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I. INTRODUCTION

The stareh industry menufactures numerous types of
modified starch. These modifications are produced by such
processes as alkeline, ,,ggwa or enzymic treatment, swelling
in hot water, in steem or in salt solutions, heating, oxida~
tion, or by any gﬁwgﬁaﬂ of these factors, Boih wel and
dry methods have application. The various modifled starches
find their greatest use in the textile, paper, lesundry and
food industrisa.

Although oxidation has been employed commercially for at
least forty years es a means of producing modified starch, the
meshanism by whioh ﬂ&,w modification is effected has not received
extensgive ptudy nor nwgﬁa elueldation. Some of the 4ifficul-
tles in determining the mechanism of stareh oxidation have been
due to incomplete formulation of the structure of starech. |
Although the degree of polymerization, the guestion of branche-
ing, the state of the terminal groups and other aspects of the
structure of starch are still in dispute it is generally sgreed
thet stareh consists wwam%w% of ohains of alpha-glusopyrancse
units joined by 1-4 linkeges:



Starch

-mulation thet the site
of attack of an oxidizing egent is not very limited. There
aye availsble for axi&%ﬁw terminal sldebydic groups, primary

It 1s spparent from the above fo

aleoholic groups and wasméary ﬁm&a&i& groups, The priority
which one or the other of these groups may enjoy in the initial
stage of starch a:aiﬂa%iﬁﬂ hag been the subjeet of much speculaw
tion. | i

A survey of 'ﬁm literature on the oxidation of starch
disclosed thet among the large number of papers :}ﬁly a few
contributed substantially to the study of the mechanism of the
oxidetion. This leck of data on the oxidative mechanism is
éﬁé in part to the fact that the exidations were on the one
hand teo mild and on the other hand too extensive to throw
light on the intermediate stages. Many investigations have
been concerned with the physieal properties of the aligiaﬂy ,

oxidized starches and with the end products of extensive oxide~
tion to sugar fragments but very little work has been dope on
the hydrolysis and mv%astm%mn of intermediates. However,

the meohanism of one type of oxidation, periocdie acid oxidation,
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has been greatly olarified by Jackson end Hudson {l% 1’?9}
and Caldwell and Hixon (38),

This thesis eama;fms two phages of the oxidation of
starch by balogens in ai&alma kmz& neutral media, Qm of
these is a study of th& axi&aﬁa& of raw at&r@hz‘ '%33@ an ﬁieesily
sontrolled process, *rim, by an eleetrolytie sodium hygam
chlorite treatment in alkaline ml@iﬁm This study maka
informstion regarding the factors whioh influence the -p\wyerw
ties of the oxidized starches and the ehanges in properties

resulting from an mxéaamg smount of oxidation. *m other

phese is a study of ‘E&iﬁ mechenlism of the mors extszzgiw
oxldation of galﬁtinim& wamﬁ by bromine in nmtral mluﬁi@m
fh;

This involves stabilization of the labile oxidized st
eautious hydrolysis to oxidized glucose units, fractionation
of the hydrolysate snd identification of the resulting sarbo-
hydrate acids. 1 |

A review of the iimmmraﬁa ‘all types of oxidation of
starch hes been made a{# an orientation.

Oxidizing ag&a’%& ﬁ.m not be wmm on & weight bvaesis,
©.g+; ORS pound of amérm is equivelent to eight pounds of
astivin. In order %mm satisfactory compa '
smong the oxidizing agmw uged on amr&, in this mwiﬁ the

1. The tem **mw M&m“* mt’em o mmv@ tmgal&tmme& amréh
granules and ig used in this thesis in preference to the

longer m:miﬁmy 'ham.



weight of eaoch oxidant hag been converted to egquivalents and
reported as the number of eguivalents for each glucose anhydride
i%ﬁlﬁ%i unit. For exsmple, two equivalents of chlorine per
gluocse unit would sxaa@ 70 grems of chlorine per 162 grams of

ptarch. This systen :w«, the error in mzxy gomparisons whieh
have been mede in the literature on a welight basis and makes

possible a rational comparison of all oxidizing sgests.
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Ii. HISTORICAL

A+ The Oxildetion of Starch

Although the fast that starch can be hydrolyzed by acid
has been far more importent to commerece and researsh than has
the oxidation of agax‘a&, the hydrolysis of starch was not
disoovered until %wmaﬁr years after starch had been oxlidized.
Fourcrcy {82) in 1792 had éximz@é starch by means of toncenw
trated nitrie a%m; lster by ehlorine gas, both before Kirchhoff
(a
gluecess by means of aoid.

P

&) in 1811 discovered the importaunt conversion of starch to

The couyse of the oxidation of starch depends to a large
extent on the pH of the medium. Starch hes been oxidized in

aeid, alkeline and neutral soclutions.

ion of stereh in acid media.

In an acid medium hydrolysis of starch osours along with
oxidation. Oxidatlon in acld solubion glves, therefore,
oxidized forme of the #aymiy‘sia produets of starch.
by nitric
{58) observed during ntitetive studles of starch hydrolysis

by very dilute nitric acid %&zﬁt goncentrations over O.6H

a2« Oxidation agid. Doroschewskl and Rakowskl

nitric asid resulted in oxidation. Stronger nitrie aeid
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saluti@na'axiaiaaﬁ gtareh to gaaahari@, targﬁxiﬁgiaﬁﬁ’@xﬁliﬂ
aeids and carbon dioxide (90,114,122,184,197,267), Hachihana
and co-workers (90,122) reported & 49% yleld of saecharic

| yield of oxaliec acid. | »
ﬁ?”ﬁﬁiﬁ%—@ﬁﬁéﬁﬂtﬁﬂﬁaé.ai&riﬁ aaié Eﬁﬁﬁam@ {8) produced

aeid and a 10%

ozidized starches of varying solubility in ﬁaxﬁ‘watam, ﬁxié
dized ﬁt&r@hvaaﬁtaiﬁing n;zrag@ﬁ;was obtained by mﬁﬁ?‘@f the
following when the oxidation was carrisd cut by concentrated
nitrie acid. Petit's {243) produst conteined 6% nitric acid.

The nitxia aeld, however, was liberated by trestment with water.
The purified resulting product had acidic end reducing proper-
ties. Further oxldstion produced the seame aclds as obtained
with dilute nitric aeid, viz., ssocharie, tartaric and oxalic.
This last acid, oxallec, was slsoc obtained by ﬁﬁaraﬁay {82) and
Pelouze {289) when they used ccnoentrated nitrle acid on starech.
Bracennot {80) made a,ﬁm&ﬁ&at goluble in gold water. By using
a levge excsss (117 equivalents) of oconcentrated nitric aeid,
Will and Lenze (827) prodused a trinitrate {14% Ny) of stareh
which exploded at 194°C. Brown snd Millar fﬁﬁj used 4.6 eguiva-
lents of stropg nitrie acid to produce & sesquinitrate {9.1% Np)
from soluble starch, limit dextrin, maltodextrin and Nageli's
amylodextrin. Although the regenerated sterch was little
altered by nitration and still hed a blue lodine color, the
distinet seld aharaaﬁe& of the nitrated dextrins together with
their loss of redusing power was & proof that oxidation had
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oceurred. The starch nitrates of Berl snd Butler (14) contain-
ing 12.86 to 13.44% nitrogen were prepared from cora, potato,
rice and soluble ﬁ%kﬁﬁa& by 8 eguivalents of nltrio ascid mixed
with sulfurie acid.

Liebven {197} #’fa’%ﬁéiﬁ%é a momonitrostarch {6.76% Ng) by
the setlion of fuming nitrie acid. The nitrosterch of Berl

8% Ng and gave a strongly reduciang
acld when the nitrogen was removed by a&@mxm godinm
bydroxide. Pelouze {240} suggested, because of its combusti~
bility and 1its mamlﬁﬁ% to guncotton, that nitrosterch
should be used as an explosive.

Bome of the petents on nitrle acid oxidaticen of starch
are listed in this peper (66,152,165,810,217,8222,827,252,208),

apmoniwn nitrate wes agcelerated by the presence of starch (75).

b. & ates« The deecomposition of
Evidence of oxidation was the carbon dioxlde and carbon monoxide
evolution. Ammonium nitrate was also used in & patented process
(256), |

¢. Oxidation by chromi¢ acid. Several investigators
allowed chromic sold to aect on starch and dextrin under mild

conditions to produce 4 small amount of oxidation. Stareh
thus treated was converted to soluble starch (55,186,258,270,
311) eor to dextrins (62,144,197). The
smployed by Herz (144) was one equivalent per glucose unit.
Reyehler's {258) oxidized starech, though ingoluble im hot water,

smount of chromie acid
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dissclved reasdily in very dilute alkali. It wap produced in
the eold by 2.5 equivalents of chromate. xmmmmxa {171)
used dllute chromie aa»ié foxr the mmaﬂw ‘hydrolysis of a%are‘h‘

His data on the m&%“ va}.a& and vi&%gﬁy of the gm&zeﬁs do

m&% allew the mmmaiaa that oxidetion has teken place awa
though it is practiocslly certain on thecretical grounds that
the starch has been oxidized. A later publiocation by
Jembuserwale and E&z&iﬁl&&r | 178} 4id offer evidence that oxida-
tion of the starch w#ﬁrwﬁg viz., the gredual insrease i&a
acldity during oxidation. Several earlier workers had obssrved
the acidie properties of these chromle acid products {(258,829).
Cross, Bevan and Beedle {(44) reported a yield of about
10 to 11% furfursl when starch was oxldized in the cold by six
aquimiaﬁm of ohromic aeid, the furfursl bveing distilled from
a solution of the oxidized starch in 12% &yﬁmmmrm scid.
Mann, Krfiger and Tollems (206) repeated the experiment of Cross,
Bevan snd Beadle but ~i‘xcafss&fetzﬁ the oxidation mixture. They
obtained no test for uronic scids. Alkaline permanganate, how-
ever, gave an oxidized starch which showed the presence of
uronie aecid by i‘xxrmm}. evolution and by a solor test. It
seens gr@mﬁw wm matmg of the chromic ssid solut mzx
caused destruction of the polyglucurcunle &ai&sq ‘
Semichon and Flanzy (278) obtained large umounts of
formaldsehyde. When atémh was heated with Hebnher's mixture
ﬁaﬁﬁamiﬁg 7.4% potassiwn diehromate and 75% sulfurle acid,
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Lieben and Molnar (198) were able to oxidize starch completely.
By that time chromie aém mé already been used to determine
cellulose quantitatively by complete oxidation, Richardson,
Higginbothem and Farrow (259) applied the method to stareh
sucoessfully. They oxidized wé stareh completely by | bolling
in a mixture of sulfuriec aeid

;@amsﬁmm dichromate; then
titrated the excess dichromate with ferrous ammonium sulfate.
The mum @fk starch wes caloulated from the equivalents of

dlehromate used for oxidation.

The ohromic scid treatment of starch has also been
patented {881,857},

4. Oxidation by perme:

one gram of stareh would reduce 1.5 grams of potassium per-

ganates. Langbein (193) found that

manganate in acid solution. By less drastic treatment with
permangenate, Lieben {197) obtained & brown produet that was
not studied. Very mild oxidetion, sueh as that obtained by
Volff {529) on usling 1% potassium permapganate in the eold, or
by Reychler (258} or Nakamura {220), yielded soluble starches.

Patents have xi%sg registered for the use of acidle per-

other oxidizing agent {ﬁ 58,888,861, ?3;%, $6,99,100,111,1128,113,

alone, according to Wurster (332}, bardly attacks starch at
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é&ﬁiﬂaﬁg temperatures but in boiling aoid sclution produces
dextrins and glucese, Grugzewska (95,113) identified dextrins,
maltose and oxalis acld but no glucose emong the oxidation
produsts when the reaction was carried out at 37°C. As the

oxidation proceeded a precipitste of retrograded amylose formed,
the lodine color snd material preciplitsble by alcohol dis-
power showed @ slight decrease, and the

aelidity inoressed %0 a oonstant #&1&& in twice the tinme

appeared; the reducing

required for the lodine color to be dissipated (96,111,112},
Soluble starch behaved like & mizxture of amylopeetin and amylose,
on each of whioh control oxidations haed besn runs ﬁau&amg and
Miura (225), contrary te Gruzewska's findings cleimed that 1.3
t0 2.7% gluoose was among the produets when two eguivelents of
peroxide were used in the presence of ferrous sulfate. Their
elaim was based on the wﬁ@aﬁian,aaa reducing power of the
resulting solution end on the melting polint and nitrogen
anslysis of the glucosszones Oerber {99,100} olsimed to have
simulated an amyi@iy%ié hydrolysis of starch by using very |
dilute hydrogen peroxide {C.1% and less)s Dextrins and maltose
were the products; the latter was oxidized when larger amounts
of peroxide were used. Omori (228) states that the asetion of
nydrogen peroxide on stareh is governmed by & mechanism differ-
ent from that of diassasis.

Pernbach and Wolff [73) sought sccelersiors for solu-~

bilizing stamh by means of hydrogen peroxide. They, too,
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meesured the production of sold during ths oxidetion. Durieux
(61) used ferrie chloride as an acoelsrator of the oxidation
after finding that colloidal irom had no effect on the rate,

) Biaﬁarmaaﬁ—&aékxarﬁakﬁ£t {17] obtained considerable aa%giysia
in the peroxide oxidation by using irom or copper salts.

Omori (228) elaimed that hydroxyphenol was & better catalyst
than the heavy ﬁﬁ%ﬁi.i@ﬁﬂw’ According to Omori {229), the come
bination of iron salt and hydrogen peroxide on starch was made
more effeotive in its Qﬁéiﬁ?iﬁg power by the addition of
eystine, tyrosine, glutathione or thioglycollie acid.

With inoreasing ameunts of hydrogen peroxide for a
definite time of axiﬁaﬁian, Durieux (61) found that the reduo-
ing power goon reached e maximum value, then fell to zero.

‘The maximum in ecidity was passed while the reducing power was
deorsasing. %han.tﬁiagaa%aiym@é oxidation was &arrieé out
with & ﬁaastaattamwaﬂﬁgar'ﬁyﬁr@g&n perozide the acidity
reached a congtant value after a certsin time. Samec (262,263)
poted the large incerease in ecidity and stated that there were
a considerable number éf'ﬁﬂrﬁﬁxylie~aﬁiﬁ groups produsced in &
pemple of starch oxidized by hydrogen percxide, The dlstil-
lates from peroxide oxidized starch sontained sa%gtaﬁaaa which
absorbed iodine (28}, Brown (28) obtained formlc acid in. the
distillate. He gtataég however, that neither glucose ﬁarig

- maltose was found in the residue although aldehyde and r@éégu‘a

ing tests were positive.
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VWolff (329) obtained a slightly modified starech with
scid properties. Gerber {(101l) reported that & very amall

smount of ehlorine added to starch paste befors the addition
of an amylese ascelerated hydrolysis by the enzyme. 4 larger
amount of chlorine inhibited the digestion by eamylase.
Similarly, in the bleaching of wheat flour by chlorine,
snzymatic aaﬁivity‘w&siiﬁaye&asé {4)., The amount of chlorine
ﬂé&é'was very small, 3§§ to 500 parts per million, but it

nevertheless increased acidlity and dlestatic activity and
improved baking cualities. These changes were not encountered
to eny noticeable extent when nitrogen peroxide, nitrogen
trichloride or benzoyl peroxide were used for f&aax\%zaashinga
Banmec £ﬁ%ﬁ,%&§l‘§xiéimﬁé;maiaﬁ gtareh with chlorine ges

agoording to Xindseher's patent (185}, but at room temperature
rather than at 100°C. Samec's chlorineted starch was oxidized
te a greater extent than the starches oxidized by eay of the
other agents ar*ma%haﬁﬁ whieh he used. The gel phase of this
chlorinsted starch had the lowest molecular weight, the highest

titratable acidity, the highest hydrogen ion concentration and
the highest conduetivity of all hls oxidized products.

| ¥hen ohlorine weter was &llowed to act on amylose (beta-
amylose), Fletcher and Taylor (77) noted that the pH dropped
rapidly from 7 to 1, while the reducing value underwent a
sharp rise and the visoosity & simulteneous drop & few hours
after the inceptiocn afgaxiéﬁﬁiaa, The reducing yalue anﬁﬁj; o
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visocosity soen reached a constant valus, This wes not ﬁxué of
the re&aﬁiﬂg value wﬁex a phosphate bﬁffer was uﬁeﬁ ta kaap
the gﬁ ﬁt the m@éiam,aﬁeva B¢ In ﬁﬁa &&ttax iaataaaa the
sharp ehanges of viaaaai%y aﬁﬁ ra&ﬁaiﬁg valus came in two
minutes., ‘ ‘

Numerous petents have b@@ﬁlragiaﬁﬁzaa fér %ha m@ﬁiriﬁa~
tion of stereh by ohlorine: (11,12,13,16,93,94,141,166,150,
1@,3@&,&9,%,2@9,3%}* |

it is 1&%&?@3@1@% to a&ts in aanﬁaatiﬁa with modificaw
tion of starch by aﬁlaxiaa that ﬁixsﬁg.?ianzraaa %&;kinaaa
{180} used 3ﬁiariaa~a$ja a&%&iyﬁt in ﬂﬁstyia%ian‘ 'ﬁﬁaa anylos
pectin {alpheamylose) is acetylated by tﬁi& procedure the
| sostate abﬁaiﬂaé varies with the method of gragaratiaa, being
more soluble and less viscous the more chlorine is used;
smylose (beta~amylose), however, always yields the same
ascetylated product {13%). It is possible that the catalyst
ohlorine, is ox1dizing or mdifying iﬁ~§mma~atﬁar way the
a&ylép&utia before 1%t is scetylated.
‘ Habermann il.%;mx) found thet

traatmaa% of dextrin with five squivalaﬂtg of bromine per
glucose anhydride unlt ‘evolved carbon éi&xiﬁa &aﬁ‘ﬁrﬁﬁ@iﬂr&
and gave gluconic seid as a product. He prepared the calolum,
barium, lead and @aﬁmiﬁm salts and ethyl ester of the gluconie
faaiﬁ,ktaa first two of which were orystalline, Further oxide~

tion converted the glu%enia acid to bromeoform, bromoacstio



aclid and oxalic acid. %&éﬁ%en (197) also obtained gluconie
aoid. Franchimont (83), i order to exelude oxidation, treated
dried potato sterch miﬁhrary bromine and with bromine in
ehloroform. He reported the stareh to be absolutely unchanged
if all moisture was excluded. If moist air was present,
hydrobromle acid was formed and acted on the starch. &h@ﬁ ary
hydrobromie acid and 4dry bromine in chloroform were added to
dry starch, an orange produect resulted. Lintner {(201) and
Synlewski (804) prepared a soluble starch by using bromine.
gerber {101) found that bromine, like chlorine, made starch
mors suseeptible to amylolytic hydrolysis if ssall amounts of
bromine were sdded to éﬁ&@@& paste before digestion.

Ber,

solution end bromine-potassium bronide solution with stareh

gnenn and Ludewig (10) sbosk lodine-potassium lodide

and with seetylated starch of 46+48% acetyl content to detere
mine the affinity of the starch for these halogens. The
pregence of acetyl grﬁﬁga,haﬁ,vafy ilittle effect on the
absorption of the h&laé&na‘ The authors stated that this
agresd with the viaw'ﬁgﬁ%-%riége oxygen atoms were responsible
for halogen abaefgtia&}ﬁf’aﬁarﬁﬁ, #hile staroh and stareh itri-
acgetate absorbed both is&iu& and potessium lodide from I-E1
solution, amly‘%aerhrﬁﬁiaa was absorbed from bdromine-potassium
bromide solution. Bargﬁaﬁﬁ and Ludewlg, becsuse of the shori
time thet the starch w&a in eontact with the bromine {four
minutes), regarded it éa improbable that the bromine absorp-
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resembled pure stmreh grains. Andrews and Goettsch {2) were
able to restore the original intensity of the stareh-iodine
color if the heating to 100° and subsequent cooling were
ﬁ&?ﬁi&@'&&@ quickly. Otherwise the returning solor beceaume
progreseively weaker depending on the length of the heating
periods The lodine color wvanished after heating for 65 hﬁars
with 2.3 equivalente of ilodine. Hele (127) clalmed that loss
of lodine in stareh indicator wes due to an oxidation of the
impurities in the starch. In the titration of arsenite with
icdine more Jodine wes used in the presence of stareh thsn in
its absence. The impurities causing this loss of lodine were
soluble dextrins which gave a blue color with iodine. |

The &@gﬁaﬁa%ima~§f~éaxﬁrin and glyeogen by heating with
jodine at 100° untia a&aaiarixaﬁ was investigated by Vintilesocu
and Faltis {314). Hydroliysis and oxidation took place, the
acldity being greater than that corresponding to the hydriodic
aoid, Formeldehyde and formic aéiﬁ sould be dlstilled fyom
thﬁkliqﬁ&é; ?ha:raéiﬁﬁﬁ'aaﬁtsiﬂaﬁ & non~redueling ﬁa&i@iaxiﬁaw
tion product which contained no combined lodine.

‘ﬁaear&iﬁg to Angelescu and Mircescu (3) the decoloriza-
%i@# of the ﬁ%&rﬁﬁ*iﬁ&iﬁﬁ complex on heatiﬂg}iﬁ due to diminu~
tion of adsorption, alteration of the degree of dispersion of
the sterch, snd to irreversible changes of the staroh or the
jodine. This last would include oxidstion of the starch.
They further state that the temperature of decolorization does



ﬁﬁg’nmrfa&@@aé'tn @havﬁﬁmyaratnra of recoloration nor is it

reprodueible a segond #im@ with the same solution.

hydrolysis of starch to glaﬂaaa gr@ﬁ@&a&.exiéatien by hypo=
ohlorous acid. The final produets were oxslic seid and carbon
dioxide. Craik (43) obteined an inconclusive test for maltose
among the soluble products and reported only slight scidity at
the end of the reactlon. The rotation of the solution inoreased.
On the baglis of his experinments with bets-glueosen and
disecoharides, he g@ﬁt@lﬁ%&ﬁ.aﬁ addition of the hypoehlorous

acid to the ring or bridge oxygen atoms. Fleteher and Taylor's

{77) experiments with chlorine water on amylose {beta-amylose)

have been discusged in the section on @xiéatiaﬁ by ¢hlorine.

Jembuserwala and K&&iﬁkﬁf {172) used 0.25, l, £ and %% acidified
hypoehlorite aﬁzéﬁﬁﬁ; wheat, sago and rayiﬁahggaweﬁas* They
measured the Ry, reducing velue (mg. Cu/per gram of starch),

the oarboxyl content, %hﬁ slkali~lablile value, viscosity, and

& few properties of wﬁiua'iﬁ the bextile industry, e.g., the
adbesive value. With inoreasing amount of oxldant the R,
curves showed & glisht deoresse then & rapid increasse along a
streight line, The aa#bexyl content of each starch graduslly
incrensed during @miaaéi@ﬁ, the viscosity and sdhesive value
showed & mudden, i&iﬁ&éikﬁwep to & low value with only a small

amount of oxidant. Thersafter the decrease of these last two
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properties was vaery alight upon further oxidation. Seck (277}
patented the oxidation by hypochlorous acid.

{11) chloric acid.
soluble sterch by using chloric scid prepared from a ohlorate
and sulfuric a@ié‘ Ea@ﬁe and Haeke {116) as well as Mirow

Sehmerber (270} prepared a

{211} registered the gxaa&a& in patents.
(1)
tatively with corn starch secording to Jackson and Hudson (169)

kj%fiﬁﬁ‘ﬁ,&{&é; ?&ri&ﬁi& acid reacted quaati»

and oxidized the glyesl groupiug of the ﬁﬁﬁ%%@ﬁ@iﬁﬁ; gluccse
units to a dialdehyde structure. One mole of oxldant reacted
per CsHip0s wait to split each anhydrohexose unit between the
gecond and third carbon at&m& into a two- and & four~carbon
fragment. Hydrolysis of the oxidized sterch would be expected
to yield glyozal from the two-carbon fregment and d-erythircse

. from the four-carbon fragment.

4
|

]
J
l

]
J

GHO
GHO
HOH

1

] Glyozal
go | |} — > o

I

(

3; % Erythrose

After hydrolysis Jaekson and Hudson cbserved that the
rotation was near the [g]p of ~14.5° reported for &s@ry@hﬁaaa.
galdwell and Hizon {&Ei isolated the glyoxal as the phen-
ylosagone and as the %éﬂaylgh@nyzasagaﬂ$, Further studies of

this resction, %&1&??&@@*3 reaction {205}, on & series of
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h. Oxidabion by other per compounds. In his studies on
soluble starches produced by oxidetion Samec (262,263) ineluded
sodlium perborate and ammonium persulfate among the oxidants.
The same measuremonts %@g made on these oxidized starches as
were reported asbove in disocussing Semeo's work on starches |
oxidized by hydrogen peroxide end chlorine., Neither ammonium
persulfate nor sodium perborate gave an extensively oxidized
mgmﬁf There was a mwwmww inerease in acldisty over that
saloulated from the phosphoric acld content, but in general
these two oxidante mmﬁww less modification than the other five
oxidants, exeluding air, whieh Semeo used. Nakemuras (220)
likewise found eboul the same order of oxidizing power since
the phosphorus content was decoreased more by ammonium persul-
fate than by sodium m@ﬁgﬁmmm and more by potassium perman~
genate than by eisher of the other two agents. Sodium
perborate and ammonium persulfate Lave been gg %0 produce
| slight physical modificetion of sterch granules {136) . |

Various patenis ﬁwmmﬁw«mw the use of persulfates and
pervborates ;ﬁwmmﬁwﬁ,ﬂwuw@gwmnw@{w.&?wmmwwmwuwww»wqmwwmw‘w@mnw@%u
286, 294,295,296) .

| i, Oxidation by oxides in acid solution. Dobereiner (54)
distilled & solution of starch in sulfuric scid and manganese
dloxide with the result that carbon dicxide was evolved and

- formic aocid was m&gﬁ in the ﬁwwwwwwwmga
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Atcording to Schmidt and Graumann (271) chlorine dioxide,
an agent for removing inerustations from plant skeletal sub-
atances, did not attack starch in 24 hours. Praotically none
of the ehlorine dloxide was used in this time, Bamee and Ulm

{288) concurred in the above opiniom to the extent that the
microgoopie appearance of potato and wheat sbterches was une
ohanged but found chemleal chenges in the treated starches.
Chlorine dioxide removed amounts of phosphorus from wheat and
potato m@wﬁawm& which @Wﬁm&% with mww_wwwmum,aw trestment,
0.8 ehlorine dioxide on wheat stareh for 8 days removing 844
of the phosphorus. ﬁwwﬁ the starches were treated with
chlorine dioxide and pyridine instesd of chlorine dioxide
alone, notlcesble acidity was developed beyond that demanded
by the phosphorie acld ocontent. Ssamee and Ulm congluded thad
oxidation had occcurred.

J» Gxidstion by irradistion. Massol (208} snd Blelecki
and Wurmser {18) steted that irradiation of soluble starch
solutions for 10 days mw 45° gave splitting and oxidation.
The produots were dexirins, pentoses, gluooge, formaldehyde
and acidie mxwmwwmawwg,_ma«w,aw@ eonduetivity and hydrogen-ion
concentration rosge %o constant values in 100 hours. Ono (230)
disintegrated starch paste by irradiastion with ultrasonic
waves and reported wwm@WQMwwma»swfﬁaw,wmﬂ@ been responsible
for a small amount of mﬁwawwaﬁwwmawwﬂma ,

k. Oxidstion by sir in acid solution. This method was
patented (33},
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1. Oxidetion by ozone. Gorup-Besanez {107} reported

that potato starech in #ﬁ&ar wﬁa indifferent to azﬁn&i showing
no change in several aéya, xgﬁig {1@%,1&%} bleached and
decdorized amyleceous materials by y&asing ozone through
solut ions of stareh or dextrim until the ﬁﬁﬂiﬁﬁ& effect was
§b$&i§@ﬁ& Siemens snd Halske (881) patented the gré@araﬁiaa
of an "ozone agarah“ bg»@enbla treatment with ehlorine and

to Schaeffer end Scheurer {289) the Siemens

ozone. Acocording
and Helske products varied in lodine eolor from blue to violet
and from insclubility In cold water to complete solubility,
the latter glving strong reduction afﬁ@hling*a{a&luzigﬁg
Fiager*a patent {244} used ozone to prepare clear dextrins and
gﬁﬁa’fr@@ from odor and repulsive taste. The aﬁaﬁe,ﬂ&a'§&asa&
' over the starch &mringnra&ating* ﬁﬁyi&éﬁaﬁﬁal1i&?} ma3timaa%
that a commercial soluble starch kﬁﬁéﬁ ag "ozone stareh® had

a molecular w@igﬁtfaf_%éﬁé§ Lgb {802} g&aﬁaé;a silent eleostric
discharge through 1% solutions of starch, noted the formation
of ozone, the graauai &i&aypaafanea of the starch-ilodine oolor,
the reduction of Fehling's solution, the formation of osezones,

but no true criterion of oxidation.
2. Oxidation of gtarech in eslkaline media.

In alkeline medis the various emclizatlion reactions of
‘Nef (224) can ocour previous and conourrent to oxidation.

Evens (34) and co-workers have studled the mechanism of the
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oxidation of sugars in &lkall and have found evidence for
enolization, The aoction of slkaline oxldizing solutions
would, therefore, be expeoted to produce améi%ﬁ forms of
hydrolyzed and enolized gﬁ%ﬁm&@ %aﬁraﬂw&iy, no ﬁymwm
should ocour, but mﬁﬁg exlsts good evidence to the contrary.
This is mentioned in %&fxé‘ Discussion,
a. Oxidation by hypohalites.

(1) Alkaline hypochlorite. Schmerber (270) and

Dolifus and Scheurer {55) solubilized starch with bleaching

m%&m Haller (134) xigé%ﬁ that the temperature rise depended
on the ampundt of sodlum hypocehlorite he used on potato starch.
Trotman (Z1l) reported an oxidetion procedure for the modifie
cation of starches for aiﬁn@ of cotton which used hypochlorite.
Rassow (253) also measured the temperature rise as well as the
desrease in viseosity am the ineresse in reducing power.
lobenstein's (%3{“}31 thesis econcerned the preperation of soluble
stereh by peans éﬁ‘ alkaline sodium hyposhlorite.

The last two subhors published a wr&hmsz&vé treatise
in collaboration {254) in whieh they traced the temperature
rise during oxidation partly o heat of &éaarﬁ%mn, partly to
heat of decomposition aﬁf the sodium hypoehlorite, and partly
to heat of oxidation. ;T&w extent of the tempersture rise
depended on the amount of the hypochlorite solution« Complete~
1y dry sterech gave an '%?ﬁﬁ more vigorous reaction, zmzhamy

due to heat of hydration or hest of swelling. When large
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Although there was a aa@r@asa in conduetivity iﬁ the solution
and in the dialyzed aal of the oxidized starch fram that of
native corn stareh, aa@ purified gel {by'ﬁialysis} showed an
aighxafalﬂ inereasge in aa&&aa%twiky on oxldation, ’Qxié&%iaa
- had inereased the ayﬁrﬁgﬁﬁ*iﬁﬁ soneentration %f‘hﬁ& sol from
0,8 x lﬁ“ﬁ to 51 x 1@ + The reducing power of tﬂa gol was
high, the rotation lﬁwmr than ﬁha% from native starch, Semee
and 3lin@ explained %ﬁa inorease in ?iﬁeasi%y’za.apiﬁa af the
desrease in gaxﬁi&l& sixe asg bﬁiﬁg due to the gaaénati@ﬁ>ar
hydrophilic @?ﬁﬁpﬁ'mhiﬁ& auggantaé hydretions. ‘saaauaa a
aa@ra&sa in mulaauiar~@iﬁa always &ae&g@aniﬁa oxidation of
starch, the euthors tended to belleve that glucosidic bonds
were broken which libereted aldshydic groups fﬁr oxidation to
sarboxylic groups. |

Fletcher and Taylor (77) trested corn beta-smylose with
alkaline hypochlorite at pH 10 and 13. The visoosity remsined
pragtlcally constant f@r thirty days hﬁ% the alkali-labile
value end initisl reducing value fell practically to zero.
FPletcher and Taylor li&&wisefﬁarmiaea thet the reaction was

primarily an axiﬁatimﬁféf aldehydic groups at the end of the
chains, but that some disintegration of the carbohydrate
acgeoonpanied this change.

Ammoniun ﬁygea&iariﬁa was ugaa ky zambusarwaxa and Kenitker
{178) to oxidize corn starch. The milllequivelents of COCH,

the R, valuss and ﬁhafaikaliwlaﬁila~#alaaﬁ were dirsctly pro-



portional to the amount of availeble shlorins used (1,2 and 5%).
The copper numbers of these aika&ine~hy§éahlﬁxita treated
starches were smaller ﬁhaﬁ»hhas@ of the gtarches oxidized in
neutral solution {actually azcidie: pH 5.2 to 8.8) by the same
authors (172). They contended thet this confimmed an earlier
sonclnsion that the copper numbers of ecellulose increased

with deereasing alkelinity of the hypochlorite solution.

Bome of the g&%ﬁﬁ%ﬁ on the modificatlon of starech by
aliceline hypoohlorite are included in the bibllography (19,32,
49,51,59,91,92,102,115,116,117,116,119,151,157,164,182, 214,
283,256,274,289,%01,312,516)« This is one of the most com
agents used in the comuercial oxidatlon of starsh {1779}, It

produees & wide varlety of produets depending upon the concen~
tration of the hyposhlorite, the temperature of the mixture
and the length of time the oxidetion is allowed to proceed
{2879}« In the surface sizing of paper ordipary starch forams
gﬁiﬁ which are too visoous. The gels of "chlorinsted" starches,
i.e. those produced by chlorine treaiment, have & greater
flniﬁiﬁ?* The property of high grade tapioee starech pasgte of
"getting up" to only & limited degree on standing ls trans-
ferred to other kinds of gtarch by hyposohlorite oxidation.
Hypoehlorlite starches @x& &zs$'fiﬁaiﬁg use in the mill sizing
of textile fibers.

Oxidetion beyond the thin-boiling stage produces cheap,

rapid arying end efficlent adhesives (60). These adhesives

may contain as little as 8% or as much as 50% starch.
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(11) Alkaline hypobromite. When De Chalmot (47)

oxidized starsh with two equivalents of bromine per gluccse

unit in the kyprwamw of sodium carbonate, part of the gtarech
wag liquefiede. The starech mixture reduced Fehling's m}s.ztian
in the eold and gave @ small amount of a phenylogagone.

De Chalmot concluded that oxidation had teken place because
neither bromine nor sodium carbonate alone would acit on starch
perceptibly in a week. His proposed mechenism for the oxida=
tion inecluded conversion of the primary aleohol groups (6th
carbon atom) through aldehydic to carboxyl groups. The
carboxyl groups were then eliminated as carbon dioxide without
affecting the rest of the Loxose unite '

\‘ i%gz;ig and Ruziezke (168) used 1/8 1/2 equivalent of
bromine per glucose miﬁlmé& obtalned maltoblonle acid as the
ealelum and bruecine salts. The solution wae kept aslkeline with
barium hydroxide. A patent (256) was secured on the. yméasm

(111) Alkaline hypoiodite. lyrback (218) exi&izé&
the reducing end @muyé of starch vith 0.054 equivalent of

iodine per glucose ani*%. The oxidized starch gave the sanme
yield of maltose by alpha~ or beta-amylape as raw stareh.
gxidabion by alksline shlorite, Liebig (199) noted
that stareh was ﬁt‘&aﬁkéﬁ only with 4ifficulty by salts of

M

chlorous acid., The vextile industry (57) has found an applica-
tion for sodium chlorite in the kiering operation toc remove
starch in strong alkall and at a bigh temperatwre.
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| activin. Feibelmann {68,69,70,
71), Frere {aﬁ}* aas.xex ;3.39,1%,13? 3.3@}, Ekbard (63]),
Trotman {211) and Walker iﬁl?} xﬁp@rﬁaa en the produetion of

slikaline

soluble starch by means of "activin", sodium-p-toluenesulfow
chloroamide, ﬁﬁgﬁﬁﬁgﬁgégfﬁiiﬁaw This compound liverates
a&&érin& at a ﬁﬁfiﬂitﬁlrﬁtﬁ when heated with water. By heating
with sotivin and water the starch is gelatinized and thimned.
About 1% of aoctivin, W%&ﬁﬁ~&&&%&ﬁ$ to 0.006 equivalent of
shlorine, is used to ?@ééﬁﬁ@ soluble stareh. Copper salis
ocatalyze the oxidation end bleaching. The efficlency of
aetivin {71) in comperipen with calolum hyposhlorite and
perborates is alaim@é«%b,b& in the w&kia a£ ZekileB31.0.
Heller, Haekl &mdvﬁxanﬁfﬁrﬁ {197,138) titrated several oxidized
starches with iodline &ﬁa alkali to &a%@r@ina the extent of
oxidation. The starch from activin axié&%imﬁ at 137°C consumed
more ésaina than thet fram hydrogen yax&xiﬁ& or sodium
perborate. Hydrogen ganaxi&a was the mogt effective of the
three at 100°C. |

Several patents were registered for £§a~&$§i?iﬁ oxidation
{lﬁﬁ;lﬁi,&%& 1%1,3§§*3?4}a
ion i ' Liaban {197)

obtained & brown F@aé&w% by permengenate oxidation. Lintner
emounts (1.5 to 6 equivslents) of

(201} used increasing
potagalion permenganate @ﬁrselﬁhla gtarch at 60-«70°9C to obtain
nmy produets whose icdine solors ranged from blue through
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red to brown or e¢olorless. The optical rotatery power deoreas-
ed in parallel fashion with the iodine color; a violet iodine
solor corresponded to [a] p of 182.4 to 170%, = red brown eolor
to 158.1° while rotetions of the achrole solutions were 154.3

to »iﬁ&.&ﬁ; The v,maﬁmws;va amounts of permangsnste ab " eagh of

thege three stages were 1.5, 4 and 6 equivalents. Only & small
reduction of Fehling's solublion and no color reastlions with
phloroglueinol or M@iﬁg‘a:{ were given. All of the gums were
acidis, wbich led Lintner to cell them “"dextrinie acids". With
lead acetate or berium hydroxide, solutions of these dextrinie

apglds geve a precipitate. Sechmerber (28%Y0) reported a éaam&aa

in viscosity and inorsase in transpareney upon oxidation of
stareh with 0.015 eguivalent of potsssiun permangenate. HMann,
Krgigar and Tollens (208) on distillation of an oxidized starch
with 125 hydroohloric aeld reported that considerabls furfurel
was collected. This oxidized starch had been prepered with
ten equivalents of permangsnate on starch peste for one half
hour. The product alse gave the naphthoresorainol color test
for uronic acid. Syniewski (304) isclated a orystalline
osazone melting et 195° from starch oxidized by permanganate.

' Dextrin treated with a large amount of caleium permen~
ganate in the presence of ammonis yielded 0.57% of urea at
room tempersture and 2.85% at 95°C according to F@sw” {80).
The addition of cupric carbonate inoreased the yleld to 2.5%%
urea from dextrin and gave 2,0% urea from sterch. Heating the



- 36 ~

last two mixwmﬁ at 95% inereased the yilelds to 21.85 and
%41,38% r&sma*&ivalg.. %‘&é uree wes isolated as the xanthydrol
&&:fiva*&ivm Later w@aimmg by %‘ﬁaw {m} mammﬁ $he
yield of hy&mﬁyax:ia acid from aw‘h&ﬁﬁfrwas treated %im a
mlutimz af aamim f nganate, ammxia axa& gilver nitrate.
S%aam, dextrin and g gave about 1% HCH. The &&ﬁﬁea of
oupric ecarbonate iﬁﬁremeé the yi&&& fm ﬁax"arin and stareh
only to 1465

semec (262, 263) observed an increased wx&é&%ﬁvﬁy and an

inemawﬁ acidlity of the éi;alyzﬁa gel ph&sa of & permanganate-
oxidized starch. The &ﬁﬁi?&iaﬁﬁﬁ of titrateble acldity of this
“ gel ‘h&sﬁ were greatly in excess of the gram atﬁ%m of phoge

_ phorus., ©Samec interpreted this to mean that carboxyl groups
had been added by m;&%i&m The aei&iﬁy wag due in part te

phosphorie aold groups and in part to carboxyl groups. For the

dialyzed sol phase of this produet, however, the gram atoms of
phosphorus and the equivalents of 'ﬁi’tsmmhle ﬁﬁi&i‘%f were
practiocally ldenticel. ‘

Hakamura (220) found that potassium permangenate deereased

the phosphorus content of stareh to & greater extent then aid
ammonium persulfate or sodium perborate. The viscosity was

deereased over that of the original starch and the products

were more readily acetylated. ,
Haller (136) for very mild modifisation.
Randall, ﬁ@g@r aﬁ& Grooeook (851} oxidized numerous

A | |
orgeniec substences with alkaline permanganate. The ease of
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precipitate, not colored by lodine, reducing silver solutions

This loss of one carbon atom from the hexose units agreed

¢

but not Fehling's solution and analysi

with the observed evolution of earbon dioxide. i’%:w filtrate
from thege four g&*ﬁﬁiyiﬁaﬁés still @#}ﬁ%&iﬁﬁ&,‘ BOME BULAYEs
& cold wi% jon of sodium perexide gave &a one hour none
of the above drastic changes, when Syﬁi&m&si i@ﬁﬁ} used it
for oxidation. Although the product w&,sk soluble tb, 12.5% in
oold water and oompletely soluble ln hot m‘a@m it awérthan
less gave a Slua m&m5 oolor, no reduetion of }?&himg‘s
g, and had & rota-

solution, showed retrogradation on standin
tion of 183 to 189° %a;pez&&iag on the concentration of the
stareh in solution. j‘ff‘:h& pregipitate from barium hydroxide
treatment contained one bsrium aton :;;m? three glucose units.
Anpther preparation {B04) gave the same barium analysis
- but higher rotatory ww%r, 1959, Acetyl and benzoyl deriva-
tives corresponded to seven free OH groups for every three
glucose units. Noleoular weights according Raﬁﬁlﬁ* & method

f o 2

wams‘ 79% and
respectively, somewhat lower than the 798 and 1148 caloulated

0 for the acetyl and benzoyl derivatives

for hepta-derivetives of 8 trisaccharide. Simce the lodinme
solor, solubility =nd lack of reducing power are inccmpatible
with such & swall  molescular weight, it is ??&%ﬁhié that
decrease in moleoular size oeccurred during the drastie condi~-

tions of derivatization, Syniewski's third paper (305) stated
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thet sodium peroxide 414 not oxidize the gstarch but merely
golubilized it. 4 molecular welght dstermination of the
soluble stareh sorresponded to e chain aafi’ rine gm@aaﬁ unita.

Sames and Jenole {265) oxidized stareh agoording to
Syniewskl's method using & time of two hours instead of one,
The product was eesily #ﬁkﬁbl@ in water; showed some reducing
powser and a lowered viscosity., Later, Eme {262,263} am;au&eﬁ
the time of oxidatlion to six hours ’b:at» still obtained only
mild oxidation ag wm@w& by the seidlity, icdine color,
viscosity and ﬁmmwm ‘mm@iw wéigﬁt; | ,

Two patentes used barium peroxide f@r oxidation (143,245);
other peroxides were ﬁigm used {50,108,116,241),

f. Oxidation by air in slkaline
workers {52,212,233,254,2556,286,257) published a serles of
papers on the induced oxldation of garbohyirates by ai‘r. Alr

olution. Dhar end co=

was passed through alkaline solutions containing earbohydrates
and a.::z oxidizebls substance such ass sodlum sulfite, ferrous
hydroxide or cerous hydroxide. This latier substence undere’
induged the oxidation

went oxidation at room tempersture and
of the carbohydrate. The earbon dioxide produced from the
garbohydrate was 1,2;&%&%@ af%s: oxidation s8nd absorbed in
caloiun hydroxide solution for measurements The emount of
oxidation in 2 given time ineressed with the alkeline concen=~
tretion of the solution except when scdium sulfite was the
induetor. One tenth gram of starch iﬁ 106 ee. of solution con-

taining eerous hydroxide or ferrous hydroxide was coumpletely



oxidized by 86.5 liters of air in 5.5 hours whw the ooncene
*ara&sim of sodium :xyéméeiéa‘ was 0.5 to 0.7%. Stareh was found
to be more eaglly aﬁ&i%ﬁ than any of the several sugars used,
'ﬁzia order doos not agree with that determined by permanganate
{2851}« Sodium sulfite induced the oxidstion of 26% of the |
starch even when neo amm had been added to the solution but
did not glve fm@zma oxidation at any alkaline congentration
up to 0.7%. Vhen alir wes pessed through sn alksline starch
solution conteining no induoctor, 23 to 5% of the starch was
oxidized at different concantrations of sodium hydroxide.
| When the concentration of sodium hydroxide was kept constant
31.7% of the stareh wes oxidized in 5.5 bours while 45.3% wes
oxidized in § hours. But vhen sodium bicarbonate was substi-
tuted for the sodiun hydroxide, the values wers 35 9% snd 31.9%
respectively, showing v-& deorease on longer oxidstion.

In the presence of sodium biosrbonate or various inductors

{2368} glycogen showed the following percentage oxidstion:

sodiwm bilcarbonate present, 12.0%; sodium sulfite present,

21.8%; ferrous iay&mxi&s,. 84,5%; cerous hydroxide, 87.5%., How=

ever, in the gra&mm aﬁ? ferrie hydroxzide whieh is certainly

not & reducing agent like the other inductors, there was 67.9%

tarxi&&t ms:a, more %h&zax m the presence of I‘@rmuﬁ hydroxide.

- Phis wesk point in the t%}a&ry is @z@mmﬁw by the faect that

ouprie hydroxide also g&m & large amount of oxidation, 69.8%.
Further experiments by Dhar and associates (235,237)

studied the effeot of sunlight on the oxidation of carbohydrates
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by air in seutral solution. 36,5 liters of air passed through
starch solution in 5.5 @gurs oxidized 35.6% of the sterch in |
tropieel sunlight, 58.8%

# in sunlight of greater intensity,
66.9% in the 3&%%&?*9&@@ if zine oxide (o photesensitizer) was
present, 92.9% if the photocatalyst was ferrie nitrate, and
100% if the ?ﬁﬁ%ﬁ%ﬂﬁﬁl?ﬁ% was urapium pitrate. The resgpective
values for glycogen oxidetion were 15.9, 1?4?* 5&,v,'aa&$ and
C H1.0%. ‘iﬁ &aa'gha%ﬁahamiaﬁl oxidations as in the induced
oxidetions starch wes oxidized more essily tham any of the
gugarg or glyocogen.

Semec {263,263) papsed air for three days through a 15%
stareh suspension which wes 0.05N in sodiun hydroxide and
obtained very little evidence of oxidation. The osmometric
moleoular weight was high, the lodine eolor blue to lilao,
the titrateble &aiﬁiﬁy and the per cont of dialyzable substance
very low.

In the production of dextrins by dry heating in air at
200°¢, Katz and Weidinger (178) found e measurable acidity due
to weak oxidatione. %ﬁﬁ;amgaﬁﬁ of acidity &ﬁ?@i@@é&mw&s always
lese than 0.01 eguivalent per glucosge unit. In an atucsphere
of nitrogen no acldity wes developed.

Baudisoh and Deusl {7) presented & new test for carbohydrates
in whiech & aar&@hgﬁxﬁzg solution containing sodium biearbonate
is distilled and the dlstillate treated with o-aminobenzaldehyde

t0 produoe a blue flw@ﬁ@ga&ﬁ@@ due to an acetol derivative,



&kﬁf&mxy%im&m. The derivative may be extraected and
aéy%aliimﬁ; Although all of the sugars tried and dextrin
 gave acetol on distillation, starch and glycogen gave no acetol.
Stareh wes wmimﬁ for 48 hours with sodium pentecyancagua~
i‘@rmats'am oxygen wﬁ faiils& to give any acetol.

The axiﬁa%im of stareh by air hag likewlse %ﬁw patented
{222).
tig pxidation, Leconte 5.1%} used electrolysis

as one step in the preparation of a very ﬁmita gracm of’ rice
stareh. An alkeline m@m&im of the sgtarch was sleotrolyzed
between eluminum, zine or other metallic electrodes. Harvey
{142) and White {326} %&n%&ﬁ a process for the Perkine Glue
ﬂ@mﬁw whiah m&g é@aigmﬁ to e@ﬁwﬂ starch to & glue., An
agueous suspension of the swmh was pade eﬁn&wﬁﬁg by the
addition of hydroebloric or mulfurie acid, & salt or alkali.
Iron or carbon eleotrodes were used with a direot curremt of
3.5 amperes at 110 voltas. The a&wﬁmlyaﬁ was stopped befors
the starch reached the goluble stags. It is apparent thm some
oxidation ocourred due to the producte of electrolysis of the
'wnéziﬁting sabstances. The authors were apparently ignorant
of the staroh Mﬁifymg mechanism, because they 4o not mention
that ésny one ealectrolyte is wore effeotive than mm@m The
a&aéﬁamlﬁ% were added "merely to make the bath suffieiently
mﬁ&uat ing™. Aotuslly one might &xp%ﬁ i:yﬂmlysi& and
oxidation from the acld electrolytes but only oxidation from
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the alkaline or saline electrolytes in the concentrations
useds

Pink and ﬁﬁmmﬁf$ {?§} ettenpted to eiaa%xﬁl&a@ sterch
between graphite electrodes in 2% potassium bromide solution
at 40°C kept neutral by wmeans of calcium carbonate. They
reported no resctien, stetlng that eleetrolytie axiéatiaﬂ in
the bromide beth secemed specifle for aldoges. Very probably
they lacked the methods to detect oxidation in starch. |

h Oxidtion by alkeline merouri
{29) oxidized a maltodextrin (of ebout five or six glucose units)

¢ oxide. Brown and Millar

by heating ot 100°C with mercurie oxide in barium hydroxide
golution. Under these conditions oxidation prooeeds further
%ﬁaﬂ‘%he convergion of %ﬁe'&&é@kgﬁﬁ& group of the terminal
glucose unit to & earboxyl gx&E@‘ ¥elt amylese {alphs-~ and
beta~anylase) hy&r&lyﬁﬁé %&ﬁ oxidizged maltodextrinic acld to
maltose and a smaller a@iﬁg The original maltodextrin was
only slowly &%ﬁ%ﬁkﬁﬁ by alpha-a
| amylase S§1iﬁs'mﬁ1%aﬁ@ units of'f the non~aldehydie end of the

mylase, indicating that botaw

sterch chalin.

During the oxidation, after three stoms of oxygen were
gonsumed per mol of meltodextrin, the reduction of Fehling's
solution ceased., The barium salt at this point gave chiefly
an ecidic fraction of [a ]y 169-192%. 4nalysis of the
caleium salt corresponded to the formula (CpgH,g0gglaCa«
Diastatie hydrolysis of the maltodextrinie aaid‘gava maltoge



and & smaller acid whose calciwm salt amalyszed as
{Cy9Hog014) 008 Hydrolysis of %kma two ealeium salts by
oxalic acid gave B5.56 and 67.7% glucose respectively and an
acid whose caloium aalt snalyzed as {UgHy0.)o0a

ealeium arabonate. These dats fit the following scheme of
oxidation and hydrolysis: |

| /*‘3},2333.%; ~C12H21010 Cy07i22011
» \a [e] 9\@ [od] Maltose
1282079 1882009 —— S A
gg Dlastase ~O1pH54 040
\%ﬁuﬁs %%% | Q\g Lo
Maltodextrin Aoid 58905
‘ , Acld
[im@‘l' oxalie  [mod] l oxalie
| acid sold
4 mlﬁ of glucose £ mols of glucoae
+
C510% s110%

Arvabonic acid | Arabonic acid

Brown and ¥iller {553») prepared snother dextrin from hydrol-
ysis of starch by malt exi: BO% maltose and also oxidiged
this dextrin with mercurie oxide in barium hydroxide solution.

The resulting acid was converted to the calcium salt, whose
analysis and hyd
this formula for the aeid: (CgHya05)ag~U5Hg0ss This meant

that the originel ﬁmmﬁ&n contained 40 glucose units, a value

rolysis to gluccse and arabonic acld sugpested

which agreed exactly with the reducing power of the dextrin.
The usual equation used for malt digestion at that time (1899)

wags
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20 CgHyo05 + 8 H0 —B 0152201y + 4 CgHy 05
Sterch 80% Maltose Stable Dextrin
On the basig of %ﬁair findings, Brown and Nillar proposed
& new equation:

200 CgHyo05 + 81 Hy0 — 80 CyaH,00,, + {ﬁgﬁgﬁﬁg}agwﬁﬁﬁllﬁﬁ
They stated further that the molecular welight of starch eould
not be less than five times that of the steble dextrin. Since
the molsoular weight of the dextrin was 6498, starch would
have & minimum molecular welght of 32,400 or possess 200
gluoose units. The molecular weight of thig sawme dexirin,

determined aryaagayiﬁaﬁly;ﬁa§ 6221 and the wmolecular weight
of a soluble at&rahuhy;tha same procedure was between 20,000
and 30,000. Brown snd Millar then proposed a ring structure
for starch.

eg8. Paersullate nmede

alkaline by smmonia modifies stareh for eotton sizing accorde
ing to Trotmen (B1l). 0.036 esguivalent is used. Bupf (300}
has a patent on slkaline persulfate oxidation.

Oxidation of gtareh in neubral medin.

In a neutral aalnéiaﬁ,aaiﬁ or alkeline hydrolysis end
enolization would be expected to be eliminated. Oxidstion,
then, should not be complicated by these other reastions; the
best studies of oxidation mechanisms sbould be possible in

neutral solutiocn.
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solution in the cold, the colored compound with hydroxylemine,
the precipitete with phenylhydrazine, and the reducing power
of 23% maltose érqmvalem.

Pelton, Farley and Hizon {72) oxidized starch paste witsh
is:amaaixag emounts of bromine in the presence of caleium
earbonate and mwwm& the cale mm salts of the oxidized
starche. Uroniec soid determinations showed that the oxidation
of primary slechol g’mﬁf&a ‘4o uronle sarboxyl groups passed
through a maximum of 50.7% gluecuroniec anhydride when six
equivelents of bromine were used per gluoose unit. The calcium
ﬁmxﬁsaﬁ% of the oxidized starch underwent 8 steady inerease pro-
portional to the amount of bromine used. By means of the curve
fér urenle apid content the suthors were able to caloulate the
amount of caleium neeessary for the uronic carboxyl groups.
When these “‘Valﬁ@ﬁ of uronie acld caleium were subtracted from
the ?alzma for total calelum, the difference would indleate
the ealeium velues of @m ron-uronie carboxyl groups. These

groups, eould results from the

latter, the non-urcnie earboxyl
@#‘i&atmn of tamiﬁai aldehydic groups or from the oxidative
ﬁ;}li‘hﬁﬁg of hexsse unite at the site of & ketone group. No
evidence wae &t hand to decide whioh of %ﬁé two types of
oxidation was responsible for the non-uronic aclds. However,
some indication that oxidative splitting of keltone groups was
the chisf source came from the reducing power r:;f the products,
a measure of the production of ketone groups from segondary

aleohol groupss. The reducing power of the oxidized starches



pagsed through a meximun at two aquiv&iaata‘af bromine, then
deersased proportional to the amount of bromine used. Just
beyond thie meximum, &t three equivalents of bromine, the non-
uronie aecld groups begen to appear end mare»yr@&aéa& in propor-~
tion to the &&ﬁaﬁgfﬁf %@@mﬁﬁe used. The logleal eonslusion was
thet most of the none-uronile carboxyl groups resulted from
ozxldative deconmposition of the reducing units.

Felton, Farley gnd Hizon also oxidized, by the same Pro-
gedure, amylose {%ﬁ%&*&@?l&ﬁ&} and amylopestin {alphs-amylose)
prepared by szaetx@ﬁialyaiﬁ from corn starch pasgte. Preotically
the same product wes obtained from sseh freetion, altbough the
oxidation of the amylose reguired one~fourth as much time 88
that of the emylopeoctin.

Fink and Sunmers {76) electrolyzed stareh in & sclution
eontaining potassium bromide snd osleiun carbonate bub observed
no reaction. |

Eibara {183) oxidized starch paste scoording

o 2 pro=-
gedure substantially the same ap that employed by Felton, Farley
and Hixon (72]). ~Eia further observations were that the oxldized
starch was precipitated by calelium or barium hydroxides but
not by copper sulfate or Fehling's solution, and that tekadia~
gtase soarcely ﬁyﬁr&lyﬁa& the product. Kihara prepared an
acetyl derivative which melted at 145°C.

b. Oxidation by ledine. When Andrews and Goettseh (Z)
hested starch at lﬁﬁﬁﬁ;witﬁ 248 aquiva&aﬁta of iodine in the

presence of caleium sarbonate, 110 hours were reguired to
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reach the achrole point. ?hia\s&mp~atag§ was reached in 65

hours in the absence ﬁf:ﬁ&lﬁiﬁﬁ garbonate.

B+ Charscteriszation of Oxidized Starch

After starch has been subjected to the asoction of an
oxidant it is not a simple metbter to determine that oxidation
hes taken place. Depending upon the extent of oxidation, the
methods used to detect and to measure the changes due to
oxidation inelude eolor rsactions, microscopic observations,
'&aagwia digestion, measurements of physieal properties of
starch pastes, observations of gelatinization phenomens, actiom
of swelling agentss ﬁ$£E£wiﬁaﬁieak-&f apidity, of alkali~labile
value, of reducing power; hydrolysis and isolation of the
oxidized glucose units.

‘1. General differentiation of starches.

For & mildly oxlidized stareh the met

wods for detecting

oxidstion resemble very closely those used in the characteriza~

tion and differentiation of various rew starches.

a. Relchert's analyses. By far the best ayat&m&tia pro-
gedure for iﬁantifying,ﬁ‘givan'aﬁgﬂak\iamgls %éﬁaniﬁaliy is
that of MeNair (208). This summary of methods taken from
Reichertts (R55) comprehensive treatise on starch differentia-
tion used eleven processes of analysis suoh &8 histologieal

e&mm&aaﬁiaaﬁ esolor resctions, swelling reactions, geletinization
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%am@@w&turas, ebCey Y0 dlstinguish between starches of differ-

ent families and specles and even between starches from
- different varieties of one species, e.Z., the numerous corn
starches. |

starches may be made by‘uga of tha'aﬁlﬁr‘aﬁiaﬁ astarches give

golor. A limlted differentiation of raw

with lodine S@Iﬁtiﬂﬁg This phenomencn, that starch is oolored
an intense blue by iodine solution, was digeovered by Colin
and De Claubry (41) in 1614. Until 1885 1t was believed that
ell raw starches gave & blue color with iodine. In that year
Dafert and Kreusler {250) reported thet the stareh of glutinous
rice gave a red color with iodine. More recently (521} the
ptarch from waxy corn besg also been found to glve & red icdine
ecolor. Dr. R. S. Bear of this laboratory suggests the name
feryvthrostereh™ for all rew starches whish glve a red color
with iodine. The iodine color of starches, therefore, gives
an bmediate differentiation of erythrostarches and those
giving @ blue color. In differentiation work the method of
Giri (108) is elailmed to give a different result with wheat
and corn sterches from that with rice and barley starches.
szarahwagar‘gla%aﬁ'%r&a&aé with amylase for 24 hours give
charecteristic zones of color when flooded with lodine solu-
tion. FPhotomeirie studles of the %ﬁ&?ﬁhﬂi@éiﬂ&yﬁﬁlﬁr by
gimerl and wawﬁiag {283) showed a different percentage of
transmiseion of 1ilght for each starch. HReichert (£55) and
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MeNair (209) used lodine colors as well &s swelling phenomens
in lodine-chloral &gﬁrﬁ%& end in lodine~lactic ascid solutions
for differentiation.

¢« Jodine vspor. ITodine wvapor was reported by Goblsy
{104} and Dubose (58} %o give quite different colore with the
various starches. However, we heve found thet the solor
depended on the molsture wntent {all the starches studied
giving a blue color in & humld atmosphere] and on impurities
in the starches (187). Neo further differentiastion could de
wade than wag possible with lodine solution.

ature. The gelatinization

temperature of starches hms been 1n use for meny years &s &

means of differentiation. MoNair's (209} summary of Reichert's
{255) volumes lists the gelatinization temperstures of hundreds
of starches. From the values recorded there one iz led to
believe that the measurenents axﬁ~aacura%é to at least one
tenth of a degree. This is undoubtedly esn average value for
the tempereture of maximum gelatinization. There is, for any
stareh, no true g&latigi&&tiﬁﬁ temperature analogous to a
melting point; there is only a gelatinigetion range of some
five to ten degrees (226}, The gelatinization temperature is
the tempersture at which the largest number of granules are
gelatinizing and is~aﬁ£§ an estimate. Nespite this ﬁiﬁ@?ﬁ?ﬁﬁﬁ?,
the usefulness of this physieal constent depends on the fect
that gelatinization temperatures differ conalderably and range
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from 50 to 90 degrees Uentigrade. The gelatinization tempera-
ture is usually meesured visually on a heated misrwaeaﬁé 8LaZC.
Cook and Axtmayer {%3} measured photoelectrieslly the light

- passing through a ﬁtarah suspension while it was being heated.
When the light transmission in microamperes was plotted against
the temperature of the a%&xﬁﬁ @&&tﬁ;’a eﬁaxaetéristig curve
was obtained for each stareh. The tropical starches gave an
entirely different type of curve from that of the temperate-
zone starches. %ﬁi@&ﬁ‘{alﬁ} extended the use of the above
m&%ﬁé&g o | ”

Many workers, amang them Stone
{297}, ©O*Bullivan iﬁﬁli, %&g&& (218}, Sherman, Walker aﬂﬂ
Caldwell (280), Amberger (1), Hermano and Rask (153),

Kashiwaya (176) and Iwanoff, Kurgatnikov and Kirsanova {188},
noted that differences ocour in the digestibility by amylases
of starches from different sources. When the amount of

amylolytie éigﬁﬂ%i&ﬁ af & starch Wa$v§23%$%ﬁ a%ainat'ﬁh&

t@&@eratﬁre of substrate preparation, Martin and Newton (207)
obtained & very characteristic curve for each type of sbtarch
thus indicating ‘

& mathematical differentiation of starches by
date from enzymle @i@&ﬁ%ﬁ@ﬁs

T« Dyes. By&&tuﬂfﬁ are important in starch differentia-
tion as is evidenced bﬁ‘%hﬁ importent ¥yole they play in
Reichert's anslyses (255). Sohulz and Steinboff (275) also

uged dyes.
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uged the spectrophotometer to follow the absorption speetrum
ol the starch-iodine complex during hydrolysis. At the noment
when the icdine color WW@wwwawwwm during Wngamemm the w@wwawﬁ
present had an estimeted chain length of 6 or 7 glucose units
(189). i |

b. Gelatinizstion temperature. Photoeleetric methods for
following the amwwww@mwwﬁm~aw,ﬁ stareh have been developed by
Cook and Axtmayer {(42) and Morgan {216). These methods
meagure ﬁ%@,meww which & starch suspension transmits as it
is heated wmwwmmw the geletinizing renge. The current from
the photoelectric cell plotted ageinst the temperature of the
stareh paste gives & gelatinization curve for sach starch
pample. Newton, Farley end Naylor {226) employed the loss of
birefringence &t the M@wwwwmwﬂwwwmw point as & measure of the
temperature coefficient of geletinization. .ﬁww effect of
oxidation upon the m@wmwwwmm@awam,ﬂmﬁwmﬂm@ﬁaw ﬁwm;wawwmﬁ@m in
this manner. Norgen (816) also followed the oxidation of
gorn and taploea aawwawwm by its effect in decreasing the
pasting aw@@&&a«gﬁm;, In addition he gave surves to show the
effect of w@ﬁWﬁmwwmﬁwwem,@% eorn and taploes m@mﬁwwmma Radley
{247) deseribed & metlhod for following the course of golatiniza-
tion by means of sedimentation voluwe. In the experimental
gection data are shown for chenge in volume of sedliment at 8-
mw&wm temperature of gelatinization as the gtarch ls oxldized.
When & sgtarch has been modiflled

fer enough t¢ be soluble in water or some other solvent, the
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decrease in optical rotation may be used to show the course of
modification beyond thet stege. This has been done by Lintner
(201), Craik (43), Pelton, Farley and Hizon (72) and others.

| 8. Viscomity. One of the most used tools in the control
laboratory éf‘afgxaraﬁ:§1&3%~ia the ?iﬁ@ﬁ&&&@%&?a By way of
explanation iﬁ13aﬁ& aﬁié ﬁ% mentioned ﬁef@ %ﬁ@t the vi&cagity
of a starch gﬁéﬁa isg ?axy importent %é>ﬁ§a %axﬁiie &ﬁ&‘yayaf
trade. The us&al,yxae@ﬁﬁr@ f@r'vigéesit§‘ﬁaaﬁﬁrﬁm@ﬁ%ﬁ‘aaﬁgiﬁts
in a geries of ae%@rmigﬁtiﬁn@ while the~ﬁt&r¢§ is belng modifled.
The numerical values are used for comparisons in the manufacture
of puch products ag oxidized and thin-bolling starches, dextrins,
British gums and aéﬁ&&i&aﬁw Caegar's apparatus {85) measures
the viscosity during the gaa%ing’@f the starch and the cooling
thersof. The emount of work reguired to operate the slectrisal
stirrer is taken as & mesasure of the viscogity. The records |
sbteined by plotting current agalnet temperature vary greatly
from one starch to éﬁﬁthﬁﬁ'&ﬁﬁ‘haV$ been used to follow
various modifications.

. Rigidity. The rigidity (reciprocal of elasticity) of

a gtareh peste does not depend on its viscosity, but is an

entirely different property. Brimhall and Hixon (25) reviewed
the earlier nethods for rigidity determinations and improved
the Sehwedofl teaﬁnigaa* By means of & newly designed
rigidometer, Brimball and Hixon messured the decrease in
rigidity resulting f?am;saah treatments as homogenizetion,

oxidetion, ¢old aecld trestment, grinding in & ball mill
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and sutoelaving. The experimental section of thig thesis
shows the successive changes in rigldity during the oxidation
of raw starch.

. Gel gtrength. Hixon and Brimhell {lﬁi) constructed a
gelometer to measure both the deformetion and the breaking
strength of starch geles They uvsed suction to deform the gel
and measured the volume of deformation hydrostatieally. It
will be shown below how sel sirength deereases during electro-
lytie oxidation.

g+« Acidity. A oheracteristie property of oxidized starches
is thelir acldity due to earboxyl groups. Titration with
alkali is usually the procedure employed for measuring escldaity
of starches. The end-point iz determimed with phenelphthalein
or electrometricallys pH determinstions are also used. During
elkaline oxidetions a metallie salt is formed from each
carboxyl group produced; an analysis for the metal then re~
places the titration of acid. Among those who followed the
change in titratable acidity during oxidatlon were Grnxéw@ka
{95,113), Fernbach and Wolff (73}, Messol (208), Bleleoki
and Warmeer (18), Durieux (61}, Vintilescu and Faltis {314),
Sames (262,263}, Resgow and Lobenstein (254}, Sameoc and Bline
(264), Bverett and Sheppard (65), Semeoc and Ulnm (268), Fleteher
and %aylér {77}, Katz end Vieidlnger (178) and Jambuserwsla
and Kﬁﬁitkar'ilﬁagl?a}» Pletcher and Taylor {77) followed
the ahanga‘iﬁ pH during oxidation. ﬁﬁa&,kﬁragar and Tollens
{206), Syniewski (306,307), Everett and Sheppard (65} and



and Paull end 8%. Szper (838) presented evidence to show that
uronie agids were responsible for a portion of the asidity.
Felton, Farley and Hixon {72) measured the production of

uronie acids during

. the sucoessive stages of axiﬁ&tieﬁ* Hetal
analyses ag an index to the production of carbvexyl groups in
Hebermann {120,181},
Syniewski {503,304}, Brown and Millar (29,21}, Rassow and
Lobenstein {854) and Felton, Farley and Hixon (72).

ralug, ?&ylar\anﬁ.aawﬁarkers {308,809,

the oxidation of starech were used by |

 h. Alkeli-lebile :
310) discovered that when starch is heated with 0.1 ¥ alkeli

for one hour at 100°C some of the alkali is neuitralized by
the stareh. The lodine-reducing subsgtances were then messured
by means of lodine solution and reported as the alkali-labile
valus of the starch. This value u&ﬁé&g@%s large variations
during such treatunents as solubilization by cold acld, dex-
trinisation, grinding or conversion to a thin-boiling stareh.
Further epplications of the alkali-labile value have been
made by Jambuserwsls and Xanitkar {172,173} Fletecher and

" Taylor (77) and Samec and Bkerl {267).

i. Alkall pumber. Sohooh and Jensen (272) simplified
the slkali-lability proeedure by omitting the iodine titration.
Their method messures, by titration with acid, the alkali
sonsumed during the one hour digestion. The authors term
this value the "alksli number™ beecsuse it 1s somewhat differ
ent from the alkalia&abilé value, The alkall nusber deter-

minetion iz sensitive enough to detect slight modiflostions
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@auaaa by acid, axiéatian, daxﬁrinizatiaa, ete.
The aldehydic gmga@s of starches,

m@ﬁifisﬁ atayahas anéléaxtrias impart to these products a
certaln r%&naing power. In the case of oxidized starches,
~ redustion may also be due to ketone g%@ﬁ@ﬁg ¥any of the

methods for determining reducing power have been taken direetly
from cellulose ghemistyy while only & few methods bave been
reported speeifically for starch. The methods used on
cellulose are, therefore, inocluded as a pert of the literature
reviews

Yigk@ﬁ {218} in 1897 used Febhling's solution %o measurs

the reducing power of cellulose. In 1907 Schwalbe (276)
reported the "eopper nuzbers" of seversl cellulosic products
determined by a modified Pehling's test. The aﬁﬁxmaafaxiﬁa
preeipitaeted by reduction was dissolved in nitric aeid and
deteruined electrolytically. Weny subsequent workers modified
thw&lﬁa'a method, viz., ?r@i&erger-iaéé, ffgﬁ,ﬁﬁﬁ {13&}, and
the fallewi&g‘ Knecht and Thompson (18Y) dissolved the euprous

oxide in ferric alum end titrated with pemmangsnate.
Sunderland {299) pressnted & rapid alﬁaﬁraiy%ia'metbaé ag well
as &a iﬂé&%ﬁﬁ%&i@&ﬁiﬁ&ﬁa é&%atminati@ﬁ of the cuprous oxide.
Braidy (21} fayiaaaﬁ the smlkeline tartrate op Fehling's
solution with a aarbaaataabiearhaaﬁﬁe mixture. Braldy's

wn as the

method recelved wide applicstion; 4t is alse kno
Seﬁw&lhamﬁraiéy;mﬁﬁhﬁﬁ. In the seme year Koehler and Merqueyrol
{1688) slgo published & modification using & carbonate=
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-whieh had been devissed f@r cellulose., After a lag period the
mﬁ{wmg poweyr mﬁ proportional to *t;i:;a:’ time. I&ntmr asoluble
ka&aré&x and aﬁwﬂw@ smmﬁi had :&m% copper nunbers while the
copper numbers of rew starehes @ém zero. "@%?1@2’ &&é o=
sfz@ﬁt&m {77,508,310) nmeasured tﬁa *’mitia}_ ra&wiﬁg wame“ of
& pumber of modified a&amms by the mnammm and ﬁ&m&&l
{388} lodine titration mr aldoses. For varlous starch
fractlons, ground starehes, thin-boiling sterches, scluble
a‘ew@mﬁ and white &a&kﬁnﬁ the initial mﬁmiﬁg m@e ranged
from Co.6 to 6.0 umg. iﬁéim @s&r 100 mp
his assoclates used the initlal reducing value for following

.aﬁ‘ materisl. Taylor and

modificationg of stareh by chlorine and alkaline hypochlorite
but olaimed thet their alimiiwiaki},s value was more aaﬁaiti’m
and more widely applicsble.

| ' In 19%6 Richardpon, Higginbotham aaﬁ :é‘wrw {3&%} made &
noteworthy advance in the @etsrminstion of eapper m&s&m‘
They showed that the lag mm}é when the hy&,miﬁia of starch
wag followed by reducing power wa due to loss of & small
amount of augsmua &xi&& by virtue of its miuiaimty in the
m&gﬁms* To a&aﬁz ganple measured by the Fargher and ka&r&
{67 ) technique they added s measured amount of glﬁmw solution,
then subtrascted the value obtained for glucose in a vlank
-e%emmma%;mm By this soheme all semples gmﬁma& wwgﬁ
cuprous ozxide m excesd its m}.tz%i}.ity, and the lag period of
nyaiysiﬁ %isaﬁg&&m&, Raw starches weye shown to have &

definite reducing power which ranged from 2.8 to B.¢ mg.of
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gopper per grem of starsh., This value was termed the Rg,
value; it was used by these workers as well as by Caldwell

and Hixon (36}, Jawbuserwsla and Kanitksr {(1782,173), Newton,
Parley and Naylor (228} and others to follow the modification
of stareb. There will be presented below & new method for
determining R, values whieh aﬁ@ft@ﬁg the time for a determina~
tion from three hours to twenty minutes.

Recently Kerr (181) measursd the redusing potential of
eorn sgtarch and beta-amylose by means of & Coleman electrometer,
the respective valusg for these two varbohydrstes being 59 end
68 millivolts in 1% solutions as compared with 111 for maltose

and 182 for glucose,

ingymic digestions The guylase digestlon curves for
peveral starches exsmined by Martin and Newton {207} showed
gnificant

characteristic differences. These differences were s
encugh to suggest the use of goybsan heta-amylase to Tollow
the industrial meodificstion of starches. Hewbon, Ferisy and
Heyloy (£286) employed this amylase digestion to measure the
ehanges in susceptibility of the starches during wvarious
trestments, such as grinding sterch in a ball mill for varying
lengths of time, oxidation by different amounts of chlorine,
dextrinizaticn, scid hydrolysis {thin-boliling starch) and d4ry
milling. Yor any given starch each of a series of suspensions
was heated at & 4ifferent temperature for thirty minutes, the
resulting stareh §ﬁ$$@‘%ﬁiﬁ& subsecuently digested for three
hours at 409C with soybean bebas-amylese., The final redueing



value of each sample was plotted sgainet the temperature of
i:amtraﬁtmnﬁ of the starch. The resulting éigaﬁ‘éiw curves
differed in thelr extrepolated intercept on the temperature
axis, in thelr slope during the gelatinizing
thelr value for maximum digestion. Physical modificetion of

starch by grinding im @ ball mill for 150 to 600 hours greatly

range, aand in

increaged the amount of stareh digestivle a% low pretreatnent
temperatures (below 80°C). This increase amounted to 45 or

50% maltose equivalent. Acid hydrolysis haed very little effect
on sterch digestibllity at temperatures below the gelatinizae
tion point. ﬁligm aoid hydr
m:rwm in ﬁiges‘kihﬂmy {5% or a0} above the gsl%iﬁwm@

olysis of smm& caused & smell

;&mgﬁu Progressive dextrinization @ff@@f&&i progressive mﬁm&m
in mw@%wm%y of ‘gtﬁm o h&s‘fsawmyl%ﬁ digestion at low
pmtmaﬁmm% temperatures {%é, %”:e and %ﬁ}:; sbove the gamtimzw-»
ing range the a;z«aim effeoat, & zamgm%ma deerease in
'm%:{lmse pmé&mﬁam wae noticed. Corn flmx:m, paste i‘}.&ma

and brewers' flakes 1ikewise gave ourves following ome another
in the exsot order of the extent of modification. The use

of amylolytic digestion to follow the elesctmlytic oxidetion

of starch s presented below in the experimental section. |
irefringens An investigation by Newton,
?&rmy and ﬁﬁ?’i@r m«%} to determine the meaning of the inter-

cept of the enzyme digestion ocurves showed & definite correla-
tion between amylolyiie digegtion aud loss of birefringsnce of
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As Ozldation of Raw Starch by Eleotrolysis in Sodium Chloride

The sodium hypochlorite used for the industriel production
of exidized starch i1s made by passing chlorine into alkeli.
The slectrolytie method demeribed below prepares the hypoe
ghlorite in solution by a}awﬁmlyais of sodium ehloride.

a8 motor-generator assembly whiech delivered about 10 wolts.

Depending on the conditions of easch ozidation the ocurrent
strength was between 0.1 and 7.0 amperes. Ths total current
wig computed as agcurately aam feasible for determining the

ampere-hours and faradays of sleotriclty consumed and therefore
equivelents of chenicel change produced.

Electrolyses were carried out in & orock or beaker of 4
liters capacity. Into this was lowered the electrode asseunbly
and stirrer. Abttempts to use carbon or grephite electrodes
resulted in carbon particles flaking off the eleptrodes,
g-sga%aia}.w from the anocde. The flaking wes deoressed only
slightly by soaking the snode im paraffin. Every flltering
device which was constructed opersted too slowly when filters
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wore used which were fine enough to remove the aar?mn; A
portionof the carbon c¢eme off in colloidal form and could
never be removed h? filtretion. Carbon snd graphite electrodes
were abandoned.

An feléa%m&a assembly of four iren mmﬁw and one
pletinum ancde was used for the electrolytiec date of this
thesis. The platinum eylinder anode was mounted in the center
of the agsenbly and eguidistant from each of the four iren
cathodes, A large blade stirrer passed through the platinum
¢ylinder to stir the solution from the bottom of the vessel.

| b _Method. One pound (454 grams) of eornstarch was sus-
pended in 3000 ml. of distilled water to which hed been added
80 grams (2%) of sodium ehloride and 12 grams (0.4%) of sodium
hydroxide. The slectrode assembly &M atirrer were lowered
into the suspension. The stirring

wos adjusted at & rate
whieh kept the sbtarch suspended, then ;m Dels generator was

anode was 37.5

turned on. Since the area of the platinum
Bquare centimeters, the average current of aboubt 4 emperes

geve & gurrent density of approximately 0.1 ampere per square

centimeter. When the reguisite mumber of ampere-hours had

been generated for the desired amount of oxldation, the
generator was stopped and the \@lw‘w@m removed from the oon-
tainer. Stirring was then resumed until a test with potassium
iodide solution or a titretion showed the abgense or near

absence of hypochlorite ien. The titrations were made with



thiosulfate on an aliquot of the oxidation liguor after
addition of potassiun lodide.

1g eertain oxidations the eleetyolytic container was

thermostated; in all others the %&z&y@f&%ﬁra rose gredually
during mmm and fell as graduslly during the stirring
periods This tempersture rise was ususlly five to ten degrees
gentigredes, 1In concentrated starch suspenslons ag large a

rise in temperature as twenty~five degrees was yrecorded.

. After the hypochlorite hed been depleted, the stareh sus-
pension was neutralized to phenolphthalein with hydrochlorie
acid, centrifuged and waahed amwx&amkf until the washings
- sbowed the abgence or only a trace @i‘ shloride lon. The
gtareh gamples were finally fi%amé on & Buchner i‘um&h

sucked dry, then dried at :‘a&% in a hot ais: aryer,
] shows the recovery of oxidized

gtarch by ﬁw electrolytic ﬁmwsa mgm}wr witia that of &
commereial oxidation. The recovery desreased g}mg@m&m&}. o
the extent of oxidation. The ezmtmzyﬁé recovery is much
higher than %ﬁé wmwgia}; recovery becsuse milder conditions
wers used inm the former proeess. Whether or not this is a
desiresble Teature depends upon the type of produet soughts
The electrolytic produets d4id not approach the high trans~
parency snd low vigcosity of the commereial products until
the consentration of ﬁw&h in suspension wes greatly inorcased
and the oxidation carried on more rapidly, b@ﬁi of whieh cone
trivuted to the development of & higher temperature during
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oxidatlon. Even under these conditions which produced an
oxidized starch approaching the physical properties of the
commereial sterch wﬂwwwa&wf%www the same wﬁagww,@w chlorine,
the electrolytioc recovery was 95% as compared with an 85%
recovery in industry. ;wwﬁw@w,%maﬁﬁaww ig in part due to
greater ease of washing the products free from the small -
amount of salt used. | |

Preatments which gelatinized some of the starch mwmawa@@
in muech lower recovery. Partisl gelatinization by 0.72%
sodium hydroxide gave a 76% wwamﬁwwwm for @mw same reason a
gongtant aaﬁwwwwmﬁM@L@wwwwwwaw,mw 5590 wwaﬁm@.mﬁ,maﬁ recovery,
wheress the normal recovery was 98%. Zach recovery was oal-
culated on w dry basls from the moisture content mw\ﬁwa,,
starches. ;

@. Cost. Cost comparisons were made between the chlorine
and caustie soda oxidation and the elesctrolytie oxidation
based on the use of 2% chlorine (0.1 equivalent of chlorine per
glucose anhydride unit) om 100 1bs. of starch.

The cost of the ehlorine and csustic soda method involves
{1) the cost of ehlorine, {2) the cost of sodium hydroxids

to produce hypochlorite end (%) the cost of sodium hydroxide
to neutralize the aelid groups produced ww.&%mawawamg

‘mwu maﬁw‘mﬁ ghlorine ~ U.1 equivalent of ehlorine requires

= 0.,0219 g. chlorine per gram of sterch or

2,19 lbs. chlorine per 100 1bs. of starch.



A% $2,15 per 100 1lbs., the cost of chlorine is

L = $0,0471 per 100 1bs. of starch.

o0

{2) Cost of sedium hydroxide to produce hyposhlorite:

Cl, + 2N8OH = NaCl + NaOGl + H,0
70° 80 | |

Ogllyp0y + WeCH + 2 O = Oghy0,C00Na + 2Ha0
162 40 | ‘

13.0 cents per 100 lbs. starch.

The cost of the electrolytic oxidestion involves (1) the cost

of sodiun echloride, (2] the cost of sgodlum hydroxide to

neutralize the acid groups formed by oxideticn and (3) the

cost of eleotricity.

{1} Cost of sodium chloride:
(0.0219) HFE (100) = 3.66 1bs. HaCl per 100 1vs.
starcohs A% $14.80 per ton, the sall costs

{2) Cost of sodium hy@roxide to keep the medium slkeline
is the ssme as for the commereial process: $06.0165.



(3) Cost of electricity, using 10 volts:

1,850 ampere hours are requlired for 0.1 egulvelent

chlorine per glucose unit per 100 grame of starch,

_ww.mmw»m,uxm,u_«mm = 7.5 kilowatt hours

wWith 1.4 eents per kilowatt hour ms the basgie rate,

{(7:5){1a%k) = 105 cents

Total cost = O0.0B71 + 0.0165 + 0.105 = 0.14886 or

14.2 cents per 100 lbe. gtarch.
For 100 1lbs. of starch oxidlized by 2% chlorine the cost of
the chlorine snd ceustic soda method would be 13.0 cents
while the electrolytic cost would be 1l4.9 cents. In the
electrolytic method the faot that the licuors msy be used
repeatedly with &n occasional addition of alkell and sodium
cbloride makes the cost of the ehenmiesls inglgnificant. This
would reduce the electrolytic cost considerebly below 13 cents
and approsching 1l cents per 100 lbs. of starch.

Most of the cost of the eleotrolytic method is that of
the eurrent, ﬁwwww,w@ dependent unon méﬁﬁwpsmawaﬁ sost
electric power. |

The cosgt of uging platinum ancdes mey be estimeted as
wawwwﬁm. The ugual mm&w&m current dengity wes approximately
0.1 smpere per square centimeter on & platisum sheet anode.
By using a platinum wire ancde the current density was easily
raiged to 0.8 znd later l.6 ampere per sguare centimeter.

when the galt concentration in the eleetrolyiic ¢ell was ine~
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ereased a current density of 2.3 amperes per asguare centi-
meter ocould be attained.

Using the highest current density (1.8) obtained with
norzal salt concentrations (2% sodium chleride) the follow~
ing caleulations may be made. For 0.1 equivelent of chlorine
per glucose unit f€;x*?;~r.@3§ shlorine) 100 1lbse of mm require
?ﬁé ampere~hours. Allowing one hour te generate the &y

ehlorite, thers are reguired 750/1.6 or 468 square centi-
meters of platinum surface to oxidize 100 1bs. of stareh by
2.2% shlorine. Using only one side of & platinum sheet one

thousandth imeh thick the cost would be approximately §$70.

if 12 hours are used to generate the hypochlorite the cost
would be about $6 for the platinum eleectrode to oxidize 100

ibs. of starch by 0.1 euuivalent (2.8%] of eblorine.

viscosity during elesctrolytic oxidaetion. Thils serles of
oxidations used inereasing swounts of hypoehklorite from 1/2%
up to 11% setive chlorine {0,025 to 0.5 equivalent). The
relative viscosities were messured at 909C in an Ostwald
viscosimeter using a B% peste of the starch. The values
represent seconds of flow under a pressure of § om. of water.
| mount of oxidstion

The ecurve shows that only &« small a
(1/2% ehlorine) was sufficient to cause a large drop in hot
viscosity, so large a dvop that it 1s not explaineble on ithe
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CORNSTARCH OXIDIZED WITH 0.025 EQUIVALENT(O 5%7) OF CHLORINE
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CORNSTARCH OXIDIZED WITH 0.1 EQUIVALENT (2 2 7-) OF CHLORINE
AND SWOLLEN IN 0 707 SODIUM HYDROXIDE
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CORNSTARCH OXIDIZED WITH 0.5 EQUIVALENT lI?- OF CHLOR/NE
AND SWOLLEN IN 0.70% SOB/UM HYDROXIDE

Plate I. Swelling of Raw and Oxidized Cornstarch




swell slowly eonough for observetion. They can be seen to
inerense in size and é@@ams‘ia%&rnally bhomogeneous as the
granuler contents become hydrated and gelatinize. Cornstarch
oxldized with 0.5 equivelent {(11%) of chlorisme and subjected
to the seme conditions of alkalil treatment shows pragtically
no swelling but only disintegration of the gremules. This
cecurs slong the visible radisl fissures of the grenule first
into & few pieces, sueh of whiech in turn gives rize to many
more pleeces by the gﬁma»ﬁrumbiimg process. Numerous srall
particles result from esch granule and beglin Ho dissolve in
the alkaline solubion. The granulsy sack or umembrane 1s
gonapicuously sbgent, Thils last semple showsed a very low
viscosity; its paste was so clear that the sbgence of sgediment
on centrifugation was as expeoted {See Figure 2}.
Intermediate gamples, oxidized by 0.1 or 0.2 eguivalent
(2.2 or 4.5%) of chlorine, showsd & combination of the above
affectes The swelling of the grenules to a large sglize was
observed along with simultapecus disintegreation of the inter.
nal structure. The swollen granules contaloed some of the
ungewollen small perticles so charaeteristie of the highly
oxidized é%arahg The grenules of starches oxidized by Q.1
or 0.2 aqgi?alenﬁ:af chlorine swelled to a larger volume
than 2id rew sbarch granules. Although the viscosity of
these pane sau.les wae incresged beyond the viscogity of the

lese extensively oxidized starches, it did not reach the



the viscosity of rew starch. A semple of sterch oxidized by
0+885 equivalent isﬁ} of ehlorine showed a l&fgez‘ nurher of

gmmﬁiw which had swollen irregulerly or had broken. This
weakening of the granular membrane and its &m:st complete
destruetion in the 0.5 {11%) ai&mﬁﬁ& ﬁr‘if& agrees with the
%e&ﬁy decrease of ?*ismmﬁy maumiﬁg from the use of more
mm 0.2 equivalent f%ﬁ%} of ehlorine ;;ér glucoge snhydride
 unit. |

‘The sample of starch oxidized by 0.028 equivalent (1/2%)
ef chlorine showed a minimum viseosity and & minimum volume
of centrifuged sediment. HNicroscopie mmm@wn diseloged
that the grenules were swollen somewhat less than raw starch
granules and much less then the 0.1 or 0.2 chlorine samples.
Ko other visible festures could be discerned which would
explain the low viscosity of the 0.085 chlorine sample. The
granules durling all stages of swelling scted very muech like
raw stareh granules. |
Measurements of rigi&i%y {resistance to

being mmma) were made on 6% pastes of the starches at
room temperature in the rigidometer designed by Brimball

and Hixon {(85). The values are reported in dynes per sguare
centimeter. Figure 3 shows the effect of oxidation on the
rigldity of "peerl” starch. Wherees 1/24 éx ehlorine caused
a larze decresse in hot viscosity, no such effect was noticed
ed

on the rigidity. The rigidity remained practically unchang
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until more then 1/2% of chlorine was used. Then e repid and
continued decrease in rigidity was evidenced up to the samples
oxidized by 4.5 ehlerine, This point, which represented a
meaximum in the hot viscosity curve, slso represented ak@haﬁge
i% slepe of the rigidity curve. Further igar%m@nts of oxidiz~
ing sgent 4i1d not decresse the rigidity et the former rapid
rete but only slowly. 11% chlorine égqﬁ'QQQiV&l%ﬁh) was
nearly sufficlent te complstely destroy &ll éigiﬁityn The
disintegration of the internsl structure observed miecroscopi-~
cally on the highly @xiéiaﬁé gtarches wmay $X§l&i§ the rapid
decrease in,xigiﬂigy and gel strength while tﬁa étarah gtill
heg a high vigeositys, Sueh internal disintegration is
apparently éﬁ?@ﬁ&é to the gubsequent formetion of a strong
and rigld gele

the When cornstarch wes oxidized by

4+ Gel shxs
electrolytie hypochlorite %o the exﬁénﬁ of 44+5% ehlorine
{0.2 equivalent) the gel strength decrease was a straight
line fuﬁztian,af}tha emount of hypochlorlite used for oxlidatlon,
This is sbown in Pigure 34 Sinee the ﬁﬁ&ﬁﬁrﬁméﬁt of these
semples, Hixon and Brimhell {161]) have developed a different
type of gelometer. Qaiy a change in the glope of the curve
would result 1f the values were measured on the newer
instrumrent. Helative valuesg are quite &uﬁéiai@ﬁt to follow
these mﬂﬁifi@&tiéﬁﬁ of stareh, The deorsase in gel strength
is very probebly related to disintegration of the internpal

granular structure ss mentioned above.
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e, Turbidity. The relative turbidity of 1% pastes of the
oxidized sterches wes megsured in & nephelometer. Because of
the grest difference in color between a starch paste and &
silver chloride suspension comperisons were almost impogsible.
In the absence of an absolute gtandard, relative turbidities
were cbtained %3 using a "pearl®™ starch ﬁaaﬁa as the gtandard.
Figure 3 contains the turbidity curve from one series of
eleotrolytically oxidiged ﬁtaraﬁéa* It is apparent that only
a gmall emount of oxidant {(1/2% eblorine) 1s negessary to
reduce the turbidlity of the stereh paste by three~fourths of
ite original vslue. This, Wo, should be considered g$
chiefly e physicel change of the starch granule, Beyond this
gudden dissipetion of the turbidity furthber inerements of
oxidation have very little effect on the small residual
turbidity. |

f. Reducing powers The copper number has been used

extengively for reporiing the reducing power ol celliulosgie
meterisls and recently by Richardson, Higglabothan end Parvow
{259 ) for starch as was outlined in the hisbtorical section.
There is herein described & nuch simpler method for determining
the reducing power or sopper nusber of sterches and dexirins
whieh shortens the time reguired from three hours to less
then twenty-five %ﬁﬁaﬁes‘ |

During the meesurement of the reducing power of a series

of elestrolyticelly oxidized starches by the Gore and Steele
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of a measured amount of glucose solution to eaeh starch sample

obviated this difficulty. A correction for the reducing power
of this added glucose was made by a blank determination.
Figure 4 aiae~shﬁ%a the reducing power curve after these
changes in procedure had been made.

Figure 5 compares the new method with that of Richardson,
Higginbothanm and Farrow during the hot and ¢old acid hydrolysis

of starch. Vhen the Ry, velues (milllgrams of copper per gram

of stareh) were plotied against the time of hydrolysis in hot
acid, there resulted a straight line for R,, values up to 1000
by both methods. The two methods gave the. same results in

the starch and dextrin range but not in the range of the sugars.
This shorter method for copper numbers uses iron salts instead
of copper ssalts. The results, therefore, might be reported as
Rye units but it seems betier not to introduce amother sueh
unit but to report the results as R,, units to allow comparisons
with copper numbers. ¥hen the maltose, glucose or iren equiva-

lent is desired the followlng conversion factors are used:

Per gent maltose squivalent = —

Per cent glucose equivelent = % -

50 .84

=X

Bpe (mg. Fe per gram of stareh) = Rgy X

The utility of this methed in the yelative charscterizé-
tion of starches and dextrins is shown by Teble I. Tkhe |
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Table 1. Reducing Power of Various Starches and Dextrins

sample | o  Bgn |
S (mg. Cu per gram of starch)

"pearl® starch (eontrol) R 6;@5#;3

Other commercial cornstarches ~ '?;?,~§;%§ 10.1, 11.6
Waxy maize 3%&»%& 940 |
Thineboiling starch, 40-fluidity 8.5
%h&ﬁ*@@iliﬁg,&%aréh, 90«~fluidity 2?;%

“ﬁhi@riﬁate&* stareh, ﬁ;ﬁﬁ chlorine  14.9

fghlorinated” starch, 54 ehlorine 22.9
Electrolytically oxidized stareh 648, 3.0, 6.3, 45
Alkali dextrin, A 1045 |
Alkall dextrin, B , 33.0

Alksli dextrin, © 710

Acid doxtrin, A | 12.0

Aecid dextrin, B ; - B85

Acid dextrin, ¢ ' 39.0

gore {1085) starch, 5 hre. conversion 19.6
Gore (105) stareh, 42 hrs, converaion £31.8
gore {108) starch, 96 hrs. conversion 120.0

Maltose

Gingose
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- reducing power 1nereases with incrsasing econverslon of starch
products except for the electrolytleally oxidized starches
during the early stages of oxidation. These latter, bescause

of the method of oxidstion and washing, have values equal to

or lower then those of raw gtarches. '@aa;$.x shows how this
implified determination of &aﬁﬁﬁia \
follow the acid and alkaline convergion of é%&r@h, €efuy OR
the "thin-boiling" sterchesn, ﬁﬁ«ﬁﬁ% ﬁ@zé {105) starches, and
on the dextrins fﬁm&a& by aeid or alkaline catalyst.

g power has been used to

The reagents for this redusing

ags follows:

DOWET ﬁe#agmi&&%&ﬁn are

Alksline f@¥?1ﬁ¥%ﬁi§aﬁ 32,9 gxﬁ%gvaf‘gataéﬁi&m ferricyanide
and 50 grams of anhydrous a@&i&m(eax%aaaﬁﬁ‘ara dissolved in
weter and made up to one liter. ’$kaf391a%iaa ig approximntely
0.1¥ with respect to potassiun ferrieyanide. .

Glucose ﬁaiati@nﬁ' This 18 & 0.8% glucose solution comtaining
& small am@u@$~¢fy§k§neig .

Sulfurie acid solution. {s58) 139 ml. of concentrated sulfurie
seid are made up to one liter of $ﬂ%ﬁ§iﬁﬂ@ | |

Ceric sulfate. A 0.05HW ceric sulfate solutlon is made as
follows: 26.8 grans of resgent aariaksaﬁfmia {G. ?r&éagiak
Smith Chemicsl Company) are added to about 900 ml. of &
solution containing 100 ml. of coneentrated sulfuric aeld.

The mixture 1s digested until the solid has dlssolved, iﬁ
then e¢ooled and mede up to one liter. The aez&g sulfate
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solution 1s sbandardized against s standard ferrous ammonium
, sulfate solution potentiometrieslly or in the presence of
erthophensnthroline imdieator. |

The procedure for the determination is the following:
Five hundred milligrams of the stareh semple are wia& into
& 300 ml. Brlenmeyer flask. 25 ml. of alkaline ferrioyanide
reagent and § ml. of 0.2% glucose solution are added.,  The
flask Is placed in & bolling water bath for exactly 15 minutes |
and is rotated while the starch ls gelatinizing in eorder to
give a uniform mixture. | &% the end of 19 minutes the flask
is cooled under the tep to room temperature, 25 mi. of
sulfuric acid solution are added, and the resulting green
golution is titreted dropwise with g%ﬁﬁ&&ré cerie sulfate.
The color chenge is from green to yellow. A4 blank determing-
tion is run on 5 ml. of the glucose solutican. The egquivalents
of ceric sulfete are converted directly to mlliéx'ms of
copper and reported as Ry, units (mg. Cu per gram of starchj.
Milliliters of cerie sulfate X normalisy of cerie sulfate X
63457 / groms in sample = Rgye For starch products which
haye an Rau greatey than 100 a smaller sample should be tws&.
' ‘ Boybean beta~

amylase wes used Lo follow the changes in mzswptibi&iw of
starch during slectrolytic oxidation. The method is that of
Hewton, Farley and Raylor (226). Yor each oxidized stareh

each of & series of 2% suspensions was heated at a different

temperature {40 $o 100°C) for thirty mlnutes, the resulting
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starch paste h&ing subsequently digested for three hours at
40°¢ wiﬁﬁ soybeen bete-amylese. The final reducing value of
each gample iﬁ‘%ﬁfmﬁ'§£ $&E£9$$\®§ﬁi?&$ﬁﬁ£ wag plotted against
tﬁe,%aﬁyaraiar& of pretreatment of the starch. The digestion
curves of ??ﬁg?ﬁﬁ§iV$1¥;@$ié2ﬁﬁﬁ~$$§£é§$$l&$@@i?&ﬁhiﬁ Figure 6.
Oxidation with samll amounts of chlorine {up to 0.05 equivelent
of éﬁlﬁrﬁn@ per glucose ani%}'ﬁ&ﬁgaﬁvaniy gli@ﬁ@-r@tarﬁaﬁiaﬁ

of énsyﬁa,ﬁigasﬁiﬁﬁ ﬁ;~§iik§r®%3%&tmant tam@&ratura$¢ ”ﬁxiﬁaw
tion with é@l equivalent or more of chlorine im@@é&ﬁwﬁigastiaa
by soybean beta-amylase at higher pretreatment temperatures and
ra&aea& the tﬁ%&ifm&iﬁasﬁ‘g%aiVﬁiaﬁ% producible. With the

uge of larger amounts of chlorine (0.5 aqaiv&lént} a marked
inereasse in the digestion at lower pretreatment temperatures

was observed in sddition to the sbove-mentioned effeet. This
waEs fuxﬁﬁﬁx~é$m?n&£r&%a& by thekéigaaﬁian auﬁ#&a of two
aammaxai&ll? ah&exﬁn&%ﬂﬁ starches, These two curves were
very gimilgr %o the curve of the a@araa‘axiéiﬁaﬁ>wiﬁh 0.5
éqﬁi?ﬁl@ﬂ% of chlorine. The loglcsl conclusion éf the s%&d#
of snzyme digestion of oxidized starch is'ﬁ&at agiﬁatiaﬁ
ghanges some of the g}aagae ﬁﬁi§$ of starch to structures
whieh are not attacked by bete-amylase an&&r-ﬁ&& conditions
of these experiments. In support of %ﬁiﬁfabsarwﬁtiaa,
experiments desoribed later in this tﬁési& 3&&%&&-@&&%
gelatinized cornstarch oxidized more drastically than the
above failed to show any digestion by melt extract.
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b, Mierogcopic differentiation by birefringence, 4e was
shown by Newton, Farley and Naylor (286) the gelatiniziag

characteristies afta stareh may;bé faiiaw&é mierasa@piaaily

by eounting tb@yﬁar cent of granui%g‘wkigh lose the polarizae-
tion eross as the temperature of the paste is raised,

Figure 7 shows the curves for the loss of birﬁfringana@
of raw starch and of & starech oxidized with ﬂgﬁ sguivalent
(134) of ohlorine, The gorresponding éig@stieﬁ surves are
gi#éﬁkfar»ﬁamgariaana The effect of @xiéa%ian\is at onee
‘ayparﬁat;,' | \

When the amount of birefringence of the granules rether
than the loss of birefringence was measured quantitatively by
a?ti&al methods {ﬁ@fba published soon by Drs Re S* Bear) no
chenge in the amount of birefringence could be detected sfter
oxidation. Table II gras&nt$ %h$~vai&&&{é%%&igaﬁ; The
absence of & ghange in birefr&&g@ag& indicates that,aitﬁ@ugh
some of the starch ﬁﬁbsﬁéa@& between radial #ﬁaxﬁg erystallites
has~§asa‘mﬂdifia§.ky oxidation, the orystalline #@gi@nﬁ of the
granﬁla are not greatly altered by this type of oxidatione.

3. Effect of various factors on the products of electrolytic

iffect of heat. A temperaturs rise accompanies the elec-

%r@iytié.@xiﬁaniaﬁvﬁf starch and ls directly pr@p&rﬁisg&l Lo
the amount of oxidizing agent used, amounting to 7 or 99¢
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Table II. Quantitative Egtimetion of the Birefringence of
Rew and Oxidized Starch Granules.

ww wﬁmwwaww
{in micra)

Cornstarech oxidized by 0.5
Raw cornstarch @ﬁﬁﬂ%ﬁwwwwm of aww@nwma per
, N e co8e 1

w@.ﬁxﬁ%ﬁ%, Ng - - Mo = 0.00346 w

0.00546 0.0104
0.00638 0.0083
0.00926 0.0044
0.0093 0.0062
0.00754 0,0100
0.0078 0.0067
0,00993 0.0076
0.007885 0.0108

- @ i%&

0.00827

when 0.1 egulvalent of hypochlorite is used. Samples of
starch oxidized by 0.25 seguivelent of hypochleorite showed a
temperature rise of 15 to 25 degrees depending on the density
of the stareh milk. In this letter case not only www tempera~
ture rise but the final temperature attained is lmportant.
This is espeocially true If the finsl tempersture attained is
near the gelatinlzatlon temperature of the sbtarch.

Two oxidations were carried out with all conditions
identical except the total volume of sclution. The eleotrolysis
was allowed to generate 0.25 equivalent (5%) of chlorine.

Table III shbows the resultd.
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Table III. Effect of Heat on Oxidstion of Baw Starch

-
6

LS 2
EL

xH Es

H émrias :?amggz?iaalz P ,Rigiéi
.sxi&atiaﬂfrigﬁ aggm@‘zﬁae%vsryzﬁﬁzaﬁiva ;ﬁya@s/

T3

0.25 5 3000 15 42 96.9 186 38
0.25 5 | 1820 25 53 94.6 24 o

The afféﬁt of the higher temperature on the regovery,
viscosity and r&giﬁiﬁy is very apparent. The second produst
gave a very thin and clear paste.

In order to further determine the effect of héat, several
electrolytic oxidations were mede in a constant-temperature
bath at the temperaturss of 45,50 and 55°C, This last temperaw~
ture, 55°C, ceaused some gelastinizstion of the starch to occur.
This showed up very noticesbly in the centrifuging and wasghing
nt of viscosity and

gummey product snd in the measureme
- recovery. Iin Table IV it is shown that, as the temperature
of oxidstion is incressed, the viscosity and recovery are
deoreased. The change in RByy is a small inorease but is not
large enough to be significant.

b. Effect of concentration of alkali. 4 oconeentration
of 0.4% sodium hydroxide prevailed in the standard procedure
for electrolytic oxidation. To discover the effect of morse
alkali on the oxidation, a series of starches was oxlidized in

solutions whose sodium hydroxide concentrations were respec-
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Table IV. Constant Temperature Oxidetions of Haw %ﬁﬁr&h'

i .

per * :Constant : Relative: Rﬁ&aaiag
glucoses ztamgazatara*ﬁaeﬂvary:visaﬁgiﬁzﬁ power,
‘unit 1 % ¥ og $ %3 ﬁ@ﬁ@nﬁg t Rey

L
E. X%

Cx1 2,2 45 97.8 145 3.0
0,1 2,2 50 92,1 118 7,7
’ Q;}. : ‘n‘gag - ' ‘ ﬁﬁ B %ﬁ»ﬁ . : 3»31 7 ?q’?

o

tively, 0.5, 0.6 and 0.72%. The last of these ga&aa&yga&atin&e
zetion of the starch and defined the upper 1imit of the series.
Additional sodium hydrozide beyond 0.4% rapidly ﬁaaﬁaas@é
the visccsity and rigldity of the oxidized starches but had
no effeet on the reducing power or the recovery as Figure 8
shows. The values &t 0.72% sodium hydroxide are irragaiar |
begause of gelatinization of the stareh by such a high concen-
tration of alkali,

itv. The usual anodic

garrent éﬁaaity for these 3iea%r¢1y%i@ oxidations 414 not
vary much from 0.1 empere per sguare centimeter. The pletinunm

shaet

anode had an area of 37.5 square centimeters, while
the aversge current was about 4 samperes. One pound of starch

gher ocurrent density by using a

was oxidized at a much hi
platinum wire ancde of 8.14 square centimeters srea, With
the eurrent at 2,5 amperes the current density wes 0.8 ampere

per sguare centimeter or eight times as high as usuel, %his
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lapge inorease in anodic current density hed no effect at all
on the oxidstion produot as Table V shows.

%abia~¥g ‘ﬁxiﬁ&%i@ﬁﬁ ﬁt Eiffarant ﬁﬁaézajﬁﬁrﬁaat Dengsities

wh

E o]

Currents ,
xé@ﬁgi ¥t aﬁa%&%ivé sﬁigié;zEaénéiag
1 amp./ :Recovery:viscosityidynes/: powex
~§$%ﬁ$§s T % t geconds 18Q.0Mel R@u

ChIoTiie useds  f . f 'm‘;g'f

0.1 2.2 0.183  96.2 138 145 8,3
0.1 2.2 0,796 94,8 150 145 6.8

sample of sterch was oxidized in a a@l&@i@n aanﬁai&i&g only
' 0.5% sodium ohloride instesd of the ordinary 2.0% of sodium
chloride. This lowering of the salt concentration had ne
effect whatever on the properties of the product. See Table
VI,

Table VI. ﬁxiéa%iéas a@ ﬁiﬁf@r&a& ﬁai% Congentrations

CGhiorine used: ‘ B i ; I

: a3 “tloncentration: 3

v of sodium 3 gﬁalativg *Ei@iac Redusing
3 ehloride tRecoveryivipcosity:dynes/: power
NS t %  : seconds isq.om.t Rgy

o

0.1 2.2 2.0 6.2 183 1456 6.3
0.1 2.2 0.5  97.6 - 125 145 6.8

e. Effect of starch congentration. Two samples of stareh

were oxidized under ldentical conditions except for the volume
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of golution, the volumes being 3000 and 1220 ml. The respective
conocentrations of starch were 18% and 27%. The only effect of
the change in concentration of starch wes a temperature effect,
due to the smsller volume of golution absorbing the heat, The
properties of the two products have been presented above in
Table III and discussed in the s&aﬁiﬁa goncerning heat effeocts.

, i§al1 oxidized

It was shown above thaet oxidation of rew starch progressive~
ly increases its resistance to enzymie digestion, The amount
of maltose producible by soybean beta-amylase is progressively
decreased by oxidation ¢f the raw starch as Flgure 6 shows.
Samples of seversl oxidlzed starches were digested by bete
amylase to egquilibrium {76 hours). The insoluble residue
formed during dlgestion was filtered off, washed well with
water, drled and welghed. The digestion liquors were treated
with two volumes of 95% alcohol 1o preeipitate the limit dextrin.
The digestion data and properties of the digestion produots
are given in Table V1Ii. |

The decreasing yileld of uwaltose with inereasing extent of
oxidation substantistes former data (226). This is just as
true for starches oxidized by the commereiel hypochlorite
progess as it is for the elestrolytio oxidation preducts and
shows that oxidation changes & portion of the starch to struc-
tures whioh are ﬁﬁﬁ*&iﬁ&ﬁ%iﬁl&¢ The yisld of insoluble residue
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Table VII.

Frodueta from Amylolytic Digestion of
Oxildized Starches

ﬁﬂﬂﬁﬁﬁ of
chlorine

as&ﬁ far ‘
\ ation iExtent a:tzs
equ'v¢ ?ﬁfu fdigeationt t aﬁeéuaiag
- glucose zg.maltesaﬁfielﬁ¢Xﬁéina*[§}§A: power

) ﬁﬁit % s praduneds & s eolo) 3 E&ﬁ

o e

W
WA e WA “
L A L A
metib

ww w»wmp e wy e
% N B W

Pra&u#ﬂ

Limit
dextrin

pptd« by ‘

aleohol 0.8 i1 43,4 19 Red +1489 47.8

Water -
ingsoluble N | ‘
residue 0.5 11  43.4 8  Blue +141° 53.8

Vater -
insoluble |

Water -
insoluble
residue

41.7 1 Blue - -

Water -
insoluble o
residue Commercial 5 36.0 2  Blue - -

Yater -
ingoluble ; , o
regidue Commercial 2.5 51.0 6 Blue - -

likewise é&@?@a&a& &avaxi&&%ian yragéaésa This means that
the oxidation hag deoreased the amount of starch which can
retrograde or precipitate on aging. The textile industry is
interested in soluble starches which give & permanently clear

solution. &terches whose solutions beocome cloudy during
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storage are undesireable. The starches used in textile work
whose solutions are claimed to be permanently clear are either
produced by oxidaetion or contain substances added to inhibit
retrogredation, Likewlse in the mapufacture of "clear gum®
confectionery a starch is demanded wihieh will not become
opague on storage (249). The commercial samples oxidized with
5 or 7% chlorine and shown in Teble VIIwould fulfill either

of the above technical demands since the amount of retrograded

materisl in these two sawples was 2 and 1% respectively.

B, Oxidation of Gelatinized Starch by Bromine in

Neutral Solution

For the more extensive oxidations gelatinized starch was
used. The solution was maintained at neutrality by means of
caleiun carbonate in order to minimize enclization and hydrolybt-
ic changes. DBromine wes chosen as the oxidizing agent since
it would simulate the commercial sodlium hypochlorite oxildation
and yet be convenliently handled in the laboratory. The pro-
cedure for oxidation, recovery, purification and analysis is
that of Felton, Farley and Hixon (72) with certaln modifica-

tiocns.
1. Prepsration of the oxidized starches.

A suspension of 40 grams of pearl starch was prepared in

a minimum emount of distilled water. Thie was poured slowly
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into 1000 ml. of boiling distilled water in a 3-neck round
bottom flagk of two liters capacity. The resulting starch
paste was boiled gently with stirring for thirty minutes,

An excess of calcium éérb&aat@ wasg théﬁ stirred into the
pagte, the amount of caleium carbonate being the seme as the
weight of bromine used, viz., 10 grams for each eguivalent

of bromine per glucose anhydride unit. The flask was brought
to room temperature in & cold water bath while the stirring
wag continved, The necessary cuantity of bromine for the
desired amount of oxidation was added dropwise with stirring.
After the bromine had been added stirring wes continued until
disappearance of the yellow color sbowed that practieally sll
the bromine had been used. The time required for the bromine
to oxidize the storeh vari&ﬁ:frsm_llﬁ to 6 days depending on
the emount of bromine used., The excess bromine was removed
by sueking alilr through the susgpension for aboubt one bours. The
residual caleium carbonate was filtered off, washed with a
small amount of distilled water, and the filitrate poured
alowly with stirring into twice its voluue of 95% aslcohol. A
white floceulent precipitate formed which was allowed to
settle for a few hours, then Tiltered with suction, washed
with aleohol and ether and ﬁried.iﬁ a vaecuum oven at 60°C.
For §urifiaatian from halides it wag necessery to dissolve
the ssmple in water and pour into three volumes of alecohol
and repeat the solution and precipitation until the precipitate

showed the abgence of halogen.
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2. Analytical comparison of the oxidized starches.

The oxidized stareh samples were analyzed for ealclum and
uronie meld content. The redueing power and optieal rotatory
power were measured. The results are glven in the above-
mentioned paper (72) end are plotted in Figures 9 and 10. The
analyses indicated that oxidation of primary aslochol groups
to produce uronie selds, of gecondary aleohol groups to produce
ketone groups, snd of ketone and aldshyde groups to produce
non~uronie acids, bad taken plece. ,

To test thie theory further the sample oxidized by 4
- equivalents of bromine per glucose anhydride unit was chosen
for hydrolysis to the oxidized glucose unite, (This sauple
will be referred to herecafter as the 4Br oxidized starch).

The 4Br oxidized starch should contain a fair smount of each

of the different oxidized types sincs 1ts anelysis showed 47.5%
uronie @eid anhydrids, 1.45% non-uronic caleium {(excess calcium
over that esleulated for the uronle acld present) and a reduc-
ing value of 373 mg. Ou per gram of sample {(just beyond the
maximum reducing velue attained, as Figure 10 shows). This
sample should gontain, therefore, uronic scids, keto-acids

or keto-sugare and non-uronic zoids.
. Hydrolysis of the oxidized starch.

In attempting to hydrolyze the 4Br oxidized starch wlthout
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extensive decomposition of the constituent oxidized glucose
units, both enzymic and seld hydrolyses were glven trial.
ic

&+ Bozy hydrolyses. Digestion of the ealeium salts

of various oxidized starches by melt diastase at 55°C. for

two one-~bour periods showed that samples of gelatinized stareh
oxidized by more than & egulvelents of bromine gave no meltose.
Table VIII shows the extent to whieh the various starches were

hydrolyzed by dlastase.

Table VIII. Hydrolyzeble Fraction of 0Oxidlized Starch

Por cent maltose equlvelent
from Z-hour digestion by

Extent af oxidation,
Equivs. Br per glucose

R S Ee

unit | malt diastase
4] 798
0.5 ‘ 49.5
1 206
2 1.7

3 et s8Q. 0

To meke certain that the sbove non-digestibility of 4Br
oxidized starch was not due to the large amount of calcium
present the ealcium was removed by means of oxalle acld. The
carbohydrate acid thus obtained was found to eontain no
materisl suscepiible to beta-amylase digestion in § hours.

 Three further attempts al enzymic digestion of this acid

ki
were made using Pectinase 46 AP and Diastese ¢ from Rohm and
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Haas Company, end beta-smylase, each for ten days. Diastase
€ showed no production of maltose; Pesctinase 46 AP and beta-
amylase gave 3% meltose equivalent which was probably reducing
gugar produced by slight acid hydrolysis (the solutiocns were
buffered at pH 4.7},

Fdroe ghloride in methanol. The procedure
of dorrell snd Link (815) for the hydrolysis of peetins was
adapted to oxidized starsch. 8.2 grams of 4Br oxidized starch
were nixed with 100 ml. of anhydrous methyl alcohol containing
3% dry hydrogen chloride end refluxed for 12 hours in a soil
flask fitted with & gzround glass condenser terminated by a
caloium cbloride tube. The concentration of hydrogen chloride
wes inoreassed to 5% by the addition of 50 ml. of methyl alcobol
containing about 10% bydrogen chloride, Refluxing was con=~
tinued for & totsl of 47 hours. The methyl alochel, as well
as two successive additions of methyl aleohol, wes removed in
vaouo 8t 40°C. On conversion to the barium selts and precipi-
taticn with aleoohol, teste indleated iﬁemmylaﬁs hydrolysis
guch as is the case with gum srabiec in weakly acid solution
{322} .

The barium salts were treated with enough sulfuric acid
to remove the barium apd leave the soclution 1IN. This
solution was refluxed for 12 hours, the sulfuric scid being

then removed by means of barium hydroxide leaving just a trace
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of barium. The solution of tha sarbahy@rata aclds was con-
‘centrated in vacuo at 45%° to a volume of 50 ml.
(11} Identif agid, 10 ml. of

this solution were heated for one hour on the water bath with

ieetion of glucuronis

excess cinchonine. The alkaline solution was cooled, riltered,
estracted with chloroform and eveporated almost to dryness in
vaguo. The &iﬁaﬁ@aiﬁ@‘&arivaﬁivg'arygtaliiﬁaé:aﬁé haéya

melting point of 172-175°C, After five a& giz recrystalliza-

tions from water the cinchonine salt melted st 199-200° sharply.
A mixed maltiﬁgfgﬁinz-wiﬁh the cinchonine salt of glucuronie
seid gregﬁr@ﬁ from gum arabic was undepressed. (The reported
M.P. varies from 198 to 204°%) Tﬁﬁ slnchonine derivative of
glucuronic acid frﬁm oxidized stareh g&v& a positlve
naphthoresorcinel test for ntea&a ﬁgié;

This method of hydrolysie yraéaﬁeﬁ considerable colora-
tion both 1ﬁ'anhy§xaua‘m@thyl alecobol snd in the agueous
gsulfuriec scid. The extremely 1ﬁw;yia1§;a£ the gluocuroniec acid
derivative attests to the suspected dseomposition of the uronie
acide during hydrolysls. A4 better method was sought in whieh
uronie and keturonic ecids would not be é@%ﬁm@@asﬁ.

tolfrom's

{330) method of hydrolysis in fuming hydrcchloric acid at 09

with simulteneous mercaptalstion of the liherated sldehydile

groups by ethyl merceaptan was tried on the 4Br oxidized starch.
| The s0lid mercaptals were scebtylated in pyridine and

acetle anhydride and recovered with aﬁl@raferm~ On following
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Wolfrom's procedure only an oil separated whioch could not be
orystallized from any of the solvents or solvent mixtures
triad.
The oil was acetylated a seoond time but 41d not arystallize.
An agetyl anslysis showed 18.4% sgetyl whieh ‘%3?3’6333&3 to
about two acetyl groups per glucose unit. "
{iv) Acetyletion and hydrolysis. Samples of the

48r @xm&mﬁ starch were acetylated according to the procedurs
of Brigl and Sehinle (24) with slight modifications due to
the great solubility of the oxidized starch. The acetylated
produet was hydrolyzed in glaeial a@éﬁg acid containing
30-32% hydrobromic aeid. Every sample thus treated turned
black sghortly, making it impossible to fémw the hydrolysis
by rotation. The %mm@ssiﬁm was too extensive to warrant
further study.

~ {v) Tests with hydrochloric seid. The possibility
of hydrolyzing the 4By starch directly in hydroeblorie acild
was investigated. Because of the ease with whieh uronic aecids
lose carbon dioxide when beated in aecld solution, heating wes
eliminsted. At room temperature the 4Br starch in concenirated
hydrochloric scid became too. dark for rotatory measurements
in less then 18 hours; at 0°C the solution was dark in three
days. The reduction product of 4Br sterch et room temperature
and at zero was somewhat more stable. The oxime of 4Br starch

{deseribed below) at room temperature was dark in ten or twelve



w 107 =

hours, while at 0°C the solution remained clear for three or
four days even though 1t developed a yellow to red color.

Theese tests indlcated some poseibility of hydrolyzing the
oxidized starch by asiag the oxime in eoncentrated hydrochloric

acide
4+ Some derivetives of the oxidized sterch.

Because of the great instablility of the 4Br oxidized
starch an attempt wes made to prepare gtable derivatives
which could be hydrolyzed in scid without extensive decomposi-
tions It is known that uronic acids and keturonic acids are
very unstable in seid solubtion, especislly when the solutions
are heated (200}« The decomposition is one of desarboxylation
and is used for the quantitative determination of uraﬁig acids
(634195,206 )« |

a¢ Reduetion productes HReduotion of the oxidized starch
wag attempted in order %o stabllize bhe ketone groups in the
form of secondary aleohol groupss A Walden inverszion would
be involvedy producing derivatives of mannose; sllose and
altrose ss well as derivatives of glucoses

One gram of 48r oxidized stareh dissolved in 10 mi. of
water was shaken in the hydrogenation apparstus with 5 mgs of
platinum oxide catalyst. After 35 minules shaking of the
‘salﬁ%ian in sn abtmosphere of hydrogen it was notleed that

hyérégam absorption was becoming very slowe Another 10 mg.
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of catalyst were added and sheking resumed., After 130 minutes
hydirogen absorption censed, 14.75 ml. of hydrogen (at standard
sonditions) baving been absorbed. From the nitrogen content
of an oxime of 4Br oxidized starch it was caloulated that
ﬁﬁm@l&t% reduction of the ketone groups in & one grem sample
wuld require 91.1 ml. of hydrogen. 14.%Y5 ml., represents

aiﬁ.‘y 16.2% of 91.1 éﬁégtm'mfaw; 16.2% of complete i;yﬁm#
genation. Even if several more additions of ecatalyst hsd Ea-m
made it is doubtful that any approach to complete hydrogenation
could have ha&a obtained, Hydrogenation probsbly ceased
because catalyst was poisoned or because of some other
colloidal effect.

The R,, of the 4Br oxldized starch was 70l end that of
the reduction produst 58%7. The loss in reducing power cal~
culated from these velues was &x@zzy the seme as the caleu~
lated pereentage hydrogenation, viz., 16.8%.

be Hethyl oster of 48y oxidized gtarech. An attempt to

gtabilize the uronie zeld units of the oxidized starch eone

sisted In converslon to the methyl ester. Five gr‘mﬁ of the
caleium selt of 4Br oxidized sterch were converted to a silver
galt in agueous solution by adding silver nitrate.

Two grams of the dry a:z;l#ag* salt were ghaken occasionally
over a perlod of two days with 10 ml. of methyl Jodide in a
glass stoppered hottle. The methyl iodide filtrate and the
methyl aleohol washings from tiils suspension gave & glassy



Tilm of the methyl ester of 4Br oxidized starch on evaporation
of the solvents. The yield of methyl ester was too smell to
offer any useful possibllities. 4

o. Aolid of 4Br oxidized gtereh. The properties of the
acid obtained from the calelum salt of 4Br exidlzed stareh by

means of oxalie seid explain some of the difficulties encounter-
ed during bydrolysis, frectionation snd é@tivatiﬁ%ism This
carbohydrate acid was recovered from m’lﬁtiéﬁ by aleohol pi‘a*
gipitaetion as & gum which on ;s’sax}&ing z;iileﬁ: with gas bubbles
from auto-decomposition {presumably carbon dioxide from | |
&aa&r?wxyi&%iéa) and darkened progressively. The urenilo acid
equivalent of the caleium salt was 47.5% on e calcium-freec
basis while that of the acid was 43.8%. | |

| de of 4Br oxidized starch. To ymt:ém the ketone
groups in the oxidized starch an oxime was formed. To a
aamrém& solution of 3 grm of the oxidized stamza on & hot
water bath was added & solubtlon of 2.5 grams of hydroxyl amine
hydroohloride and 1.9 grams of sodlum carbonate. The result-
ing pink solution was beated for 45 minutes wmr eupon an
additional solution of 0.0 gram of hydroxyl amine hydrochloride
and Ce4 gram of sodium carbonate was added., After 2 15 minute
heating psriod the golubtion was filtered hot end allowed to
cool. Three volumes of aleohol were added to preeipitate the
pink colored oxime. This was filtered off, dried in %ams at

509¢, dissolved 1pn water containing a small amount of acetic
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acld, neutralized with caleium hydroxide solution, repreoipi-
tated with aleobol, filtered off and azain dried in vecuo at
50°Cs The yield was 4.7 grm of oxime. This oxime was used
for hydrolyses end methylations deseribed &a&m :
Found; Nei 5.22, 5,33, 5.40, 4.80%
Caleuleted for monooxime per glmﬁmx&ia anhydride unis,
Wyt 6,730

two preparations)

e, Hydrolysis of the oxime of 4Br oxidized gtarch. 4t

0% the hydrolysis of the oxime of 4Br starch in concentrated
hydroehloric acid appeared complete in less than five hours
when followed mlarimwmﬂiy‘ and by reducing powsr. Aloohol
fractionation separated the hydrolytie products into four
i‘maﬁiﬁm, two of whiech gave color tests for uronie acids and
gave orystalline osazones, This work was discontinued because

a puccessful methylation procedure wes developed meanwhile,

5. Methyletion of the oxidized starch,

thyl sulfate and slkali. Attempis to methylate
the 4Br oxidized starch by the {irst step of the ﬁws and

Lung {154) procedure for. starch gave no methylated material
wﬁi&hwa# insoluble in weter, Conslderable coloration wes
noticed, On the next trisl the Haworth (148,147,149} procedure
- for 4i- and tri-ssocharides was used, paying special attention
to the suggestions of Levene and Tipson {196) and Vesi and

Holden (324) that rapid stirring was necessary, and to the
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precention of Haworth (146) and Hendricks and Rundls (150)

thet strong alkall, e.g., 60%, caused sugsr decomposition,
The produst after three methylations was still soluble in
water, could not be extracted from the agusous solution by
shloroform, but was extracted from the sodlum sulfate %}y
methyl alecobol after the licquors wam evaporated to ﬁryyneﬁé'
in vecuo at 50°C, 15% of the dry product was soluble im
ehloroform. |
Found, Me0: 12,8, 13.4%.

A sesond sample methylated five times, extracted from
the residue with methyl alcoohol but not chloroform, had a
methoxyl content of 22.3, 22.3, 22.2%. Some sodium sulfate
wes 8411l present. The methylated material sould not be
extracted from aq&@% mmm 7}:3? chloroforn on the elkaline
or acid side. It was thought that methkyletion was not taking
place very resdily. Similarly Hirst and Jomes {158) have
found that in the methylation of apple peetin by dimethyl
ﬁ&llfﬁ%’c% and alkall the peotic acid was destroyed.

Another semple of 4Br oxidized starch methyleted accord-
ing to the procedure which Levene and Tipson :i&%}‘ used on
the aldoblionie acid from gum arsble gave no bebtter results
until the dry methylated so0lid was ground with g@mé;ntmm&
sulfuric acid and extracted with eold chloroform. The
methoxyl content of the extracted material was B0Y, 80.1%.

Althoug
in the sulfurie aeid treatment and could not be used further,

h this last product suffered some decomposition
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its methoxyl content indicated that the difficulty was not in
the methylation procedure but in the extreme solubility of the
methylated products in water. Saumpleg methylated wmgw by a
dry procedure to 8 methoxyl content of 42% were still soluble
in water, |

From thege methylations there was obtalned along with the
sodium sulfete & gonsiderable guantity of & colorless
erystalline materisl, M.P. 180-185°¢ (with decomposition),
wiich was undoubtedly sodium methyl sulfaote.

Caleulated for NaCHzS0,, MeO: 28.1; 804: 71.6%.

Found MeO: 23.6; 504t 69.6%.

b. Sodium and methyl lodide in liguid smmonia. Five
grams of 4Br ﬂaww&‘wg gtarch were methylated in 1iquid smmonie
by means of sodiwn and metayl iodide aceording to the
directions given by m.u.mm@ggﬁm and Boppel (86}. MNone of
the product was extractable by chloroform. Un solution in
water and @wﬁwmwaﬁ ion with ethyl alechol to remove the
sodiwn lodide 294 of the origzinel materisl wes recovered.

Found, MeO: 3.95%.

On svaporation of the filtrate te dryness and subsequent
extraction with 95¢ sleohol & large ercp of colorless crystals
{1.7 grams) separated. On purification and analysls these
wers found to be trimethyl ﬁ%ﬁwﬁ% iocdlde.

Galculated for (CHp)zNHI, Ng: 7.48%; Izt 67.8%. |
788, T47%; Igs 68.9, 64.3%.

2



The residue from the aleoholic sxtrasetion wes likewise
not methylated to any extent sg its solubility indleated,

Three grams of the oxime ai‘ 4By oxzidized starch were
methylated by the sanms ‘g;m#@é@m with no better results. Neo
ghloroforn soluble materisl wes obtalned., Trimethyl smwronivm
lodlde was agein isolated. It was noticed, however, tiat
during the methylation more than the required eamount of sodium
wag uged. Thie suggested some of the side reactions mentioned
in the raview by ?ém&&i% and Watt (74), such as esters forme
ing sodium derivaetives of amides, aldehydsas and ketonss forme
ing amronle addition produets whiech could react with sodium,
ettt , , | <

In faet, the prodvction of trimethyl emwonium lcdide
from pome such gide reactions ls esnalogous to the experiense
of Engel (64). He attempted to methylate fructose methyle
phenylosazone in llquid smmonie by means of sodium and methyl
iodide. Cleavege of the E-H linkeges tﬁﬁﬁg plece instead of
methylation of the hydroxyl groups. The only orystalline
product obtained was trimethylphenyl ammonium lodide, |
(CHg ) 5CgH-NT.

6. Methyl jodide on the sodiun derivative., Three grams of
the 4Br oxldized sterch were allowed to stend for seven deys
in 80% ethyl alcohol which contained 31% sodium hydroxide.
The sodium derivative thus formed had an orange~brown color

and contained 87% sodium. On treating t;im dry sodium
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derivative with methyl lodide for several days, e product was
obtained whose methoxyl content was only 1.85%.

Simultanecus experiments on raw starch showed tizat Ta-
fluxing was necessgary to form a true sgodiws derivative instead
of the easily formed sodium hydroxide sddlition compound. Bee
cause of the coloraticn of the 48r oxidized starch by scdium
hydroxide even at room temperature it wes deened insdvlisable
to reflux the oxldized staroeh in sodium hydroxide solution.

d. Methyl iodide and silver oxide. ¥Purdie's (246) re-
agents, viz. methyl iodide and gllver oxlide, were used on the
gilver salt of the 4Br oxidized stareh in order to esterify
the carboxyl groups and ssismlm&aéusly methylate the hydroxyl

ETOUpS.

(1) Ereparation of the silver salt of the oxidized
starch. 33.0 grams of the calcoium salt of 4Br oxlidized starch
(5.08% Ca) were dlissolved in the miﬁiﬁ&ﬂiﬁ amount of water (a&bout
150 ml.) end stirred while & solution of 14.5 grams (slight
excess) of silver nitrate in 8 ml. of water wes added. The
heavy precipitate was filtered with suetion. Two volumes of
alcohol were added to the Tiltrate to preecipitate more of the
silver sslt. These two precipitates were combined, washed well
with 67% alechol, then with 95% aleohol and dried in vacuo.
Yield 37.8 grams. Per cent of carbohydrate recovered, 96.4.

silver found: 20.4%; caleculsted: 22.20H.
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(11) Metbylation progedure and simulteneous esterifi-

cation., For methylation and esterification the dry silver salt
was placed in & three-neck round bottom fl&&k fitted with a
reflux condenser and mnereury seal stirrer. The top of the cone
denser was Titted with s caleium chloride tuéa. A1l ebrk
stoppers were sealed with ssliq&iaﬁ‘ & large excess of methyl
iodide was added to the flask, being five times the weight of
silver salt used. An equal volume of anhydrous methyl aleochol
was algo added. If, at this polint, the suspension was not
fluid enough to be sgtirred easily more methyl slookol was
added.

. Five mols of silver oxide {approximately five times the
welght of the silver salt) were added in four yér%iana at
intervals of four to six hours ag stirring was continued. 4
totel of one day was generally sllowed for eaeh ﬁ@th?l&ti&n.
The exeess methyl lodide and methyl aleohol were removed by
distilletion fram & hot water bath. Hot methyl aleohol waes
then used to wash the methylated materisl from the silver
rﬁsi&ae@, followed by filtrstion. On eveporation of the methyl
aleobolie filtrate the metbylasted product was obtalned.

The seme methylation procedure was applied four successive
times to the silver residues from the first methylation. The
final silver residue was extracted overnight with anhydrous
methyl alcohol in & Soxhlet extraetgr. The products from

thig extract and from the five methylations were combined for
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further methylation. The composite st this stage contalned
about 31% methoxyl and constituted a recovery of 73-74%. Two
more mﬂzhylatigns of the composite in the absence of methyl
aleohol brought the methoxyl content to 25 or 38%. Continued
methylation with methyl ilodide and silver oxide ineremged the
metboxyl content a small amount each time but 4id not appesr
to approach any limiting value. This is shown in Figure 11,
This continued inerease beyond the estimated value of 35%
methoxyl for 4Br oxidized stareh was not due to mechanical
loss of material during methylation because, as Table IX shows,
the inerease in methoxyl content is not related to the per-
centage loss. Some other explanation must be sought for the
steady inerease of meibhoxyl content such as & chemloal change
during methylation whieh would liberate more hydroxyl groups
for the next methylation.

For the hydrolyses degceribed below samples of the
methylated composite whieh had reached a methioxyl content of
3% to 35% were used becsuse these were beyond the point where
the slow inerease in methoxyl content was noted. Hee Figure
1l.

(1i1) gydrclysis of the methylated product. 9.7
grems of a methyleted composite sample of 32,7% methoxyl was
dissolved 1ln 300 ml. of anhydrous methyl slcohol containing
2% dry hydrogen ehloride. The solution was refluxed slowly in
a soil flesk fitted with a ground glass condenser eclosed by a

ecaleium chloride tube. A4fter 32 hours the optlical rotatory
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FIG. I1. METHYLAT/ON OF 4B+ OXIDIZED STARCH ’



- 118 =

‘Table IZ. HMethoxyl Content and Loss During Methyletion

of 48Br Oxidized Starch

Humber of | %ﬁ@ﬁaﬁgi | Enaraasa of

methylations sontent methoxyl ‘ Loss

% % 5
1 31,5 - -
§ 26,8 4.8 , 7.5
5 39.8 1% 7.0
S 40.7 0.9 5.5
g 41.5 0.8 S

2.1 0.6 1.5

power was constant. The sgolution was neutralized with &il%er
carbonate and a?a§ax&£eé'te dryness in vacuc at 40°C. The
regidue was converted to barium salts of carbohydrate acids
by heating in 0.1N berium hydroxide solution at 60°C until the
titer of the solution wes constent. The water insoluble barium
salts were filtered off, carbon dioxide was passed into the
Piltrate until neutral, and the resulting barium earbonate
removed by filtréﬁisn‘ The aquecus filtrate conteining water-
soluble barium salts was evaporated to dryness st 60°%C in
vaeuo and fractionated in the manner described below. Total
recovery of water-goluble and water-insoluble barium salts
wag 1ll.4 greams.

{iv) Fractionetion of the hydrolysate. A diagram

of the fractionation is shown on the following page. The

water-insoluble barium salts were dissolved in dilute
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Disgram of Fractionation
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hydrochloric aecid, filtered, and reprecipibtated by adding
sodiun hydroxide solution just to neutrslity. The barium
palts were filtered off, washed until free from chlorides and
dried. Yield 1.27 grems of Fraction G(12.1%).

The water-soluble bari&@ salts were exhaustively extracted
in & Soxhlet extractor with anhydrous methyl aleohol. 1.94
grams of Fraction B(18.5%) were recovered from the methyl
aloohol extraet. ZExbsustive chloroform extraction of the
regidue insecluble in methyl alcohol removed 1.68 grams of
Fraotion D {18.0%}. The remainder, insoluble in methyl
sloohol or chloroform, eeonstituted Fraction B of D.59 grams
(5Z.40)s AlL fraeti@ﬁg gave negative tests for keto-hexoses
gnd gave No OSAZOnes.

Fraction B, soluble in methyl aleohol, gave & falrly good
test for uroniec scids. From twoe fractionstions the date were:

Found, Bas 35«1, %5&2‘}%‘; Mel: 17.9, 1.8;{3&%4
Ba: 24.00; HeQ: 22.6, 22.%%.

Caled. for Barium dimethylgluguronate,

Ba: 25.003 Hel: B2.8%.

Caled. for ﬁérigm dimethyl ketoglucuronate,
Ba: 83.9%; Nel: 21l.5%

- The anelyses indicate ¢ mothylated monobasiec acid of s
hexose.
This fraction wae converted to a bruecine derivative by
quantitative removal of the barium with sulfurle seid and
treatment of the aguecus filtrate with a slight excess of

brucine according to the usual proeedure. The brucine deriva=-
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tive was purified by reerystallization from 954 alecobol until
colorless, then once from water. M.P. 208-210°. [a] g§ ~33.8°%,

Found, MeO: 13,3, 13.5, 13.4%; Np: 5.685(?); Hp0: 2.54.

The nitregen and methoxyl values are not equivalent and
give no clue about the ldentity of the derivative.

The barium salt was regenerated by hesting an aguecus
solution of the brusine derivetive with barium hydroxide for
three hours. After sxirsciing the brucine with chloroform,
removing the barium with sulfurie scid and evaporating the
solution to dryness only & tract of organic scld was recovered.

The portion of the original berium salt with 2 methoxyl
gcontent of 28.6, 22.3% was converted to the methyl ester by
refluxing for 8 hours in methyl asleohol containing 2.5%
hydrogen chloride {(285). A syrup wes isolated by chloroform
exbraotion.

Found, Hel: 36.8, ﬁ?i%‘}%a .
Caled. Tor Dimethyl methylglucuronate, MeO: 39.40.

%hen the ester was reacted with phenylhydrszine, saccording
to Smith {285), no phenylhydrezide or osazone erystallized out.
Smith's dir@ations for the preparation of the p-nitro-
benzoate were applied to thes preparation of the §,5~dinitro-

bengoste of the above ester. 4 mixnture resulted which aave
ne orystelline fractions.
When the barium salt of methoxyl content 22.6, 28.8% was

heated for one hour at 85°¢ in 1N sulfuric scid, reconverted
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to the barium sals by means of barium carbonate and extraeted
by means of mebthyl aleohel, it was expected that one methoxyl
group (glucosidie)} would be lost. This was not the case.
Pound, Mel: 20.9, 21.1%.
%ﬁafafar@ none of the methoxyl is present in glucosidic
form. The apslysis of the methyl ester and the fallure ta
get a derivetive with phenylhydrazine sll point to the sbsence
of sn aldehydiec group. |
Fraetion D, soluble in chloroform but insoluble in methyl
alookol, gave a good test for uronic acid and geve reduction
of Fehling's solution only after heating in sold. This last
indieated a glucoside. The anslyses indicated a methylated
mﬁﬂﬁbﬁﬁi&fﬁgiﬁ of & hexoge.
Found, Ba: 29.2, 29,0%; MeO: 19.6, 18.9%.
Caled. for 3ari&m,ﬁimﬁéhyi glusuronate,
| Bas 25.,0%; ¥el: 22.6%.
Conversion of the barium sgalt to the methyl ester by
means of hydrogen chloride in metbyl sloohol geve & gyrup.

meé, KeO1 3?«§,¢ g?aﬁfﬁ;ﬂ
Caled. MeO: 39.4% for éimﬁzhyi methyl glucuronate.

Fraotion E, insoluble in methyl aleohol or echloroform,
gave no test for uvonie acid or reducing groups. The analyses
point toward dibasic aclids of fewer than six carbon atoms.

Pound, Ba: 45.0%; MeO: 9,08, 8.58%.

gnled. for Monomethyl barium glutarste,
Bas 41.6%; ¥eO: 9.4%,

¢aled. for Vonomethyl barium tarirate,
Ba: 48 *8‘;@ 3 Mel: 10. ?}ﬁﬁw
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Attempts to form an amide according to the Hirst and Jones
(159) prodecure gave non~orystallizing syrups.
A bruelne salt was formed, recrystallized from aleohol,
and found to melt witﬁ'é&aampﬁaitiaﬁ‘at‘2%8&2&99G,
Found, Me0: 162, 15.5%; N,: 6428, 6.328%.
Caled, for Di-brucine monomethyl tartrate,

MeO: 16.3%; = N, 5.89%.

On regenmerating the acid from the brucine derivative a

low yleld of acid was obtained which could not be erystallized.
?rea%ﬁﬁnt with various solvents $ﬁnw&ﬁ that the acid was
originelly & mixture or formed a mixturs of sclds during re-
generetion from the brucine salt.

Fraction G, insoluble in water but soluble in scids,
reduced Fehling's solution strongly. The analyses point toward
a mixture of dibasic sclds of fewer than six ecerbon atoms, at
least one of which is methylated.

Found, Ba: 39.3, 39.%; Mel: 5.95, 5.27%.

An seid brucine salt (monobrucine salt) was prepared and
geparated by extraction of the aqueocus 3Ql&%iam-%iﬁh c¢hloroform
into two fractions. Frag the agueous layer were orystallized
two brucine derivatives, which were purified by several re-
erystallizations from water and anelyred.

First orop, M.P. 194-195°C; [a] gﬁ -24,9°.

Found, Hp0: 5.0%; MeO: 12.7% (dry 18.4).

Second erop, MeP. 237-238° (with decomposition);

[a] 2 -11.2°
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Found, H,0: 2.4%; Me0: 11.3% (dry 11.6).

Becsuge the latter of these agreed in methoxyl e&nt&mﬁ
with that of a2 monobrueine tartrate (1l.4%) an acid bruocine
salt of d-tartarie acld was prepared. This derivetive is not
reported in the literature. , | |

Pound, M.P. 247-248° (with decomp.); [a] §5 -5 Q,

Therefore neither of the above selts is monobrucine d-

tartrate.
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iVe DIBCUSSION

The electrolytic oxidation process developed in this work
was found to be very useful for studying in the laboratory the
various physical and chemical changes taking place during the
oxidation of raw stsrech. There are certain advanteages in the
uge of the electrolytic process over the chlorine and caustic
goda process as used in the stareh industry. A more exaoct
eontrol of the smount of sctive oxidizing sgent produced can
be made in the electrolytie process becsuse of the ease with
which the current may be controlled and measured, FPurer
produets may be obtalned and wiﬁh«%et@@r recovery because of
the smeller amount of salt to be washed free from the eleog-
%raiytiaally oxidized staroh. |

It is velieved that loss of starch upon oxildation is due

in part to removal of soluble oxidized Iragments during the

washing operation. Although swelling experiments showed that
the oxidiving sgent penetrates deeply inte the stareh granule
it seems that oxidaltican is leaalizea to some extent in the
regions between starch erystallites instead §f~éaaﬂrring over
all of the starch substance simultesneously. Localized attack
of this nature produces visible redial fissures on the granules
a8 was shown by the photomicrogrsphs. It appears Ifrom the

echemical evidence that once oxidation has begun on & certain
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porticn of the starch molecule oxidetion continues on that

same portion Lo produce highly degraded acidlc fragments.

Thege acidic fragwents become soluble in the aslkaline medium
ond are, for the most part, weshed out of the oxidized starch
product, The evidence for this view other then the percentage
recovery comes from quantitative determinations of w»wwwwwm%mwsw
and of ehemi¢al change durinz the oxidation of raw starch. The
guantitative birefringence of starch mw&wﬁwmm was unchanged

by oxidstion, a faet ﬁwwaw,wmmwmm&wm that wmw grose erystalline
gtructure was not altered, No inerease in reducing power was
noted until the oxidized starch bad become qulte soluble in hot
water, There was likewise no increase in uronic acid content
over the 1.5 to 1.65% found in raw starch., Whistler, Martin
and Harris hwwmw mwﬁwwmww% removed pectic substances from
ecellulosic materisls by boiling in 1% sodium hydroxide and
found no uronic scid in the resulting celluloses,

Yhen an attempt is mede to apply the eleotrolybtic process
to oxidation on & commercial meale several problems are
presented, IU seems probable that for commercialization e
substitute electrode would have to be found becesuse of the
cogt of platinum, This substitute slsetrode must withstend
the oxidizing effect of the cblorine and hypoehlorite and
operate at & high current density in order to m@mwmw&m the
total electrode surface. The cost of electricity would be

another deciding factor in the commerclal feaslbility of the
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Process beesuse by Tar the largest item is the cost of the
eurrent.

4 series ol electrolytlcally oxidized starches produced
by the uee of modium hypochlorite in emounts verying from
04,085 to 0.5 a@aivglﬁﬁt of chlorine per glucose anhydride unit
{1/2 to 11% chlorine) was exanined by various physical and
chenical messurements. It was at ones noted that methods were
lacking f@r'sﬁ&r&at@riﬁiﬁg slightly medified starches and for
following the modifications of stereh. This led to the
development of several improved methods for following the
modifisation of stareh, viz., the use of turbidity, the
guasceptibility to dlgestion by soybean beta-amylase, the loss
of birefringence and a rapid method for deternining reducing
power. Several other wmethode of charscterization developed
recently in this laborstory by Brimhell end Hizon (25,181} were
algo employed, viz., those for determining hot viscosity,
rigldity; gel strength and volume of centrifuged sedinent.

Because the existing methods for determining the reducing
power of slightly solubilized starch products were either of
questionable accuracy or time consuming, there was‘&avaleﬁeé
a rapid method for determining the reducing power of starch
products. This method consists in beating the sterch sample
in fervicyanide solubtion, acidifying end titrating the reduced
iron with ceric sulfate directly. Many of the difficuliles
of other methods have been eliminated and the time for &

determination has been shortened to about twenty minutes from
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obviously changes some of the glucose units of starch to
structures which are not atiscked by beta-asmylase. In conlirme~
tilon of this fact is the digestion of starch which was gelatinized
previcus to extensive oxidation by bromine. Bromine in the
amount of 0.5 eguivalent reduced the maltose yield by 25%; this
maltoge yield was gradually deecreased as more oxidation took
place until, with any guantity beyond two egulvalents of bromine,
no maltose could be produced from the product. %yrﬁgek (218)
reporited that oxidetion of the redusing end-groups had no effect
on auylolytiec hydrolysis of sterch but the guentity of lodine
uged for the oxidstion {(0.054 squivelent per glueose unit) was
very small and Just sufficient to destroy the reducing setion
of the starch. He conecluded that the reduecing groups were of
no gignificence in the hydrolysis by amylases. The dextrin of
Browsn and Millar (29) wes partislly susceptible to diastetiec
hydrolysis even though the terminal glucose unit had been
oxidized to a five-carbon acid. 4 larger amount of oxidation,
e«Z« such as is reported l1n this thesis, is apparently necessary
to decrease the extent of sngymic digesticn of starch., Oxida-
tion to the extent which markedly decreases the digestibility
of starch has been shown to cause deep-sested changes in meny
of the glucoge units of the starch chain.

The change in susceptidbility to bvetas-amylase digestlon
changes upon oxidation parallel to the change of the gelatiniz-

ing properties of the starch. These two effects were shown by
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ﬁaw@gn, Farley and Naylor {228} to be correlated. The gelatiniz-
ing characteristics were measured miecrosecopically by counting
the per eent of granules showing the polarization cross.
Ozidetion lowered the gelatinizatlion tempersture and changed the
rate at which the granules would gelatinize as the temperature
wag ralsed. The correlation of these two effects, viz., loss

of birefringenee and susceptibility to digestion by beta~-amylage,
may possibly be exploined on the basgis of the hydration

eagasiﬁy of the starch granules. Oxidation hasg caused the
granules to besome hydreted (sand conseguently susceptible to
digestion by beta~anmylasel at s lower bemperature.

The sudden drop in hot vieecosity resuliing from a very
small amount of ozidetion is probably & large physleel change
due to a very small chemical change of the gtarch substance.

The inerease in hot viscosity beyond the minimum point is
probably & hydration effect whieh reached a mex1amm at 0.2
equivalent {4.5%) of echlorime. Centrifugation tests on the
starch pastes ghowed that the viscosity minimusm and mexinum was
correlated with the minimal snd maximel volume of the swollen
grenules. This was confirmed by microscopic observations,

When more than 0.2 equivalent (4.5%) of chlorine was used the
ugual decresse in hot viscosity a@@%&ﬁaﬁt~a§an most degradations
of the starch molecule followed propeybionsl to the amount of
oxidation. This drop in viscosity was paralleled by a decrease

in the volume of the swollen grenules snd by irregulsr swelling
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or ﬁiﬁiﬂﬁ%gr&%iﬁn of the granules followed by solution.
Oxidation produced arnnifarm~ﬂﬁerea$ayiﬁ the gel strength
and rigidity of rew stareh, the latter falling off Pfirst at a
rapid rate, tﬁ&aya% a much slower rete. The change in slope of
the rigldity curve ecolineclded with the bhot viscoslty maximum
{at 4.5% chlorine}, This is interpreted to mean that, while
the hot ?iﬁaaaiﬁy'£r@$iﬁtaﬂaa to flow) increased presunably
through ﬁyﬁr&ti@ﬁhwﬁiah allowed grester swelling, the rigidity
(resistance to being deformed) of the starch was rapldly being

destroyed by internal disintegretion of each granule. By the

time that degradstion began to deerease the hot viscosity of
the starch, most of the rigidity had already been destroyed.
The internal disintegretion beyond this point was so complete
thet the resulting partieles in each granule 4id not swell
noticeably bult merely crumbled and sepsrated ?riar to golng
into solution. HSuoch complete iﬁ%ﬁfﬁ&l disintegration is
believed to be opposed to the formstion of a strong end rigld
gstarch zel.

For eertain industrial applieations starch Qaﬁtaﬁ are
desired which form clear pastes and which are algo free from
retrogradation or egling, i.6., their pastes are permanently
clear (249). All of the elecbrolytically oxidized starches
were low in turbidity, an important fact in connection with
the above reguirements. Only & very @mgll emount of oxidstion

wag necsssary to decrease the turbidity of the starch paste by



-~ 1BE -

three~fourths of its originsl value. Alsc importent is the
faet that wﬁwamwwwm progresslvely decrenses the extent of
retrogradation as ls known in practice and ss was sbown by the
low yield @w insoluble residue from amylolytic digestion of the
@w@awwwwwﬁwmmwww oxidized starches.

,mwwm«&wm effect of heat, alkelinity, anocdie current
density, selt concentration and starch concentration upon the
products of oxidetion was studied the most &W&&w&w&ww¢,wamﬁwwm
were obtalned by varying the temperature and the alkalinity.
Large chenges in current density ww@ salt econcentretion had no
effect on the oxidetion produots. Change in starch concentra-
tion bed an offect only becsguse the total volume of solution
wag smeller, thus resulting in a wmmmww,wm%wmwwwﬁww rise during
oxidation. The sdded rise in temperature produced an oxidized
starch which was mﬁﬁw more soluble in hot waters ispecislly
when the tempersture attained during oxidstion is near the
gelatinization temperature of ithe starck is the effect on the
oxidized product the most noticeables The effeoct of heat on
the oxidation product was further evidenged by a sgeries of
constant tempersture oxldations at 45, 50 end 55%¢, As the
temperature was raised wwm,awwmmﬁwﬁm products gave clearer
pastes and greater solubility in hot water. This may be the
result of a different type of oxidation at the wwmw@u tempera-
ture or merely of an lperesse in hydration atiending oxidation.

Some gelatinizetion resulted st 54°C, showing that the upper
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t@m@éf&hur@ I1imit for the oxidation of raw cornstarch was be=
tween 50 and 55%9C¢. |
| Bven wmore striking in bringing about extensive conversion
af gtarch ﬁé clear and thin pastes with a given amount of
oxident wes the addition of sodjum hydroxide beyond 0.4%. EHach
inerement of sodium hydroxide to 0.5 and 0.6% bhad a large effect
on the viscosity and rigidity of the oxidized produect. The
starch oxidized in the presence of 0.6% sodium hydroxide had
less then half as much viscosity and rigldity as that oxidized
in the presence of 0.4% sodium hydroxide. 0.72% sodium
hydroxide gel&%imize&kthe stareh snd indicsted that the upper
1imit of elkelinity for the oxidation was between 0.6 and (.72%
sodium hydroxide. This large effect of godium hydroxide on
the course of the oxidetion agrees with the welleknown swelling
action of sodium hydroxide on starch. Fresumably the hydration
capacity of the gtarch granules has been inereascd by each
inerenent of sodium hydroxide. The resuld is that more of the
stareh substance is accessible to the oxidizing solution. The
hydrstion capaelty increase has evidently been so gr&ét that,
during the sw&lling process, the granulasy gtructure 1is weskened
and ?rﬁﬂﬁéﬁﬁ lower viscosity snd lower rigiéity; |
As the second phase of this thesis the action of bromine
in neutral solution upon gelstinized starch has been used to

ey

study the mechanism of the oxidetion of sterch. Trevicusly

Felton, Farley and Hixon (72) @ras@nteﬁlﬁﬁﬁlyﬁiaal evidence
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that some of the primary alcobolic groups of starch were oxidized
to form uronie acid mwwwm~ waw gome of the secondary mwmmw@wwa
groups were oxidized to meamw,%mwwmw mwm,@www sone of the ketone
and aldehydic groups were oxidized to mopn-urcnic aeids.

The presence of uronic scids has now been conrirmed by
hydrolysis of the oxidized staroch and waaww&wmm of glucuronic
seid and the large production of uronic aelds whether glueuronis
or keturonie {(72) from oxidized starch parallels the similar
isolation ww&%.aﬁwwwmmm,ﬁmMWﬁwwm@_ww,wmww,wﬁ&,@mw%&m&mmm@m;ﬁwaww
mwa subgtantiates the work of the followlng who presented in-
dicatlive evidence but oot proof fTor the ww@m@wa@ of uronic socid
units in oxidized starehb. Paull and St. Szper (238 found that
the dissociation constants of thelr soluble starches and
dextring were remarksbly close to that of glucuronic scid.

Hann, m&mwmw wm& Tollens (206) and Syniewski (506,307) cbtailned
furfural from oxidized starch and oxidized dextrin, respeetively,
and reported & positive aawew,ﬁ@mw for uronic sclds. The
furfural yleld of Syniewski wes eguivalent to 34% glucuronie
anhydride. Uverett and Sheppsrd {65) also reported color tests
indicstive of the presence of urenic acids.

Phe presence of ketone groups in the oxidized starch has
been confirmed by the formation of an oxime smﬁﬁww%wmwm sgtarche.
The nitrogen content of the oxime of 4By oxidized starch was
equivalent to the presence of monoketone groups in 65 to 75%

of the glucose units or of diketone groups in balf that many
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unitss It is assumed to be highly improbable that any aldebydic
groupsg could remain unoxidized in the presence of bromine.
According to this view all of the oxlme nltrogen represents
ketone groups.

The preduction of nun~uronic selds heas been confirmed by
the separstion from the hydrelysate of mixtures of barium sslts
of dibasic aclds of less than six éarhan;a%&ma. Atvempts o
orystallize or derivatize the dibsslie soids have ap yet been
unsguceessiul. The pregence of divasle seids in the hydrolysate
is in sgreement with the instsbility of the keto-aclids present
in the oxidized starech, which are presumed by oxidative
rupture to produse dibasic acids of lese then six carbon etoms.

There is & gr&&ﬁ difference between the produects of the
two types of oxidation, thet from raw starch and that from
gelstinized starch. This ig best sbown by the chemiecsl analyses.
The two series overlap st ope point, viz., where 0.5 eguivalent
of helogen was used {chlorine and bromine respectively). The
reducing values at %ﬁaﬂ polint were 65 and 245 wmilligrass of
ecopper per gram of oxidized starch from the rew and gelatinized
starches, respectively. The uronle ascld eguivalents of the
respective types were 1.5 and 10,80 respectively. The reducing
power and uronic acid squivelent slone show the great dis-
similarity between the two types of oxldation and bear oul the
theory that in the oxidation of raw stareh the oxldized fragments

are golubil ized by alkali'ané renoved by washing., The above
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produet from gelatinized starch was completely soluble in cold
wataﬁ and had to be precipitated from solution by alecohol. It
gasaesgaé, of course, no rigldity whereas the product frmm‘r&w
starch still exhibited a measureable rigidity and was insoluble
in %Qlﬁ water. |

The lﬁ%ﬁf work of this tgﬁ$i$ wes directed toward ﬁh@
discovery of methods of stabilizetion of the labile éﬁ? oxidized
gtareh followed by hydrolyeis and fraﬁtigmatiﬂﬁ to confirm by
actual iﬁal&ﬁiaﬁ and identificetion the presence of keturonic
aaiés and other degradational acids whieﬁxﬁa?ﬁ been coneluded
in the yre@aé&ﬂg éigﬁéﬁaimﬁ\ta be §£@ﬁ&ﬁt;

Hydrolysis of the 4Br oxidized sterch by enzymes was
found to be impossibles The gtarch had %%ﬁﬁ changed by oxida«
tion to structures which were §&ﬁ~éi§@$%i§l$ by any of the
ﬁﬁgym@s tried. Hydrolysis in mé%ﬁyl &13ﬁhﬁli@’§yﬁrwgﬁﬂ chloride,
mercaptalation and hydrolysis by sthyl méreaﬁt&n in fuming
hydroehloric acid, and acetylation of the @ﬁiﬁi&@&‘starah follow~
ed §y bydrolysis in scetic acid aaﬁt&iniﬁg'hy&r&brémia‘aeid
all attested to the extreme instability of the akiﬁia@ﬁ gtarceh
in acid solutlons and were in sgreement with the well-known
decomposition of uronie and keturonie acids in acid wedia (53,
195,200) .

Stabilization of the oxidized starch mﬂkﬁa&ie prior to
hydrolysis was sought by several means, viz., reduction of the

ketone groups, preparation of the methyl ester of the carboxyl
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groups and formation of an oxime on the ketone groups. Heduetion
by hydrogen over & platinum oxide catalyst wes impreeticsl in
that it gave only partial hydrogensation. The yield of methyl’
aester was too low Ho encourage the use of this derivative. 4n
oxime was readlly Tormed and offered a certein amount Qf
stability during hydrolysis. A ﬁﬂﬁ&%ﬁﬁfﬁl methylation procedure
wae developed meanwhile and was to be gréf&rr&é because it would
isbel the free hydroxyl groups of the oxidized sgtarch, thereby
giving much more evidence about its structure.

' Methylation of the oxidized starch was carried outs by
dimethyl sulfate and alksli, by é@ﬁium—ﬁﬁﬁ methyl lcedide in

liguid emmonia, by methyl iodide on the sodium derivative of

the oxidized starch, but was most successfully effected by an
anhydrous procedure which used Purdie's (246) reagents (silver
oxide and mﬂthyi iodide) on the silver salt of the oxidized
gtarch. This procedure egterified the carboxyl groups and
gsimulteneously methylated the hydroxzyl groups.

Upon hydrolysis and fractionation there wers obtained
barium salts of methyleted monobasie acids of héxss@s which
gave positive tests for uronie acids along with barium salts
of methylated and unmethylated dibaslc acids of less than six
sarbon stoms. It has furtbher been shown thet erystalline
brucine derivatives of thease fractions can be prepared.

On the one hand there have been surmounted the difficule-

ties due to instaebllity of the oxldized starch and its hydrolytic



- 136 -

products in acid solutions. Uronile %ﬁé keto-seids contributed
chiefly to this instability. On the other hand the difficulties -
encountered in aqueous alksli have been avoided by anhydrous
procedures. On theoretical gf@&nﬁs it is not at first expected
that alkali would have szuch & degrading effect on éﬁ&raﬁ products.
Exzperiments in thig laboratory showed vory 1ittle increase in
the redueing power of stareh 1n cold alkali whereas hot alkali
produced a large progressive inerease in reducing power of the
starenh, indlesting hydrolysis by the alkall. Furthersmore it is
comnon experience in methylations by sodiwm hydrozide and
dimethyl sulfate that disagéregetion of stareh to particles of
smeller maiaaular~weigﬁt takes place in the later stages of
m&ﬁ&yl&%iaﬁ‘ Pertial methylation, as @&@l@yaﬁ by Staudinger

and ﬁmg@méﬁn {292}, does not show this decrease in molecular
welght. ﬁt&uﬁiﬁg@r and Husemann's conelusions should, therefore,
not be applied to fully m@tﬁyla@aé ﬁt&xehaﬁi It has already
been mentioned that methyletion in dimethyl sulfete and alkell
destroyed the pectie seid in apole pectin (158). The 4Br
oxidized starch discussed in this thesls resembles a pectic

acid very clesely aend possesses almost identical solubilities
before snd after methylation, The success of methyletion in
anhydrous media and the lack of it in slkaline media are not

surprising in visw of the above statements.
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ARY AND CONCLUSIONS

1, An electrolytic oxidatlion process has been developed
for oxidizing one«pound '
chlorite. The method is convenient for studying the factors
which influence the properties of steveh oxidized by ehlorine
in alkaline solutlon. |

2. The feasibility of industrisl application of the

samples of raw starch by sodiwm hypo

| amaw&y&m process is discussed and found to depend upon.
securing low cost electric power and a suitable anode to re~
place the platinum msed in the laboratory. Graphite anodes
“were found to be unaatisfactory.

3. A4n improved and repid ferricysnide method for deter-
mining the reducing pém:* of starches and dextrins has been
developed. In this method the reduced 1lron is measured di-
rectly I:zxga, geric sulfate k%ﬁmﬁxﬁx& For ﬁmﬁé&s:s hydrolyzed
by hot opr cold aeld or oxidized by azmm hyposhiorite,
for raw stsrches and dextrine, the wvalues for reducing power
by this method parallel those determined by the longer pro=.
cedure of Richardson, Higginbothem and Farrow (259). The
time for a determination haes been shortened from three hours

to twenty mlnutes. Hany other modifled starches such as the
chlorinated and thin-boiling types have been measured.
4, Tables and graphs have been presented to show the
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various changes which raw cornstarch undergoes during oxidaw
tion. These changes were followed by means of rigidity, gel
strength, viscosity, turbidity, volume a»f‘ centrifuged sediw

ment, reducing power, enzymic digestion end loss of bire=
fringence. Improvements in several of thess techniques,
especially 4in the determination of reducing power, enzymic
dipestion and loss of bimfmﬁgﬁm&* %mﬂimw a portion
of the thesis. ) |

5« Om the ‘Iaaaia of swelling phenomena microsgopleally

cbaerved and recorded on photomicrographs, from the guanti-
tative determination of birefringence and from the correlas
tion between viscosity and the volume of the swollem granules
& mechanical theory of the action of the oxidizing agent on
stareh gramiles has been @m&mmﬁ; This theory agreecs with
changes in viscosity, rigidity and gel strength
of the oxidized starches. |

the observed

6. The influence of various factors such as heat, alkas
linity, anodlic current density and salt @é&ﬁammiﬁén on the
properties of electrolytically oxidized cornstarch and on the
| course of the oxidation was atudled. Salt concentration and
anodic current density had no effeet whereas heat and alka-
linity hed & marked effect. The upper temperature limit for
electrolytic oxidstion of cornstarch was between 50 and 55°C.
The upper 1imit of alkalinity was between 0.6 and 0.,72%
sodlium hydroxide.
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7« The oxidation of primery slecholic groupe of gelatie
nized starch to wuronic acid groups by bromine in neutral
solution was indicated by earlier analytieal studies (72)
and h&ﬁ~ﬁ§ﬁ’h§ﬁﬁyﬁﬁﬂf&ﬂﬁﬁé~h§ the iselation of glueuronic
soid as the einehonine salt. This was the first fsolation
of glﬁgﬁraa&¢ acid from & starch §§ﬁ§§ﬁﬁ*>

8¢ The axiéat&uﬁ of segondary a&lccholie grﬁu§$ of
gelatinized stareh to ketone groups (72) has been confirmed
by the preparation of an oxime of the oxidised starch., %he
~ni£ragan ﬁﬁnﬁﬁﬁxkﬁftha oxime was eguivalent to the §@ﬁ$§ﬂ@g
of one k@%ﬁaa,gr@m@.§§~¢a§h,a£:&5'ﬁa:?§§ e£ the giucose an=
hydride units.

9. The acid regenerated from the oxidized starch was
shown by discoloration and evolution of gas dus to sutode<
composition to be guite unstable., Mono- or di~ ketone units
would explain such instability and could be I s oxidized
to noneuronic sclds. The separation @fimﬁs%nﬁﬁx/af~bartuﬁ'

salts of dibassic acids of lﬁ&ﬁ than six carbon atoms cone
firmed the expected degradation (72} of keto<acid units %o
non-uronic acids during oxidation. |

10, In order to stabilize the starch extensively oxie
dized by bromise k

s methylation was carried out by an anhyd

procedure using methyl lodide and silver oxide on the silver
salt of the oxidized stareh. There resulted simultaneous
methylation of ﬁk» ﬁgﬁrassirg¥am@a and eaterification of the
carboxyl groups.
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1l, 4The methylated product was hydrolyszed and fraction-
ated. Analyses of the fractions indicated the presence of
methylated monobaslic acids of hexoses which gave popibive
teste for uronic acids and of methylated and unmethylated
dibasic meids of less than six carbon atoms.

12, Crystalline brucine derivatives of these acids
were prepared from the various {ractlons. Analyses are
reported which indlcate the general cherscter of the acids
although tdentification was liwited to the glucuronic seid.

13. Honobrucine d-tartrabe has been prepared.
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