed in pure amylose solution,
they increase ﬁho viscosity and be$av¢ ineh the same as natural amylo-

pectin gel fragments.

Such substances as calcius, magnesium, iron, and silicie
acid are found in traces in starch, orincinslly in the amylovectin.
Ssmec (77) has revorted that the silicic acid 1s present in at least
vartial esterification. Ling and Hanji (43, 100) postulated the pres-
ence of a calcium, magnesiua, and iron sslt of a silicic and phos-

phoric mcid ester of amylose forming an “amylo-hemicellulose" (10},

102).

Starch, if heated sbove a certein temverature in the nres-
ence of water or treated with sufficiently concentrated solutions of
certein electrolytes, forms a paste. As with most phases of starch
chemistry, several opinions are prevalent concerning the mechanisa of
formation and the nature of such pastes. One is thet the gresnules
swvell dbut do mot, ordinsrily, disintegrste. Another is that the

granules swell and disintegrate to yield a colloidal solution. There
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is, of course, the intermediate view that a part of the gramules are
ruptured forming colloidal solutions, while the more resistant gramules

remain svollen to vnryi;g.degroeng

Alsberg (79) is probably the most ardent suoporter of the

~ first view. He ropofted“ﬁhat mo3t starches swell but, even on con-
tinued doiling, do not disintegrate. The viscosity of the swollen
starch suspension is for the greatest part the result of touching and
jostling of the swollen granules against each other. Boiled starch
forms a paste only when the ratio of starch to water is so chosen

that the swollen granules occupy most of the volume of the system.

#hen warm, the granules are easily deformabdle and much less elastic.

It is possidle that the granule surfaces are sticky, favoring aggluti-
pation. The role of smylopectin is merely the preservation of the sus-
nensoid character of the boiled starch. Its removal or depolymeri-
gation destroys the ability of the granule to remain intact when swollen

by heat.

According to the second view, the viscosity of a starch
paste is due to the colloidally dissolved substance and the settiing of
the system is ordinary gel formation. This theory has, in general,
been disproved (13), although it has been found (10) that on long-
continued VYolling the granules are thoroughly disintegrated and this

state is approached.
64; SETES posie e
The composite theo yhil the most widely accepted. According
to this view, when the starch is heated in water the granules swell and

burst. W¥hen the more resistant outer shell breaks, the inner amylose
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exudes andlfornn 2 colloidsl solution, whereas the fragments of the
sholl'&éliiint:c and iéoomo suspended in the solution. The viscosity
of such a systez is due to the numder of swollen, but not ruptured,
granul es and‘tho nunber and degree of gelatinisation of the shell frag-
monts, The shells of the granules aie fragile and dresk reedily under
gechanical treatment (103) with e resulting decrease in viscosity. |
Yory severe and long-continued impacts may finally destroy a large part
of the cells and roducolthe vaste td an agegregate of clumps of micelles.
Complete dissociation, usually accomvsnied Dy some hydrolytic sclssion,
yields extremely low viscosities followed Dy 1ittle or no rethickening

or associstion on cooling.

The process of gelatinization, or swelling, is dependent on
s softening of the rigid structure by moist heat. It vrodably con-
sists of a forecing apart of the groups of the glucose chains, with the
relief of internsl stress as revealed by the disappearance of direfrin-
‘genoe. and the eo;oequont swelling of the gramile. The temperature at
which gelatinization occurs is more or lees specific for each species
of starch but varies slightly depending on the source and method of

treatment.

The resistance of the so-celled amylopectin vortion is de-
lieved by soms (Q, 13, 43, 45, 8l) to de due to the tight interlocking
of the molecular chains, which 1is possible because of their helical or
gig-sag structure, preventing the access of water. Others (1) delieve
that the resistance to disversion nay be attribufod to the presence of
the nonaaylaceous constituents which are suvbposed to be hydrovhobie in

pature.
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.The presence of crystalloids, even in low concenirations,
bas been found (84) to have a pronounced effect, not only on the swell-
ability of starch granules, but s2lso on the temperature at which ge-
latinization occurs. The effect on the temperature of gelatinization
of salts, acids, bases, and nonelectrolytes is in accordance with
the Mofmeister series. Whether the teaperature is raised or lowered
is essentieclly determined in the case of salts by the anion, the cat-

ion having much less influence.

Some users incorporate starch in the vaper by introducing
it into the bester in the matural state, either dry or in the form of
e slurry, on the assusption (1, 104) that the benefit derived from its
use depends on its distridution throughout the stock dy the mechanicsal
agitetion and its penetrstion into the interstices of the finished
sheet. During the passage of the moist sheet over the drier rolls the
water attains s pufficiently high temvnerature to cause the granules to
swell. Some of the grenules burst and the inner part of the granule

is extruded, thus cementing the fibers together.

Most users, however, believe that the value of the starch
lies in the formation of a thin film around the fiders and particles
of filler acting as an adhesive to cement them together (18, 10W). On‘
this assumption, the more closely the starch avoroaches a true oclloidal
dispersion the greater will be the benefits derived. For this reason,

well-cooked oF “soluble” starch is used.

Although both starch and cellulose normally are negatively

charged in an agueous medium (1§). starch is adsoried to some extent

DR SN
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by the cellulose dus to 1‘: surface sctivity. Thix is explained by
Alexander (105) by the fact that, although 2 particle as a whole may
be negatively charged, it usually has a high degree of surface speci-
ficity involving a "checker-board* of plus and minus areas. Conse-
guently, particles of the line'grosa charge or of the same net charge
may readily adhere, provﬁdad'oppouitely charged areas come Into con-

tact.

" However, slum and rosin size are invarinbly added to the fur-
nish in the manufacture of papers which contain starch. The plua is
hydrolysed with the formation of colloidel alumina which normally has
a positive charge. This may either cause 2 neutralisation of the
charge on the starch, resulting in mutusl precipitation of the alumina

fﬁimd starch on the cellulose, or it may acf as an “electrastatic cement®
by adsorptiom on the cellulose to give, in effect, a positive fiber
surface to which the negative starch may adhere. The addition of rosin
size onhonces this effect, since ths alum favors hydrolysis of the

rosin soap to0 yield alkali which, in turn, forms alumina.



EXPERIMRNTAL PROCEDURE

Description of Starghes Used

The starches used in this study included comnercial grades
of tapioca starch, cornstsrch, votato starch, and sweet notato starch.
Sp§c1fica11y. these were:

Royal Tapioca Starch-~the highest grade of tapiocs

starch, from Stein, Hall ¥fg. Co.

Supsrior Tanioca Starch--a somewhat lower grade
of starch, from Stein, Hall Mfg. Co.

Lion AAA Tapioca FMour--a starch suvvosedly oom-
parable to Royal Teploce Starch, from
®. 8. Cramer & Co.. Inc.

Cornstarch--a high-grade cornstarch, from Stein,
H‘ll uf‘. Coe.

Potato Starch--a high-grade imported starch,
fres Stein, Hell Nfg. Ce. ;

Sweet Potato Starch--a ssmple of commersial
starch packaged for foodstuff purposes,
from the Laurel Starch Plant, Laurel,
‘Missiesippi.

In addition td these commercial starches, several samples
of oarnstarch which were orepared in the ladoratories of the lowa
State College of Agriculture were obtained. These were descrided by
Hixon (}Q8) as follows:

Black's Yellow Dent--a starch similar te average

: comnercial cornstarch. It was inecluded
to show that a ssmple prepared in their

laboratory equipment compares favorabdbly
with ordinary commercial cornstarch.
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Vaxy Maise-~a starch which gelatiniszes at the same
tenversture as ordinary cornstarch and
has a higher viscosity dut a lower ri-
gidity. It resemdles tapioca starch in
some respects. It differs from most
starches in that it gives a brown color
with iodine rather than a dlue.

dandan White Plour Starch--a large-granule starch
of high visoosity and high rigidity.

¥inn. Hybrld Jap Popcora Starch--a small-granule
starch of only moderats viscosity but
with the highest rigidity of all saaples
Sested,
The viscosity and rigidity measurements wvere made on these

starohes by the lowa Agricultural Experiment Station and are reported

in the literature by Brimhall and Hizon (107).
t . . ts

.Tho consistometer technicue for testing the consistency
changog which tnki place during the cooking of starch developed by
Casear (1}, 1B) gives very distinctive mnd characteristic consistency-
temvsrature curves for each type of starci and was considered worthy
of further inve:tigation-aqd.‘1f‘po|sib}c. adsgptation to. the prodiea.
Coesar verbally dbacribed'fhis‘sﬂpa?atnl as con.isiin& 6! an sleoctri-
cally heated, jacketed cooker im which the power imput to a motor
actusting & stirring sechanism at constant speed against the friction

of & starch paste is recorded as a function of temverature.

Since this descrivtion was inadecuste to revroduce the appa-
ratus, an indevendent conception of the consistometer was necessery.

After seversl trials the design adovted was as follows (Figure 1): The
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Consistometer--Arrangement of Pronellers and Fins
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cooking container was msde from a piace of wrought-iron pipe (3-inch
nominal dismeter) by nachining the outside down to smoothnees, then
turning out the inside until the walls were as thin as fensible (in-

' side diameter, 3-1/8 inches) in order to obtein as good heat conduo-
tivity as pDossidle. It was found in prelisinary cooks that, after the
"gelatinization temperasure was rassed, the starch in close rroximity
to the container became mors fluid and the eatire body of starch tended
to rotate gp ma33e, pPreventing thorough agitation and redusing the
transfer of heat. To prevent this helical fiﬁt weres olaced on the
ingide of the container im such a way as to cause a down-dr:ft in the
starch as it was vhirled in the container. These fins were 3/8-inch
drep and wers so mounted that they gave a drop of 15 degrees around
the veriphery of the container. PTwo fins with 1-1/2 revolutions each
sround the container were used. The bottom of the container was made

of 1/8-inch sheet iron soldered to the oylinder.

In order to avoid evaporstion of y;ter fron tﬁe atarch‘paite
during cooking, a condeuser for the top of the container was made
from e short viece of 3I-inch pipe. The bottom of the eondensef was
turned down to make & rather close mortise fit with the too of the oon-
tainer cylinder. Top and bottom were piocol.of 1/8-inch plate soldered
to the pine. 3mall pieces of 3/8-inch and 1/U-inch pipe were soldered
through the condenesr for the stirrer shaft and thermometer, respec-

sively.

The agitetor consisted of seven two-bladed propellers mounted
on the shaft. 7The dlades were set at 45 degrees, and the oronellers

wers stagzzered on the shaft in such s mapner as to give the meximum
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up-4draft to the starch. The whole avparatus was so mounted that it
could readily bde taken apart for cleaning and returned with the agi-

tator and container in the saze relative position.

A oonstsnt sveed of stirring was necess=ry, not only for
power messurement dut nlso for duplication of the disruoting effect of
agitation on the swollen starch granules. For this purpose a uni-
versally wound motor operating on Qiroct current was used. The spered
‘was controlled manually, using a neon duld opersting om 60-cycle al-
ternating current and a stroboscone dlisk with twenty-four equidistant
radial lines to give a speed of 300 revolutions per minute. Power

measurenents were nade with a voltneter and an ammeter.

Eiéting was aceomplished by vlacing the container ia a water
bath. This consisted of » four-liter bemker well insulated with ae-
bestos angvheattd by a 1200-watt alociric hotplate with a gcontrolladble -
heating element. By this means the temverature could be raised uni-
foraly at almoet any desired rate. The water in the bath was kept in
violent motion by an electric stirrer in order to increase the rate of
‘heat trensfer to the starch and to keep the temverature differential
between the starch and the bath at a minimum. This insured a unifora

and gradual rise in the toupornturd of the starch.

The various starches were cooked in the consistometer at a
concentration of 15‘por cent. Heating was started at room temverature
and was contisued at such a rate that the starch reached a temoersture
of 956 C. in three hours. During ﬁ£1l time fhc iﬁaed wes held constant

at 300 r.o.m. and voltage'and current resdings were tzven at freocuent



~27-

temperature intervals, particularly in the gelstiniszation range. The
vower consumotion was calculated and vlotted graphically to obtain the

consistency~temperature curve.
Soap=-5

In order that the results of this series of soap-starch vis-
cosity experiments would correspond with those of the consistouneter
experiments, it was considsred esvential that the starch be cooked in
the same manner to obtain the ssme degree of dispersion. For this
reason, the starch was cooked st 15 per cent concentrrtion in the con-
sistometer, under the same conditions which obtained in orevious runs,
and samples were withirawn at regular temper-ture intervals after the
maximum found in the pdrevious runs had been reached. The temperature
was raised to 96° O. and held there for fifty minutes. Ssmples were
taker 2t ten-minute intervsls sfter 96° was rogched. becauce this

corresponded quite closely to the time .interval for samoling bYelow 96°.

cﬁnsigcr;blc Qitficuity.vai experienced in completely dis-
nersing the thick starch paste at the much lover congentration selected
for%tho viqgooity doternina;ionludue to the fact that, on cobling
slightly, thé thiak ltu?ch set to a stiff naste which resisted all ef-
forts to disperse it. This was overcome dy using warm water for di-
lution. To sccomplish this, 30 cc. of water were vut into each of a
numbder of 50-cc. volumetric flasks. These wers tightly stoppered,

weizhed, and put in o water bnth st 60° Ce

Seampling was done, without interruoting the stirring, dy

neans of s roughly calibrated glass tude inserted through the thermometer
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opening. The tube wes waraed scmewhat Defore insertioa inte the starch
~in order to avoid congelation of the starch on the inner surface. The
starch wvas introduced imto the volumetric flasks by forcing it from

the pipet with a close-fitting rudder plunger.

The flasks were stonpered immediately after the sddition of
the starch, shaken vigorously to disperse the starch, and allowed %o
cool. The liounl of starch introduced was detersined by weighing She
| tlasin, and the aligquot pars, after dilution to 50 cc., to be withdrawn
for further dilution $o the coacentration chosen for viscosity measure-
nents was caloulated. Teo samples, 0of the calculated volume, wers
withdrawn--one for the starch viscosity, the other for the soap-starch
viscosity. ?hn‘starch sanple vas dilnzoanto 0.5 per cent. Iith the
lo¢p~mtaréh»sy|ton;./}?-égpucén‘_dg‘qiq;olyeq sodiun sleate (on the
weight of starch) was added bPefore the final d4ilution; this was found

by Hesld (16) %o be the optimus concentration.

Viscosities were determined at a oonooitration of 0.5 per
cent and s temperature of 30° C., using an Ostwald viscosimeter. Be-
fore determining the viscosity, the tube contaiming the starch was al-
lowed to remain in the water dath at 30° C. for forty-five minutes to
" reach constant temperature. In most cases the average of several values
was taken but, in the cass of certaim of the soap-starch systems,
thixzotropy or some similar phencmenon was apparent and only one or

two valuss could be odtained.

The increase in reletive viscosity caused Dy the addéition of
soap was calculated and plotted gravhically to determine the poims of

saxinum oolloidality.
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Preparation and Testing of Handsheetls
In order to verify the assumption that the starch is in 1%s

optimum conditicnm for use when the soav-starch viscosity is at its

paxinum, a series of handsheete was made for each spesies of siareh.

A high-grade dleached sulfite pulp obtained in the form of
dry laps was selected for making the handsheets. As previously men-
tioned, the sdhesive properties of starch are froqu;utly used as a
:oubctttuto for beating to dond the fibers together. It was delieved,
" therefore, that the effect of starch addition would be most pronounced
with stock which had been "*hydrated” as 1ittle as possidle during
beating. To obtain good formation, however, some beating was neces-
'sary. In order to aocomplish this, the pulp was prepered for use by
proceesing it for twenty minutes in a 1.5-1b. laboratory beater at a
fairly low consistemey (approximately one per cent) and with 8500
gf:au on the bedplate lever. After beating, the pulp was drained,
pressed to n‘éonsi:toncy of approximately 25 per cent (ovendry basis),

vicked apart, end placed in an airtight container. The ovendry oon~

tent was then determined socurately.

Five sets of sheets were prepared for each species of starch.
Two sets contained starch cooked to temperatures below the opiiin-.
ons at the optimum temperature, and‘two adove the optimum. The temper-
atures chosen for each species were as followa! Royal Tapioca stareh,
84, 86, 88, 90, and 92° C.; cormstarch, 89, 91, 93, 95, and 5 minutes
at 96° C.: potate starch, 94, 96, 10 sinutes at 96, 20 minutes at 96,

and 30 minutes st 96° C.; sweet potato starch, 96, 10 minutes at 96,
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20 minutes at 96, 30 mimutes at 96, and 4O mimutes at 96° C. In order
to duplicate commercial practice as clo:oli as Bossidle, rosin size

R}

and alum were slso used in the sheets.

In jrapnrtn; the.stock. the nroper amount of wet pulp to
give & nominal basis weight of 4O pounds (24x36--500) was weighed out.
This wa‘tdaluthA to'th‘ proﬁor~volh§o. 4 per cent of starch on the
basis of the fidber wae added immediately, and the mixture vigorously
stirred for ten minutes with a Lightnin' aixer. Three per cent of
rosin size, containing 50 per cent free rosin, was then added and, after
another five minmutes' stirring, 6 per cemt of alum was sdded. The pH
of the stock was thea adjusted to 5.1 to 5.3 with dilute sulfurie
acid. After the final adjustment 6! the pH, the stirring was contimued
for fifteen minutes to permit setting of the starch and size bYefore

starting to make sheets.

The sheets were made on a Velley sheet mold. Before intro-
ducing the stock, the water in the deckle box was ad justed t§ a pH of
5.1 to 5.3 by the addition of dilute sulfuric acid. All sheets wore
given as nearly as possible the sawe idrainage time and vere couched on
new bdlotters. They were vressed at 100 1b./sq. in. for oms minute and

dried on the blotters at 220 to 230° F. for eight minutes.

The handsheets ware conditioned at 65 per cent relative hu~
»idity and 70° P. for at least six hours before running the physical
tasts. The tests made were selected to give an indication of the in-
proveaent in fiber-fider bonding owing to the adhenive nroverties of
the starch. They included basis weight, bursting strength, fold, and

tensile strength.
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Basts“volght was determined dy yoighihg the five sheets to-
Qho nearest mili*grai‘an an'gn51f£ihal'balénc;ugnd:convertlng to a
ream of 24x36--500, |

‘ The }urst%ig strength was determined with a Perkins Mullen
tester. TAPPI Standard Method T k031 m (Institute ﬁothnd 510) was fol-
loved except that fifteen dursts were uadq for each set. The average
of %hese resulte was calculated to points per hundred neunds Desis

weight.

The tensile strength was determined with the Schonmer tensile
tester according to TAPPI Stendard Method T UOW m (Institute ¥ethod 511),

The aversge of the results was calculated ¢o breakiagllength in meters.

:Thn folding strength was determined with the Schopner folding

tester according to TAPPFI Siandard Method T 423 m (Institute iethod
513) .
Deterni nﬁ;“ of Belative Moleculsr Peights

The viscosity method ot Stnﬁﬂingor wae selectad ‘o determine
the ralative molegular weight of the various starches. Iﬁ order to do
this, it vas‘fir-i necesssry to find 2 solvent which would dissolve the
- starches ;n their granule form without the {mposition of drestic con-.
ditions which mizht rupturge the moelscule. After 1nventigat1§¢ sevaral
materials whieh reputedly disszolve starch, a 50 per cent szinc chloride
colutiﬁn was selected as the solveat. Lower conceatrations were found

to dissolve the starch satisfactorily butvon standing they formed a

white, coiloidal or flocculent vrecipitate, prodadbly of zinc hydroxide.
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The use of this method to determine relative molecular weight
of a substance requires the determination of the relative viscosity of
solutions of the substance at several concentrations, et s¢ low a renge
as is consistent with acouracy, so that the value at seroe concentration
can be determined by extrapolation. The valuss selected for each of
these series were 0.01, 0.02, 0.04, 0.07, and 0.10 gram of starch per

100 »l. of 50 per cent sginc chloride solution.

To priparo the starch solutions, the starch samples wers
weighed %0 the nearest 0.00005 of a gram directly into small, thor-
oughly dried emd tared volumetric flasks. The flasks were filled to
the mark with 50 per cent zine chloride solution, a few small glass
beads were added, and the filled flasks were placed in a tusdling de-
vice which was famersed in a watsr bath st 30° C. Agitation was con-
-tinued for three hours, this time VYeing selected bDecause microscopis
investigation with G_ark-fiold illumination indicated that solution wase

comvlete in all cases after thrae hours.

The viséositiou were detnrrmined with a modified Ostwald vis-
cosinater in o water vath held at s noainal temperature of 30° C. A
very olose regulstion of the temperaturs was imperstive since the dif-
ferences to De measured were small and the viscosities of the solutions
were found to be very sensitive to even slight variations in the
temperature. A modified Dekhotinsky bimetallic thermoregulator, with
doudble contact points, working into a two-way relay wes used for coo-
trolling the temperaturs. ?y polishing the bearings end contact points
“of the regulator to = high degres, proverly aoﬁfrulliné"ého rat;"of

heating of the electrical element, and adjusting the rate and manner
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of circulation of the water in the bsth it was poseible to reduce the
sone of hunting to ¥ 0,002° C. as indicated by a Beckman thermometer.

This variation caused no detectable difference in the viscosity meas-

urenents.

The averngei of several values, which agreed within one-
tenth of a second, for the time of outflow of the sinc chloride solu-
tion and the starch sclutions were used in calculating the relntive

viscosities.
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PURSEBPATIOR OF DATA

Before discussing the results obtained, the terminology em-
ployed in describing the changes taking place in a starch paste should
de clarified in order to avoid confusion. "Celatinization” is the |
initial swelling, or Yballooning,” of the granules. *Disintegration’
is the rupturing of the granule, releasing the soludble iuner part and
leaving fragments of the granule shell. “Dispersion” is the bhylieal
effect on the micellsr aggregstes tending towsrd true colloidal 4is~
persion. "Degradstion®" 1s the chemical effect on the starch, usually

in the form of hydrolytic scission reducing the sise of the molecule.

in evaluating the resulis of the consistometer exveriments
it would be well to have some conception of the properties of the
starch which the appsaratus messures. Caesar (13, 14) employed the
consistency-temperaturs curves moroly’as s maans of characterizing
the starches by means of their pasting nroperties without postulating
any view conceraning the funiasental physicel or chemical properties of
She starches imvolved. JBrimhall anmd Eixon (107) state that this re-
sistance to violent mechanical agitation et high concentrations.is a
composite measurement of rtgldit;.‘viscosity. plasticity, and tbix—
otropy. However, it should be dorme in mind that the action of the
cohnloiouotqr onfpas;cs of the concentrptton.eﬁploypd 1a‘occ§;&pned
primarily by the severe isternal shearing stre ses resulting from the
violent agitation. If it 1c_assuueq.that ¢ paste prepsred from un-
trezted starch is a het?rogeneous mixture 6! 'iollén granul es in vari-

ous degrees of swelling, then the resistance, particulsrly at the
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goiﬁtiﬁi:‘éion ioﬁﬁQ;at;ro.ult caused by frigtiéh botv;cn tiouc DAL~
ticles. The grindinc action results in the disintegration and dis-
persion of the ¢ranu1e|:bhiéi,;in;tgrn.=aocroisoi the resistance to
agitation. At higher temperatures, after most of the gfannlol have
been disintegrated, the consistency may be attriduted t§ gel forxation
and any further decrease in the resisiance to agitation nay ﬁo con-
sidered to be due to further disvereion of the starch tending toward
‘& true colloidal dispersion or to¢ partiel hydrolysis of the starch

. tending toward a true sclution of lower molecular weight compounds.

| ~ The results of the consistometer experiments on the starches
of 4ifferent species are presented graphically in Figure 2. The power
reguired for ttlrfing a 15 per cent paste, w%ich nay be taken as a
ssasurs of the comsistency, has inon plotted as & function of the
Semperature of the paste. In order to demonstrate the variations oo~
curring within a single species of starch, tho.oontistoncyatanporaturo
curves for a series of tapicca starches are presented in Figure 3 and
for a series of cormstarches in Figure 4. Consideradle inforsation
eoncerning the nature of the starch granules as well as their vasting

proverties may be obtaiiod from these curves.

The curves of Figure 2 show a wide variation in both the
magnitude and the position of thé maxima for the ditterent species.
Since the consistency as measured at the lower temperatures is pri-
marily influenced by the friction detween the o‘arah gramules and is

dependent on their size, it is apoerent from the low temperature at
which gelatinization ocours and the height of the peak consistency

that Roysl Tapioca starch granules are not only extrenely sensitive to
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Consistometer Curves of the Different
Species of Starch
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Figure 3

Consistometer Curves of the Different
Tapioca Starches
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Figure U4

Consistometer Curves of the Different
Cornstarches
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swelling but also have a very oronounced swelling capacity. ZThe ab-
ruptness with which the curve rises to the maximum is indicative of a
uniformity of swelling characteristics of the individual granules, ge-
latinization for the most pert eccurring in a very narrow temperature
range. The resistance of the granule shells to disintegration until
maxinum swelling is attained is s=lso indicated by the linearity of the
rise. The rapid drop in the curve indicates that, once completely ge-
<‘1at1nilod. the granules eare quite fragile and disinto;réto resdily.
Since the shell fragaents are wuch smaller sud the voluse ocounied by
‘ sblla'bartfclbi is much i-aller. the rositfadéc‘to agltatfon"dﬁcreﬁ-éi

correspoidingly.

Phe cui;e for'eofnstarch. on';ho otﬁci hand, shows quite
different characteristics. The more gradual rise to meximum is indieca-
tive of a monmuniformity in the eaze with which the granules swell on
heating, whereas the infleotion of the cﬁrie nay de taken as an indi-
_cation of the fragility of the gelatinized granules and of their dis-
integration on e constantly iacreasing scele. The following picture
of the pasting of cormstarch is presented. At about 65° G. the less
resistant granules degin to gelatinize, thus increasing the consist-
ency. As the temperature is raised, more of the resistant granules
are gelatinized and incresse the consistency. AtAtho sane time the
less resistant, gelatinised granules sare being disintegreted and dis-
persed at an increasing rate. At the tempernture corresponding to the
pesk in the curve, the inorease in consistency due to further gelati-
nisation is nullified by the disintegzration of the swollen granules.

Because of the fragility of the gelatinized granules, the naxisum
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eonolotonqunttaiiod by cornstarch is not mearly so high as that of
Royal Tapioca starch. At temperatures higher than that corresvonding
to the uaxinuﬁ. the effect of disintegzration predominntes, although the
characteristic saddle-shape of the curve may de nt@ribueed %o the de-~
layed gelatinization of the smaller, more resistant granules bolatofing
the consistency and to some extent offsetiting the thinning effect of
dillntograflou of the granules. These views are also confirmed by

microscopic exsmination.

The consistency-tempersture curve for votato starch indicates
propor‘iea very similar to those of Royal Tapioca starch with the same
umtforﬁlty of gelatinization and the same fragility of the granules
after g;latininatton. Potato starch granules. however, are much more
susceptidle 1o swelling and heve a greater distensidility and re-
sistence to disintezration than those of Royal Taplocs starch as shown

by the height of the maxima.

Sweet potato starch showe pasting characteristice inter-
mediate between those of tapioea and potato starches on one hand and.
cornstarch on tkhe other. The granules are fairly uniform, giving a
rapid rise in the curve due to gelatiniszation. However, the &istensi-
bility of the zranules, although greater than that of cornstarch
granules, is not as great as that of the taploce starch granules and
the height of the maximum is correspondingly intermedinte in wvslue.
The fragility of the gelatinized granules is indicated dy the inflec-
tion of the curve before maximum, as well ss the rapid drop in con-

sistency after the maximum was reached. The slight eaddle-shape of
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the curve may be attributed to tho delayesd gtlat1nttntion"of the more

resistant granules.

The curves for the series of taploca starches (Pigure 3) and
the series of cornstarches (Figure 1) serve to show the variations
which are common in awiingie species of stateh. The tapiocca starches
show & marked variation, not only in the temperature at which gelatini-
sation occurs but also im the consistency rosulilng from gelatinisation
due, vossibly, to differonéon in their sources and growing conditions.
In the cornstarches, which are known to be genetically different, the

same variastion i{s apparent.

A oonsideration of the fundamentsl structure of the starch
granule and the properties which the consistometer measures led to the
oplnionlihnt these coneistency-temperature curves, snd especially the
magnitude of the peak consistency, should give a good indiecation of
their properties in use. The height of the‘pesk is determined es-
sentially by the swelling capacity and the durability of the granule
as a whole. This, in turn, is determined dy the sirength of the granule
‘shell and its resistance not only to the mechanical notion but also to
the severe interaal pressure occmsioned by swelling. If the miceller
theory of granule structure is accepted, the shell may be considered
as a film of starch micelles surrounding the granule. The strength of
this film, then, is the determining factor in the swelling caoacity,
and, hence, the height of the peak in the curves, of the various
starches. %hen starch is used in paper, regardless of the manner in
which it is employed, its principal effect is the donding together of

the fibers dy the adhesion of films of starch surrounding them. Since
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its properties in use are 2lsc determined by the strength of the starch -
film, there should Ve a good correlation between the strength imparted
to 2 sheet by a starch and the height of the peak in the consistency-

temperature curve, provided the starch is utilized to dest advantage.

The prodlem, therefore, is to determine how to utilize the
starch to the best advantage. The consistency-tsuperature curves give
little information concernming the further dispersion or degradation of
the etarches except that the gradual downward trend indicates that the
pastes are approaching true colloidal dispersions or true solutions.
A% temperatures approaching the boilin; point, dispersion and possibly
degradation increase and thg consistency of all the pastes decome
practically the same. Since the starch added to a papermaking furnish
becomas affixed to the fiders and particles through colloidsl forces,
either by direct attraction or throﬁgh colloldal_alunina acting as an
electrostatic cement, it is apparent that the starch should bde pre-
pjred in as naearly a true colloidal dispersion as possidle. The con-
sistonetor gives 11ttle information concerning this state in the cook-

1n¢‘procodnro.

Trom this viewpoint it can De secen that, to utilize starch
to the greatest possible extent, the bhypothetically perfect cooking
procedure would be one which would result in disintegration and com-
Plete dispersion of all the starch granules without filaion of the
starch molecules. Due té the nénunifornity of the starch granules,
this, of course, is not possible becanse the less resistant granules

are disintegrated and disparsed in $he early part of the eook, and -
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degredotion has started before the more resistant granules have dis-
integrated, or ever gelatinited in some cmses. At some temperature
Yetween the point of maximum swelling and comnlete degradstion of the
starch molecule thers should be a point at which the starch is at its
meaximum degree of oplloidal dispersion, or a "zona of maximum colloid-
Ality.* The starch would be in its optimum condition for use at this

point.

¥hen a soap solution 1s added to starch, the soap aicelles
are attracted by, and become bound to, the colloidal starch particles
present formimg a coascarvate with them. They are attracted very
Aia§t1o. 1!»at all, by the nondisﬁeruod starch gramules or by thoﬂaglup
‘Wle molecules resalting frém the fission Gf the starch molecules. The
net result i{s an increase im viscosity of the mixture over that of the
starch alone becsuse of the formation of ths coascervate. The point
in the cooking procedure ai which tho,uoap--tareh‘viseocity is 2 maxi-
mum should, then, Be the "sone of maximum colloidality,” 2nd the point

at which the starch is in its optimum oondition for use.

The sterch snd soan-starch viscosities, as well as the in-
creass in viscosity cau-e4 by the addition of soap, of the different
svecies of starch st regular intervals throughout their cooking »ro+
cedure are tabulated in Tadles I to IV. The increase in viscoeity is

represented graphicelly es a funection of temnerature and time of cook-

ing ia Mgure 5.

From these dnta it can Ve seen that the viscosity of the

starch itself gives only slight indicetion of the changes taking nlace
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TABLE I

RELATIVE VISCOSITIES OF ROYAL TAPIOCA STARCH

(Concentration, 0.5 per cent starch; temperature, 30° c.)

CGooking Temperaturs Relative Viscosity

0. - min. Starch Soap-Starch Incresse
68 1.4 2.46 1.02
12 1.47 2.92 1.45
76 1.63 .68 2.05
80 1.69 .32 2.63
g 1.77 4,66 2.89
88 1.78 k.70 2.92
92 1.78 4.28 2.20
96 1.77 4,22 2.45
gg - 10 1.77 h.17 2.40

- 20 1.52 .7 2.1
96 - 1-22 3.16 2-“3
96 - 1.77 4.16 2.39
96 - 50 1.7% 4.0% 2.3

TABLE 1I
RELATIVE VISCOSITIES OF CORNSTARCH

(Goneontro,tton.- 0.5 per cent starch; temperature, }O° c.)

Cooking Tempersture Belatsive Viscosity

°C. - min. Starch Soap-Starch Increase
18 1.13 1.22 0.09
81 1.15 1.26 0.11
& 1.17 1.36 0.19
87 1.25 1.82 0.57
90 1.36 2.2% 0.89
93 1.48 2.78 1.30
96 1.43 2.4k 1.01
36 -5 1.43 2.19 0.76
96 - 10 1.13 1.34 0.21
96 - 20 1.58 2.52 1.1k
96 - eg 1.45 2.60 1.15

36 - 1.38 2.56 1.18
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TABRLE 111
RELATIVE VISCOSITIXS OF POTATO STARCH

{ Concentration, 0.5 per cent starch; tempersture, 30° 0.)

Cooking Teaperature Relative Viscosity .
°¢. - min. S8tarch Soap-Starch Increase
68 1.h5 1.73 0.28
12 , 1.66 2.17 0.51 .
16 1.69 2.43 0.74
80 1.80 2.65 0.8
8k 2.10 3.03 0.93
88 2.25 3.25 1.00
92 2.38 341 1.03
96 2.50 3.71 1.2
96 - 10 2.63 4,05 1.42
96 - 20 2.7% 3.73 0.98
96‘ 2076 5073 0.97
96 - 2.69 3.72 1.03
96 - 50 2.57 3.70 1.13

TARLE 1V

RRLATIVE VISCOSITIES OF SUWERET POTATC STARCH

(Concentration, 0.5 per cent starch; temperature, 30° C.)

Cooking Tempsrature ‘ Relative Viscosity

0C. - min. Starch 8oap-Starch Inorease
18 1.30 1.62 o.aa
81 1.3 1.76 - 0.h3
& , . 1.3 : 1.85 _ Q.N9
871 . . ' ) 1.38 ~ ko985 .. -7 0.5
90 ' 1. 39 2.05 ’ 0. 6
93 ’ 1.43% 2.15 0.72
96 1.45 2.22 0.77
96 - 20 | 1.4 2,43 0.98
96 - 30 1.8 2.37 0.89
96 - 4o 1.48 2.42 0.9%

96 - 50 1.50 2.h3 0.93



[\
.
(@]

Relative Viscosity Increase
o v
o \n

0.5

46—
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Increase in Viscosity of the Different Species
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on cooking, dut these slight changes are greatly accentuated dy the
addition of soap. At the lower temperstures, when the sterch is gelati-
nized bhut not appreciadbly disintegrated, the inereass in viscosity on
the sddition of soep is only moderate but as disintegration continues,
as 1ndica§od by the decreass in consistency, the loap«stgrch viscosity
vtncreaso- rapidly to a certain noint as a result 6f colloidsl die-
persion. Inmn all probadility, degradation is also taking place but, at
temperatures below those corresponding to the maximum in the ooap-'
starch viscosity curve, the 1n¢r¢§-o in dispersion predominates. The
renson for the minima observed, particularly im the casee of cornstarch
'anﬁ tapicaaéntarch but élno iﬁ the cénecbof potaéb starch and -Qoet
potato starch, is not apparent. It was noticed, however, that the
aanploi in the regilen of fhoso n&ﬁl;n.'ihoﬁijilusod to 0.5 per cent,
were prone to form a flocculent precipitate which settled leaving a
clear supernatant liquid if allowed to stand for aﬁy sporeciable length
- of time. This was especially noticeadle in the case of cornsfarch.

In any event, however, the initial maxims may be taken as the points

of maximum colloidality and starches cooked to this point, as well as

either side of it, were incorporated in handsheets for physical test-

1“0

In the prcpafh(lon of these handsheets, the variadles to be
evalusted were the species of starch and the temperature of cooking
the ifareh. AS many as possible of the other variables were either
controlled or eliminated by duplication of technigus. The degree of
agitation, the amounts of size and alum, and the tize during which the

materials were in contact wers all held constant throughout and the pH
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was adjusted within narrow 1imits for each batch in order to eliminate,

as far es poesibla, the varisble of retention.

The stremgth charscteristics of the handsheets are compiled
in Table V and plotted graphically in FPigures 6 to 3. The results of
the tensile test have been calculated to dreaking length in meters to
account torbvariations in the dasis weight of the handsheets. In
calculatiigvtho values for bursting strength, the vressure necessary
to distend the dinphrﬁgn of the tester was deducted from the observed
values. Suck a procedure gives a better conception of the increamse in
strength caused by'tho addition of the utarch and sl ightly accentuates
the trend in the curves. The probable errors in the observed stremgth
values have béen calculated and included in Tadle V. fhale values,
however, are adnittedly of doudtful validity and significance hecause
of the small number of readings taken--five in the cases of folding
and tensile strengths, and fifteem in the case of bursting strength--
in comparison with the lerge number nostulated in the theory of lssst

squares.

From the strength curves it can be sean that the soap-starch
viscosity gives » true indication of the optimum cooking conditions
for the starch since, in general, the maxima of the curves occur at the
temperature or time of cooking at which the sone of maxinum colloidal ity
wes found by tho_ioap—ttarch viscosity technioue. Moreover, there is
& good correlation detween the strength characteristics imparted by
the starch and the consistency-tempersture curves of Figure 2, the
height of the peak in the oon-xltonc!ftl-parainro cufvo for a particu-

lar starech being an indication of the increase in the strength of a
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Pigure 6

Strength Characteristics of Sheets Containing
Royal Tapioca Starch
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Figure 7

Strength Characteristics of Sheets

Containing Cornstarch

—eo— Fold

-——o— Breaking Length
-~--o0- Bursting Strength

90
80
70 |
60 6009
{5000
4000
3000
2000
10 1000
0 A 0
&9 91 93 95 5
Time at
Cooking Temperature - ©C. 96°C. ~min.

Breaking Length - meters



Bursting Strength - pte./100 1b.
Fold

Figure 8

Strength Characteristics of Sheets
Gontaining Potato Starch
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Figure 9

Strength Characteristics of Sheets Containing
Sweet Potato Sterch
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sheet which may be expected from that starch if 1t is utiliged at its

maximum degree of colloidal dispersion.

Since the pulp was the same in all cases, the increase in
strength may bi attridbuted to lmoroved fidber-fider donding. The curves
of Figures 6 to § also indicate that tﬁa folding strength, which is the
strength characteristic probably most sensitive to changes in fiber-
fiver bonding, is most profoundly affected bYoth by the species of the

starch and by the conditions under which it was cooked.

‘Thc.télding‘azron;tQ of r;;-hilfstééks. thch sre practiceally
pure cellulose, has been found to be a linear funotion of the moleculsr
weight of Qhe oollulono (108) es shown by the cuprammoniuvm viscosity.
It has also been found (22. 21) that the strength of films vrepared
by the conversion of cellulose is dependent to a 1arge extent on the
molecular weight of the originsl cellulose. ?hQse tvo facts, as well
as the fact that the foiding strengths of the sheets containing the
uturéhas varied so markedly from 'pociec to species, led to the téecu-
lation that the strength of the starch film was likewise dependent on

the molecular weight of the starch.

In order to obtain an idea of the molecular weights of the
different species of starch, the tolatien:hip_bbtwcon the molecular
weight and the viad&stty of solutions ocontaining vodlike molecules de-
rived by Staudinger and Heuer (22) was used. The equation which thay

derived on the basis of theoretical considerations is

7sp
=2 - g,
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in which Tsp is the specific viecosity, defined as the relative vis-
cosity minus one, of & solution of a substance of molecular weight X
at a concentration . X, is a constant, the value of which is deter-
mined by the solvent used and the units im which the concentration is
expressed. In the derivation of the eguation, monomolecular dispersion
of the solute is vostulated. Such a condition is theoretically at~
tainadle only at infinitesimal concentrations due to the associative
tendencles of tﬁc molecules. For this reeson, the vincoaity‘at soversl
.low concentrations must be determined snd the value at sero concen-
tratibn Qotorninqﬁvi; extrapclation. [t ean §3 seen from ﬁﬁi;aqulq
tion, therefore, that the molecular welght is proportional to the

value of 74,/C at sero concentration.

A 50 per cent -olutiop of xinc chloride was found to dis-
solve starch readily snd to produce a transparent solution which showed
no undispersed particles in dark-field illumination. A series of vis-
cosities at low concentrations were determined for each of the differ-
ent species of starch dissolved, in their native forms, in 50 per cemt
sinc chloride solution. These results are tadulated in Tnﬁlc VI and
the values of 7,,/G are plotted as 2 function of the concentration in

Pigure 10.

EKraemer snd Van Hatta (51) have ststed that Staudinger's
equation is valid only at low concentrations where the relative vis-
cosity is a linear function of the concentration. The pronounced up-
ward trend of the curves at the lowest concentrations may be atiriduted

to hydration of the molecules. The values of 7,,/C wers, therefores,



TABLE VI

YISCOSI?TY OF THE DIFFXRRNT SPECIES OF STARCH
IN 2INC CHLORIDE SOLUTION

Concentration '

Species €./100 ml.  Relative Vissosidy = 7,4 Tap!e
Tapioca 0.01 1.02685% 0.02685% 2.685
0.02 1.04457 0.NB45T  2.228

0.08 1.08887 0.08887 2.222

0.07 © 0 1.16023 0.16023 2.289

0.10 1.23127 n.23127 2.313%

Corn 0.01 1.01345 0.01345 1.345
0.02 1.022&3 0.02643% 1.322

0.0k 1.05379 0.053719 1.345

0.07 1.09799 0.09799 1.385

0.10 1.14204 0.1b8208  1.420

Potato 0.01 1.02658 0.02658 £.658
0.02 1.05103 0.05103% 2.552

0.04 1.09%20 0.09820 2,455

0.07 1.17686 0.17686 2.527

0.10 ‘ 1.25%0k4 0.25501 2.550

Swest Potato 0.01 1.02314 0.02%1k4 2.314
0.02 1.03701 0.03701 1.850

0.0k 1 1.06828 0.06828  1.707

0.07 1.12067 0.12067 1.72%

0.10 1.17331 0.17331 1.733
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Pigure 10

Viscosity of Different Species of Starch

in Zine .Chloride Solution
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deternined dy axtrapolating the straight portion of the curve to zero
concentration. The intercent on the vhp[g axis was taken as a measurs
of the moleculsr weight of the starches, no attempt being made to evalu-

ate the constant Ky in order to detarnine the abdsolute value.

It is apparent that there is a definite oorrolétlon between
the molecular weight of the stareh, the height of the veak in the con-
sistency-temperature curve (Figure 2), and the inarease in strength
imparted to a sheet when the starch is utilized in a2 state of maximum
colloidality (Figures 6 to 9). The strength of a starch film and‘.’_
honce, the bdonding strength of the starch, seem, therefore, to be de~

pondent on the size of the starch molscule.

5ince starch, or the products obtained by its modification,
1t used in paper vrimerily %o bond together the fibers and particles
of filler, it seems logical to assume that the ultimate benefits to
be derived from any starch, or starch product, are commensurate with

ite -oloculu: weight.
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SUNMARY AND CONCLUSIONS

An spoarstus was designed and built for measuring the con-
sistency ehﬂngos taking place during the cooking of starch. This
. consisted of a conteiner and agitator so constructed that thorough
agitation of a thick starch paste was obtained throughout the cooking
procosc.' The speed was mmintained ctroboacopic&ll: at a constant
value of 300 revolutions per minute Zoth for acouracy in making power
noﬁsurcnont- and for duplication of the disintegrating effect on the
starch granules. The power consumed in etirring the starch at con-

stant speed was taken as a seasure of the consistency.

rha consiltency-tcnpernturo curves were doterninod for four
ditforout spocicl ot--taroho-taptoca. eu!n. notato. an& twoet pothto--\'“
which are available for eonmetcinl application, as well as a series of
Vapicca starches and a neries of cor:ctarchnu. Thnse curves wvere
found to be very distinctivo and charaetoriutio for each type of
!taroh. particulerly im the position and the height of the peak in the
curve ;t maxivum gelatinization, and they give consideradble informastion
concerning the structure of the starch granule. The grenules of tapi-
oca starch exhibit a marked umiformity in their structure, an extreme
sensitivity to swelling, and a pronounced swelling oapacity. The
" swollen grannlaa are resistant to disia‘ogration at temperatures lower
than the criticel. The granules of cornstarch, on the other hand, -
show a marked nonuaiformity and a resistance to swelling. Potato
starch ;ranules show characteristics similar to those of tapioca, but

they nossess a greater swelling capacity and resistance to disinte-
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gration. Sweet votato starch shows properties intermediate between

those of taplocs starch and those of cormstarch.

In view of the colloidal theory of the atilization of starch,
the atsumption was made that the henefits derived from starch would be
grestest when the starch was vrepared for use in such a way that it was
in the condition of maximum colloidality. The eonoiatoncy~t§npernture
curves give little inroriatiog concorning.thl; matter, but it was
found that the increase in viscosity caused by the e4dition of 12 per
- oent of sodium oleate to the starch gqvi a vory‘peﬁcitivo‘indtc&iiou
of thc.colioldtl condition of the staroh., ¥hen soap solution is added
to staréh the soap micelles are attracted preferentially by, and be-
come bound to, the colloidal starch particles present forming a co-
ascervate with thes and causing an incresse in viscosily. The point
at which the increase in viscosity on the addition of soap is a maxinum
may then be taken as the voint of nmaximmm coiloidality. The various
species of starch showed wide differences in the cooking conditions

under which meximum colloidality is attained.

In order to evaluate the effect of species and cooking con=
ditions of the starch, a scgiea of handshects were prepared under
rigidly controlled conditions, emdodying the starches cooked under
conditions which produced maximum colloidality. The folding, tensile,

and bufstln; strength of these sheets were determined.

Starch which had bdeen cooked so that it was at ite maxi-
mum colloidality, as indicated by the soap-starch viscosity, was found

to be in its optimue condition for use in paper since the strength
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characteristics of the sheets were at their maxima at that point.
Norsover, & good correlation was found between the :trcn;th imparted
to a sheet by any .targh in & condition of maximum oolloidality aand

the height of the peak in its consistency-teaperature curve.

The relstive molecular weights of the different species of
starch were determined by means of the viscosity of solutions of the
native starch im 50 per cent sinc chloride solution. A definite corre-
lation was found between the molecular wveight of the starch, the
" height of the peak in the consistency-temperature curve, and the im-
crease in strength imparted to & sheet when the starch is utilized in
a ocondition of maximum colleidality. The streagth of a starch fila
and, hence, the bonding stremgth of the starch, sessm, therefore, to
be dependent on the sise of the molecule, and the ultimate benefis to
be derived from the use of any starch in paper is commensurate with

its molecular weight.
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