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INTRODUCTION

There are many factors which cause a variation in the baking
strength of wheat flour, i.e. the capacity of a flour to yield large
light, fine-textured loaves of bread. Above all, the quality of the
wheat from which the flour is milled is of prime importance. It is
known, however, that flour, when freshly-milled, does not exhibit its
maximum potentialities in baking strength; and that the baking
strength gradually increases to a maximum if the flour is stored for a
period of several weeks. This increase in baking strength is re-
flected in a gradual increase in loaf volume if flour samples are
baked, according to a rigorous;y standardized procedure, at intervals
during the storage period. In general, the larger a loaf of bread
obtained from a given weight of flour, the less dense will be that
loaf and the finer will be the texture of its erumb. Since the North
American consumer prefers a fine-textured loaf of bread, it is im-
portant to be able to realize, in practige, the maximum potentialities
of any particular flour.

Fortunately, it is not necessary for the flour miller or the
baker to have facilities‘for storing large amounts of flour over a
period of several weeks to promote its maturation, since the addition
of minute amounts of certain chemical reagents to freshly-milled flour
or to doughs mixed from freshly-milled flour has a pronounced effect
in simulating the effect of aging. Such reagents may promote a large
increase in ldaf volume together with a definite refinement or develop-

ment of texture. The loaf volumes obtained by baking doughs mixed from
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freshly-nilled, unt;eéted flour andrcontaining small amounts ofksuch
reagents closely parallels’the yolumes obpained by baking,doughs pre-
pared from thg same flour when fully»mgtu:ed‘by.aging. Substances
which are used to produce tﬁese pgneﬁicigl effects in dongh'and bread
preparéd from freshly—mil}ed‘flour are knowg gs»ﬁimprovers".

Thg knowledge that freshlyfmille@ f;qur can, with the help of
improvers, be used to produce“satisfactoryAlight, pala;abie loaves of
bread is obviouslyvof qqng;de:able economiq importance, and widesp:ead
use is made df improverg in bqth ?hg milling”and baging industries..
Largely because of the;r 1mportange, aAnumber of wo:kers in the field
of Cereal Ghemistry pave a;#empted to_invgstigate'the chemistry in-
volved in_the_chaqges prp@ucgﬁ in dough’an@_bread properties by minute
amounts of these reagentg. Much has been written on this subject; but
a good Qeal of this infqrmation is empirical and gome of it”eontrof
versial, The presegt”study was undertaken in an“attempp.tq resolve, in_
some»degrgel_fpisAEopfggiqg a?é_?? 9lggi§at9/m9ye“glearly,'ir‘poss;ble,
the chemistry underlying tha changeg which occur with t;me, 1g~the
physical prope:tieg of_flpurrdcugh pontaiging minute amounts of
‘improvers, specifically pqtasgium bromate.

Ever incregging importance“is be;pg_attgched, today, to.the study
of high polymg;g._One»of the largegt groups gf po;ymerg is that of the
natgra;ly_oqcurring subgtapceg among_whichla:e included thg_proteins.
Now, protein is an important constituent of wheat and flour, and plays
‘an important role in determining the physical behavior of dough. It
was thogght,_therefore, that thevapplication of phygical chemical

methods, such as those used in high polymer studies, to an
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investigation of cpgnggsqproduced»in doug@ properties by minutqr
amountsrqf improvers might prove useful in studying the chemistry
involved.
ansiderationvof twq well;known?ropertigs of floui dough gnd of
gluten, the protgin owayeat and flour yhich can be recovered from
dough by washigg? gives rise to an interesting hypothesis of dough and
glﬁten structure., These prpperties lead to the postulate that aough
and gluten are high po}ymeric nmaterials ig_which the behavior is deter-
mined by an internal cross-linkgd structure.
/ The particular propertiesvwhich suggest that tpe_physical
behaviorvor do;gh.and gluten is determined by a network structure in
the material are: 7 7 _
(1) flour dough and gluten exhibit so-called rubberlike elaéticity,
(2) gluten, which is largely protéin exhibits a very definite
vlimited swelling inﬁwatgr apd doesvnop imbibe.water indefinitely,
when placgd in water, to become dispersed in the manner of proteins
genera;ly. B » ) ) N N
~ Meyer (54)'hgs stated that if a substance swells when placed in
cqrtaig 11quid§,vwithogt‘passing intq solut;ona‘it~may pg concluded
that the mgterigl in guestion_is_a high polymer. Further, when limited
swelling'opchg, ??,i?(t9,b? concludeg_that aomé sort of thrgg-.‘
dimeps;qgélbéont;nnity, by means of cross-links, exists in the
material, | _ ‘ _
Natural_an@ synthetic materials pqssess;pg rubberl}ke glgsﬁigity
have been termed Qigstomers. Recep#_stgdieg §£ elagtcmers inﬁgeneral_ﬂ

have established certain basie structural concepts. In so far as flour
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dough and gluten, which exhibit rubberlike behavior, are elastomers,
these concepts must apply. The following conditions have been post-
ulated as necessary in a material exhibiting rubberlike behavior, (76):

(1) presence of long chain molecules which are flexible by virtue |

of free rotation about bond links., These molecules exhibit a con=-

stant sinuous motion as a result of kinetic energy associated with

the segments,

(2) a féw points of cross~linkage between the long chain molecules

giving rise to a three-dimensicnal or network structure,

(3) wesak seconda:y forces of interaction between the long chain

molecules.
The network structure is essentially a dynémic structure, In an un-
stretched state, the network chains, i.e. the long polymer molecular
segments between the cross-links, assume randomly coiled configur-
ations, Some of the long chain molecular segments will be folded up at
a given instant, others wil; be fully extended, and there will be a
statistical distribution between these two extremes. The majority of
the molecular segments will have a Most Probable Length intermediate
between the two extremes, In a stretched state, the network chains are
forcibly uncoiled and displaced from their most probable length. When
the deforming force is removed, the kinetic motion of the molecular
segments tends to cause the network chains to return to their most
probable length, This is considered to be the source of rubberlike
elasticity.

A number of workers have developed the network-statistical theory

of rubberlike elasticity (18, 38, 47, 75, 77). An "equation of state"
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for f;exible poly_mer networks,r e:;pressing the force of retraction in a
gt:etchgdrpolgme‘r as a function of temperature, elongation, and net-

work structure, may be written:

) B 1§
7 = £RT |~ =~ iy (1)
v 1, 1

T = :etrgctive_ Aforce per unit initial eross-sectional area

R = gas constant N

T = gb‘s_olgttew tempe‘rapure_l

1 = stretched polme? length

low umstretehed polymer lengts

$ =a propo;-‘t;i‘onglity_qo;‘:svtagt phgrgcterigt_ic of tl;e

polymer Vsamble and dependent on structure, which has been called
the natwork ac_tivity.‘ S S

,A hs_igpificgant‘ fﬁgtu;fg oif equat?qn (i_), j.s __t__he predici_:ed dependence
of the retractive force on the network structure as embodied i'nk the
_ factor‘ z. frhe \__elg;;"picA theqries hd?,n‘?*’:_ howevexv-",r agree on the. exac;
dapende;;Ze 91’ the prop.qrt:;qnal;ty consta:_mt ,2, on _network structurs.
In several of the the_qries , this qua»nt}:_i:ty :L_svp;'qpo;ftional to the
nu;nber of "chains" per unit_vo}nme whe;_e_ the "chain"® is defined.as the
part of a molecule exten_ding from one cross~linkage to the next. '

For an ideal network formed from 1ndefi;iitely_ long molecules, the
nunber of chains is identical_wi’cl; the number of crogs-link‘e’d monomer
units or eqt_xal_ to f.wice the m_mber of ‘cz_'pss.-linkages,.lf a fraction A
of the structural units is involved in cross-linkages, the concen-
tration of chains (z_noles per c}ubi»gdcentimeter) is .E P and the

Mo
theoretical relation between network activity and degree of cross-



linking is given by:

P %of (11)

= _dens;ty gf‘tpg polyme;f (grams pgr__.cgyic‘centimeter)
Mo® moloouler weight of the structural uait.
Thev propoz_-tiqnaf:!.i_ffy _congtany ’ 5!__?‘5 _t;pityh ’_in_ _thg tpeogi_qs dqveloped by
Wall (77),: Treloar ('75) » and Flory and Rehner (18). Kuhn (47) believes
g should have a value of 7/3 while James and Guth (39) conclude that
g should be above 1/2. _ - '

_Flory (15,,16) has modified equation (11) as a result of con-
siq_e:;r;g thgt_; each _prima_l_'y;_xnro.'lr.egx_J.I_Le‘_w»_:FL]..l g;lve rige to two inactivq
tem;nal epds_ i'n.the netwgr}c gtrqqtl'.u:e, flr‘his.leha‘ds to(the ¢onsider-
ation pf an efrevcmtiv_erdmegﬂ'ee.gf _vcrosgf;_.fmﬁ‘:ing and /9 ‘qf equation (ii)

is modified by the subtiraction of a correction factor.

(1i1)

<t
"
(11]
1

Thus, Fhis_ equa‘!:?on takgs_ ;L_ptor account tl;e molgcula? wej.ghi; of t};e ‘
polyme;f befor9 Q;osg-linking s:an}e» ;n is the number average degree of
polymerizatvi_pn pxio:p tq_cross-lip’.kir_lg‘.» B

Polymers possessing a network structure exhibit a limi’ced o
swelling when placed in suitable 1iquids. A thermodynamic treatment of
the swelling phenomenon (19) relates equilibrium swelling volume and

network activity -% :

£ _ An(l-vp) + Vo 4 \J (iiii)
v - v1 VZ‘L/
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Vg = the reciprocal of the swelling volume ( where the

swelling volume is the ratio of the volumes of the swollen and

dried gel),
jlg = solvqnt-pqumer interaction coefficient,
» Vi = molar volume of the solvent.

When a high degree of swelling takes place (i.e. Vo small), equation
(11i1) reduces to the approximate expression
5/3

2 - (1"2/11&) Vo : (V)
v =M

The rglat;on between ret;active»force and equilibrium swelling volume

is derived by combining equations (i% and (v), thus:

1 10] - 5/3
RT | = - .
T- Ly, T (1 - 2ug) 7 (vi)

2V |

The theory then predicts that the retractive force at a given elon-
gation shoulﬁ'bg invérsely proportional to the 5/3 power of the
swelling volume. |

o Experimenpal-inyest;ggtiqns.on>th§ depgn@gnge of»the retractive o
forge of stretghed polymers“on<tpe dggreg o: q:qsg-l;nking a:e;limited.
Flory has shown thgt bupy; rubbe;lgwollendin cyclohaxane Qqnforms to
equation_(vi) ‘ié).»Elory, Rabjohn, and shaffer (;7) observed the
depepdenpe o:ﬁretractive force on the degree»o;wq;ossfl;nkinghfor_
naturalﬁrubber vulcanizates and ;o; GR{S polyme:s. Thei: thgoreticgl
cons?derations'predicted_a ligear_:elatiopApeﬁyeen these fariableg.
‘E:perimgntally, deyiatiqng were_fgung tq occur, ?pe change in retract-
ive force qr :gbber vu;cagizgtgs yithﬂ@egrqe gqu%ossflinking was less

than predicted, T being higher than predicted for low degrees of
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¢rosa-linking,'while thg;reyqrs?'wasmtrug gt pigh dggrees.lggsults
obtained on GR-S pplyyera gg?eed with’theyryﬂgomewhgt better,”but
deviationsmfrgm ;;near;ty wayevsﬁi;l Pbﬁ?rV9§~_Th9 regu;ts did demon-
strate a prggrqssive_ipcraase_in“thgﬂfqrge“of repragfion‘at a fixed
elongation with an increase in the fraction‘/D of the structural units
which are cross-linked. o _ - ‘ -

Bardwell and Winkler glgpiinygst;gated the effect of network
structure on the elastic properties of GR-S polyﬁeis (9, 10, 11).
V@lcanization of tpesg gyn@he?igw:ubbgy‘ggmp;gs ﬁéé gccoﬁ@}ished by
tresting GR-S latex with potassiun persulfate, and the degree of
cross-linking was calculated from the gel-to-sol ratio. The rate of
crggs-link;ngrwaénfougd tg be proportional tq the concentration of
persulfate, The proPQ;tipnality'betweenvnetwork activity and the
effective Qegreg of cross-linking prgdictgd‘byvgtatistical copsider-
ationg»qf rubber elasticity was verified for low degrees of cross-
linking,

B These studies on natural rubbe:lvulqanizgtes and GR-S polymers
show that the retractive force of stretched polyners is directly Te-
lated to the degres of oross-linking. Deviations from theoretical
predictions are observed bit thess are believed largsly dus o over-
simplifications in the statistical treatment of the network structure.

~ Flour dqugh and gluten appear to satisfy some of the elastomeric
requirements. The reqn;site long_cpain‘moleculeavgrelpo be found in
the flexible long chain polypeptide prgtein molecu;eg, Thesg f;exible
molecules are capgble Qf assuming a variety of lengths in accor@ance

withbkinetic theory and possess a most probable shape which is rod-
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1ike,»G1u§ep'exhibita aﬂlimiﬁgd swg;lipg and.an inso;ubility in water,
The occurrence of a limited swelling suggests that the individual
prétein chains are»held togethe; py definite chemical forces_in some
sort of three-dimensiongl network,.The segnents of the long qha;ns,
bgtween the postulated crosg-links, possess the property of hydrgtion
and consequen; swelligg possibly_bgcause pf tpg presence in the chains
of hy@rophilic groups. The gwelling is limiteﬁ; however, by thg _
number of these groups an@ by thp chgmical forces of the network.

Studies onvproteins in»ggpergl hgvgvdemonstrgted that the poly-
peptide protein chain(is made_up of known amino_acids united by a
primary valance bond Qallgd»the“paptide linkage, - CO - NH - o This is
aylink.in one direction only since the proteins ars long chain mol-
ecules.

The secondie;gstqmericrrequi:emenﬁ is that the:e be cross-linkages
beﬁwegn_the long chain molecules fqrping gwloosg_ﬁhrge-dimeﬁsionai
netwqu. Spencer, discussing the phenpmenon o; rubperlike elasticity
(54), states thaththeﬂlinkage‘pgintsvin a network structure may be
stropg chemical primg:y bqn@s,_cpemigal bgndﬁ capable of breakipg
gnger a_stregs gpd subsequently reforming, or even points of strong
secondary forces.

Little actual qxperimental evidenceris avgilable as to the
possible types of crbss—links involved»in'dough and gluten structure.
Some wo:kers have assumed that thg disulfide linkgge is 1gvolved (2,
32, Gf). Hlynka (36)‘hasrsuggested the possibility of cross-linkage
formatiop in dough‘by a'reactiqn‘betwpenanrbonyl groups of requcing

carbohydrates and amine, amide, or guanidyl groups of proteins. Never-
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theless, if it be gssumed ?hat 9?°S$f1§?k389§ bgtween protein chains
are :espopsib;g fo;‘elgs§ic§ty_inﬂ@gugh,'th§9'ghanggs in elasticity of
dongh ;esul@ from changes in the number of cross-linkages‘between the
main chains. | o

sipce therq appears to be gqod reason for :ega;ding thé sﬁructure
o: flour dough asvcompgrgble With a_polymer”netyo:k, 1t seems reas-
onablg to seek a relatioq bthggq the”propert;es of the network and the
physical properties of ppe doughf Imprqvers are knownvto ip:luénce the
baking strength of flpur.VIf bgking st;gngth and the network pro-
pertieg ofydough‘are iptimately»:elﬁtgd,utgep it 1is to be inferred
that improyers_inf;uenqe_theipo;yme: ngtwcrk.rA stu@y of tha chemist;y
gf the improvipg action of po?gss?um bpogatg inﬂflour @qughgltherefqre
resplves itself into a stqdy o: the gffgct“of’brpmaﬁg on such measur-
able p:opertieg of dongh as may be expecteq to depend upon the exist;
ence and properties of a neﬁwork'strugturq.‘ o

7 The literature conyains a multituﬁe o? papers on the usg‘and

function of the improyers util;ged bynflop: m;llers andﬂpakers to
enhgnce one orrmprerqualitigs‘qf'r;gur?“éough, gnd bread. Subsyanées \
w@ich have}beén used as gidg’inmimprgYing the qpa}i@y of flour, dough,
or bread are many and varigd.iﬁowpver,rin this work, attention has
been cogfined largelyrtg one pf theselreagenxs, namely potassium"
bromate, and its effeqtg on the_properties”ahd structure of dough.
Some other exper;mén;s-pgvgﬂpeggimgﬁe in which_the'effects of oxygen
and the erfggts of the cup:;c‘iqn_on phys;cal dough properties were
investigated. These relgtivgly feW»gxperiments were mad9 in the hopse

that they might shed additional light on the main topic.
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With a view to ggbsequent discugsiog 9f7th§ main aspects of the
p:esent investigation, it is nqcessary»to reviey preyious spudies of
;he_effeqts‘or bromate on dough gnd_bregd properties. This review
falls conveniently into threeﬂpgrts. Ei;st,.anﬂoutliﬁe will be given
of tge genera; methodgﬂwh;thhaye bgenAut;;izgd ip investigations}of{
thg chgnges produced in dqugh and b:gad P;opertiegﬁby added reagents.
Segppd, the igvestiggtiong degling onlywwith‘thg gross effects of
added reagents on dough and'bregd p;opa;tiegg i.e. thg phenomenology
of the reactions, ﬁill be“presented,‘F;nally? gonsideration will be
givep to the investiggtions;anq disqussions pertaining to the various
theories glready propqsed to e;p}ainwthg effgcts‘of‘bromate in dough
and bread., It will becomg appargnp yhaﬁ, althougy phe reaction of
bromate in dough hagvﬁegnv£§e:sgbjec# 9f a number of 1nyest1gations,
it is still a very cpnﬁroygrg;gl }ssﬁe. ?here 1s»little‘§greement
between thg!yarious‘wque?s goncgrning Fhe»mechanigm_yhe;eby the
changes.occur in dough properties as a result of incorporation of
bromate,

Investigations of the physical properties of wheat flour doughs
have been nado for mazy yesrs. Early workers were improssed with the
fact thgt dough had qertain_prqperties»in common‘with both goli@s an@
liquidse. It resembles a solid in that it exhibits elastic properties,
but itvrgssmbles a 1iquid ;n thatuit will ;;Qy_to some extent. Genf:
erally, when the behavi9; of ¢ough_is obseryed, bo}h pf these fgctors
are found to be involved, When a dgugh'is_sﬁPjected to a_stress, both
elastic and v;scous_deformat;ons are observed. The former are com-

pletely Eecoverable, while the latter are non-recoverable when the
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stress is removed. .

“Axtemptslto meggurgnthe phyg1cal”proge:tiesmofrf;our QOﬁghs‘were
reported in the litersture at quite an sarly date (4). Over a period
of years'a.nuﬁber qf mechggiqgl dgugh-tgstipgv;nst;umgptsvhave been
desigged,\capable‘of magsuring a complex mixture of properties of
doggh. such mgch;ges hgyg yiglded little knowledge of the actual
structure Af flqur dough,_largely qying to tpe‘diffigulty of def-
1gitely idgntifying thg physical, or morg strictly, mechanical dough
properties,‘ag revealeq by tpg pgrticulgr mach;pe, with the fundf
amgptgl ppysicg} prope;#iesAof the matg;;al such as elasticity’o:
viscqsity. Nevgrthe;ess, meqhan;ca; QOggh:tggting_;nstruments gave
often been used_;n stu@ies qf‘thg bghavio; of»flqurrdough’under difff
e:ing gonditions, A yast amoggt‘gf us§rul; ﬁhough fundamentally emnpir-
ical, information has been accumulated in this way.

mMechgnicg; dough-tgsting ;nstrumsnts may be clagsified into tgo
general groups. These are (g)ﬂrgcoxd}ng dough mixers, and (b) instru-
mepts“which are cgncgrned_with mgaguremepts o: tge axtengibi;ity of
doqghs‘Op Qfmthe:résistgneewgﬁ;grgd by theg tq»e;tension,,g compre-
hensiye reyiew of sggh insﬁ:gmgntgfhas‘been giyen by‘Bailey (4).

Tha_principle of the recgrding deugh mi;e; seems due to Hogg:th.
His instrument haq a gma;l dongh m;xgr_p;ov}ded wiﬁh a dynamomgter
attached to the drive, gnd_a st?;us“rgporded on a‘cha;t the forge
appliedAat.all times dgring a_p:qlqggg@lmixgngvperipd._rhe‘mgdern
Farinograph.is basgd_og thig same principlg, This_instrument, however,
has a ﬁempa;atu:g-contro}l§dygixipgvQhamber. The curves or farinograma

show that the force applied in the initial stages of mixing rises more
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or 1ess rapidly tg a mgximum‘whgre it ;emains yirtually constant fo:’
varying pqriodsrof pime gepgnding»ogﬁ?ge_properties of the particular
sample, The fqrce then gradual}ymreqedesf

_IOne of the majpr gpplicg?iqng of th;s ;nstrqmpnt is to measure
the :e;atiye plastigity of dough4samples._The maximum height to which
thg curve risqs on ip%tigl.mi;ing‘is‘?ega:deﬁ as an index of the ab-
sorption of the flour, i.e. the proportion of water added to flour
necessary to produce optimug plastig;ty in_the doggh. qu other dough
characteristics may be determined f:qmvrar;nograms. One of these is
thq time required for doggg_fo:patxpn or the optimun mixing time, the
qther is the mixing»tolerance or the gmpunt of mixipg in excess of the
optimum ;hat a dgugh wil; to;erata bgfo:e itsvproperties begin tq @et;
griorate. The farinograph can be.ugeqﬂtqﬂindicate the effect of certain
reagents on dough properties_by.virtue of 6hanges produced in thess
"machine dough characteristi¢§". o B B ’

| Schofield and Scott Blair ﬂéi) studied the behavior of flour dough
using anﬁinstrumentwcalled a mercury t:ough taensimetep. Inﬁthis ext-
ensimeter, a cylindrica; dough gample whigh had begn extru@ed f;am a
specially-dgsigngd doggh.“gun“ was_floated_on a pool of me;cur&.
Gradugtadvscales, w?ich could“be_viewed through.a low-powered micro-
scope, were attgchgd to eitheruend of the dough. One end ofvthe dough
sample_was.attached-tq_a cglibrgted'spring gnd the other endrtg a
wincp'by‘meang_of whi:h'strgssegygpuld~beuapplied tg thﬁ dough. This
instrﬁment permi@ted sﬁudy Qf dough prppg:tieg at either copstgnt
sample extgpsiqp, ;n wp;chyqase’tpgwstrgss deggys‘wiph time, or at

constant stress, in which case deformation increases.
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\Anothe: widgly;gsed”qugh-pes?;ﬁgm;ggtrqmegt is thg Brabende:_
Extensograrh (4), Tbis';ngt;ggent is'dggignad‘to stretch a cylinder
of dough, of known dimensigns,_gt a conatant(rgte intp an elongated
U-shape until tha sample_bregka. gn agtcmatic recording device traces
out‘a curve indicating the :orge rggui;ed'to e;tend the dough as a
funetion of_tha amount”of‘extengion. These loadfextension curveé, or
extensograms as they are called, resemble skewed segments of circles.
The exgct shape or the‘cu;ve &spgnds upon the @gteraction of the
elastic and viscous properties of a g;ven dougp.}» » v

" The physical or mechgnical propgrties 6f f;our doughsithat are
indicated by the extenspgraph~are ma;kedly~influenced by the presence
in dough of potagsiqm bragate,_Ag a resu;t,hthis instrument has been
qnite w;dely gsgd inAgﬁudigsAof_thqlefgegt ofhermaye on dough pro-
perties, Uh:o;tunately, howeve;,‘the exﬁqnsggyamsiare to_a large
extent empirigal gincg_thqy can nqt pev;nte?prgte¢'in terms.of fund-
amen;al propart;esﬁsugy as elagtig;ty or visqqsity, To date, extenso-
graph studies_of theMchangeg p:pduged inﬁ@qugh Propert;es.by'the
addition of bromaf§ have yielded little fundamental knowledge of the
reactions involied. o _

Thess»are bu§ a_;ewiofuthg ungg—test;ng machine§ which have peen
desigped to measure one or more qf th phys;ca; p;ope:ties qf‘flopr
dough. These‘mach;nes, tOgethgr with certgiq experimspﬁal_procedures
such as the‘differential bgkiyg‘test.(79),_haye been_frgquegtly used
to_assess the effects produce@ in dough and bread properties by the
addition of potassium bromate.

The use of Potassium bromate as an agent in bread-making appears
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to have been first reported by Kohman, Hoffman, and Godfrey (44, 78)
in 1915 in British‘and Unite@ Stgtgs paﬁents. Bromate was added to”the
other iggredients‘of a dougp, before ;grmentayionj eiphe; by itself or
as‘one cgmponent qf a q;xture ofMNH;pl, Qashg, and KBrps. Kohman and
coaworkers, in a subsequent paper (45)?.described ﬁheir investigations
1eading_up to”thgsé”patgnt appl;cgtiQns. Thqy had studigd the factors
upder @ifferent gonditions. They‘recommended the use qf minute amounts
of gmmpnium salts to stimulgtertheﬂyqast fenmentation, and the addition
of calcium saltswtp diminisp_diffgrences in bread quality from one
;ocgleAtp anothe: due_tq'vapiatipns in mine;al cogtent of the water
used in making the dough.ﬁTha gdditipnrofubrqmate, it was statéd, did
noﬁ af:egp the yggst”bgt rather_acted upon the dough itself imparting

very dgsirablg properties to 1it.
| The effect of an éxceedingly small emount of potassium bromate
upon the dough was_claased as anragiqg, or‘mapuring, e:fect. Thek
beneficial action qf promate in qOugh was charagterized by an increase
in the volupe of the resulting bread loaf gpd by an improvemsgt_in |
brea@ te;tu:e as compgred with bread ma@g_:romﬂun@:aaﬁg@ doughs. It
was repgrted that‘thgye was an opt;mpm cqncgpt;gtion}for bromate
gddition which, if exceeded, produced a stiff or ﬁpucky"'dough and
resulted in diminution of loaf volume to values gﬁch'legs than that of
even énlunbromated loafe The effects of bromate in dough were at-
t:ibuted tonyhe oxidizing pow§r~of the salt since oxygen, inco;porated
1nto”a dough, had a similar.actipn g}phqughvpo.g lesser degree. The

observations of Kohman and co-workers, concerning the effect of the
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bromate-eontaining bakigg ingrgdienz on bread properties, were con-
firmed by Herman and Hart (55)f o ) 7 ‘

Blish gnd Sapdspedt (13)irepor§9d that the additiqn of‘l ngm. of |
potass;nm brpmgpe, in solgt}onngt #he_F19° of mi;ing theudough, to a
lqaf preparedﬂfram 199 gg.wf;our p:odgged an e;traordina;y increasa ;n
loaf vo;ume and a‘¢ecid9§ refingmgnt or devglopment in crumb texture.
The degree of stimulation was foupd to be proportional to the protein
contentcof the flour. Harris (545, studying the effect upon loaf
volume of adding successive 1ﬁcréments of bromate to doughs from
flours of different protein contents, found that the higher protein
rloﬁrs reacted more vigorously to the higher concentrations of bromsate.
The improvement which accompanies the incorporation of bromate into
dough apparently does not alter the hydrogen-ion concentration in the
resulting bread‘(SS).

A number of"wofkers‘have inréstigatéd the relation between the
protein confent of wheat and the volume of the bread loaf produced
from the resulting flour with results that tended to suggest a linear
relation between these factors. Deviations from linearity became quite
pronounced both at low and high protein levels. Larmour (48) found
that when flours were baked using bromate in the dough férmﬁla the
linearity of the protein content=loaf volume relation was exteﬁded
over a much larger protein content range. Geddes and Larmour (28) |
reported that the loaf volumes obtained by baking doughs from‘fréshlye

milled flours, and containing small amounts of bromate, closely

paralleled the volumes obtained by baking doughs, without bromate,

prepared from the seme flour when fully matured by natural aging.
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Larmour and Brockington (49) discussed gas production and gas
retention, two very important‘faétors in determining bread properties.
They reported that pbtassium bromate had a distinet effect only on the
gas retention property of dough, Bromate seemed to increase retention
in strong flours gnd to decrease retention in weak flours. One of the
effects of incorporating bromate into dough has been reported to be an
increase in the gas pressure required to expand the dough, suggesting
that the modulus of elasticity of tﬁe dough had been raised (6).

The addition of wheat germ to flour has been reported to cause
deterioration of dough and bread properties, but the addition of
bromate, or ﬁeat treatment of the fresh wheat germ before addition to
the flour, reduced.the detrimental effect (28). The deleterious effect
of germ on bread properties decreased as tﬂe éerm aged, and co-
incidentally the improvement produced by bromate was found to decrease
as aging progressed. These effects were attributed to changes in the
phosphatides present in the flour,

Many workers have ugsed one or more of the various types of
recording dough mixers in their studies of the effects of added
reagents on dough properties. Since such machines record the force
required at any instant to drive the mixing pins through the dough,
they apparently measure the relative viscosities‘of doughse The add-
ition of certain reagents to doughs being tested in these machines may
produce marked changes in the dough properties and this, of course,
shows up in the resulting curves. By studies with such an instrument,
the deleterious effect of wheat germ, added to flour dough, has been

shown not to result primarily from the lipid components. The use of
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water extracts of germ in testing flour doughs in the farinograph ill-
ustrated that the harmful component was water soluble (68, 69), and
thia- was verified by baking tests. It was later demons{;rated fhat
glutathione was the harmful germ constituent (6;3) o The sulfhydryl
compound, cysteine, was also fomid to have a éeléterious effect on
dough properties as measured by the farinograph, but cysteine~treated
doughs produced normal bread loaves.

Indications are that the recording dough mixer type of instrument
fails to reveal the effects of bromate addition on dough prbperties.
This observation has been noted in studies with the farinograph ’(55)
and with the mixograph (71). When the effect of the proteinases pepsin,
trypsin, and papain on douéh characteristics were measured by the
mixograph, it was not possible to demonstrate that bromate added to
dough had any inhibiting effect on the above proteinases,

Swanson (71) and 8wms§n and Andrews (72, 73) explained the
results of coﬁtiﬁuoua mixing studies on thé basis“ of the following
concept of protein structure in dough, The protein, or gluten, was
envisaged as continuous in dough and bread to form a three-dimensional
fibrillar or'brush_ heapr structure, During the initial mixing, which is
characterized by an upward sweep of the mixograph curve, water is
brought into contact with and absorbed by the starch granules and the
protein of the flour. Gluten 'strands tend to become oriented into a
more or less parallel pattern as mixing progresses. This continually
developing arrangement increases.the resistance offered to the move-
ment of the pins of the mixer through the dough, The maximum resist-

ance to the movement of the pins oécurs when there is the greatest
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parallel arrangement of the gluten strands in the dough and before the
strands begin to disintegrate. Disintegration of the gluten strands is
probablylthé cause of the decrease. in resistance offered to the mixer
Pins when the mixograph curve shows a decline.

The'concept that the strands of gluten become oriented into a
more or less parallel pattern as mixing progresses is somewhatv
suggestive of the phenomenon of Rheopexy. This is the name given to
the process of quick solidification of certéin thixotropic fluids
which may be brought about by a slow, repeated regular movement,
Freundlich ﬁnd Juliugburger (21) observed that sols of gypsum powder
of given concentrations, if left alone in tubes of 1 cm. diameter,
solidified in about 40 minutes, However, if tubes of these same sols
were rolled between the palms of the hands, solidification occurred in
about 20 secondse. Acceleration of the process of solidification was
dus to the orienting effect of the work on the non-spherical sol
particles.

The concept that the protein of dough forms a continuous network
has been discusged in a more fundamental way by Schofield and Scott
Blair (59, 60, 61, 62). These authors made a series of investigations
on the‘fundamental ph&siéal properties of wheat flour doughs. They
emphasized the fact that fiour dough combined a high degree of plas-
ticity with considerable elasticity and suggested that the concepts
first put forth by J. Ce Maxwell, concerning materials exhibiting both
elastic and viscous behavior may be applied to doughs. According to
Maxwell, the stress placed on a material exhibiting elastic and

viscoﬁs properties decays with time according to the equation



S = 8,67 (vii)

8 = the.stress on the material at any time,'t,

S, = the stress on the material at time ¢ .= o,

A = the time of relaxation of the material,
The reaction of a body to an applied strain is not instantaneous but
in general requires a finite time which is characteristic of the
molecular constitution of the material. This time, which is character-
istic of the speed with which the molecuies of the material will move
to their new equilibrium positions when a stress is applied, is called
the relexation time. The relaxation time, 9\ , is related to the
viscosity,q , and toAthe shear modulus, G, of the material by the
equation .
A=/ (viii)
Schofield and Scott Blair adapted these concepts to flour doﬁgh )
behavior by feeognizing that the relaxation time, A, was not a
constant but varied as the applied stress.

Measurementé were made of the elastic modulus and the viscosity
of flour doughs and from these values the relaxation time, A , was
calculated. In this way, it was established that a relation existed
between the physical properties of doughs and their bread-making
qualities, For good brgad-making, a dough of high relaxation time is
desirable, i.e. a dough having a high viscosity and a low modulus. The
pressure of the carbon dioxide formed in the dough by the fermentation
process can then readily expand the dough but, because of the dough's

high viscosity, the small bubbles of gas can not coalesce. This

results in a dough which 1s fine-textured and light and these prop-
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erties are reflected in the baked bread.

In some of their work, these authors studiéd dough properties.
using the mercury trough extensimeter, These studies led to the
following hypothesis for the structure 6f flour dough. In dough, the
gluten is pictured as forming an elastic network which dominates the
mechanical behaviore This network does not establish itself immed-
lately on mixing the dough but continues to build up for some time
after cessation of the mixing operation. 'The branched protein chains
of the gluten are joined together to form‘ this network, of which the
links were postulated to be of two types, one strong the other weaker.
The electrostatic attractions between oppositely charged groups of
atoms in neighboring molecules were shown to be a likely factor in
determining the strength of the network. The time of relaxation was
thought to.be a characteristic of the comnected structure as a whole,
whereas the viscosity was governed by the plastic f£ilm by means of
which the elastic elements were connected.

Bohn and Bailey (13) modified the mercury trough extensimeter by
the inclusion of a direct reading stress balance. These authors ob-
served the.decay of stresses, with time, in doughs made from flours of
high, medium, and low protein contents, which had been extended to
500 per cent of their original length, this deformation being main-
tained constant, The results of these experiments showed that the.
stresses were highest at all times for the high protein flours. A
loge-loge. plot of stress against time yielded a linear relation, the
slope of which.for each of the three flours was about the.same,

The Brabender Extensograph, since its introduction into the field
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of physical dough-testing in 1936, has been widely used to study the
prhysical properties of flour doughs. Munz and Brabender (55) reported
that the effects on dough of added oxidizing agents such“as'potassium
bromate, did not show up in tests involving the continuous mixing of
doughs. However, the effects of such added oxidizing agents did be-
come evident when the dough had been allowed to rest for a period of
time before being subjected to test on the extensograph, Dougﬁs were
shown to exhibit quite different properties if tested when in an
"excited" state due to immediate previous mixing, molding, or c;ther
Ihanipulai:.:lon and if tested after a considerable rest period.
In this type of dough test, a cylindrical dough sample is “stretg-

ched at a constant rate into an elongated U-ahépe -until the sazﬁple
breakse At the same time, the force required to extend the dough and
the extent to which the dough has been extended are automatically re-
corded as load-extension curves. Munz and Brabender decided that the
ratio of the maximum load to the meximun extension of the dough as
read from the extensograms represented a convenient method of analysis
of experimental results., Doughs tested soon after they had been molded
into the required cylindrical shape exhibited a high value for this
ratio, and this ratio was found to decrease with increasing time
between molding and stretching. Experiments were made on doughs which
had been allowed to stand for periods of two hours and four hours after
mixing before being molded into the cylindrical shape for testing on
the extensograph. The change in the load-extension ratio, with in-
creasing time from molding to testing was also /noted for these doughs.

The change in this ratio with time after molding was termed
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"relaxation® but it was emphasized that this was not analogous to |
Mexwell's relaxation time as used by, Scott Blair,

Chéngeg in the dough properties, 1.e. relaxation, as a function
of rest period between molding and testing were followed for flour
doughs containing O and 3 mgm. per cent potassium bromate, i.e. 3 mgm.
bromate per 100 gme. flour. Untreated and bromate-treated doughs were
allowed reaction times of O, 2, and 4 hours between mixing the dough
and molding it for test on the extensographe. It was observed in such
tests that the rélaxafion proceeded more slowly in the bromate~treated
doughs than it did in the untreated control doughs. In addition, for
the bromate-treated doughs, the greater the reaction time between
mixing and molding, the slower was the rate at which the relaxation
proceeded,

These experiments illustrated that the extensograph propgrties of
flour doughs changed considerably during the first 30 to 45 minutes
after the doughs had been molded. However, for rest periods in excess
of 45 minutes between molding and stretching on the extensograph, the
dough properties changed very little. This observation was used as the
bésis for éubsequent extensograph testing of doughs, Doughs were
mixed, shaped or molded into the required test shape, and then rested

for a period of 45 mimutes before being stretched. Immediately after
it had been stretched, the sample was reshaped, rested for a further
period of 45 minutes and then stretched againe This cycle of oper-
ations was repeated over and over as long as it was desired to follow
the changes in dough properties with time. |

Using the above technique, Merritt and Bailey (52) investigated
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the effect of bromate addition on dough properties, as reflected in

| 45 minute extensograms, With increasing reaction time, the effect of
bromate was to increase the capacity of the dough to support a load,
and decrease the extent to which the dough could be stretched. Re-
duﬁing agents produced a.reverse effect with increasing reaction time,
the load éupported by the dough being gradually decreased and the
exteﬁsibility increased, Bromate and sodium sulfite had a mutually
compensating effect on extensograph dough properties when added
simultaneouslye.

An attempt has recently been made to interpret the empirical
extensograph test. Fisher, Aitken, and Anderson (14) discussed the .
load capacity and extensibllity of doughs in terﬁs 6f their probable
relation to elastic and viscous deformations that occur when the dough
is stretched. Both eléétic and viscous properties were consideied to
be involved throﬁghout nost of the elongation, The elastic properties
were considéred to-orrer resistance to stretching uﬁtil the extenso-
gram showed that a maximum in this property had been attained, beyond
which, to the break point, only viscous deformation was‘believed to be
involved.

Flour doughs, on standing for a considerable time after being
mixed, tend to undergo progressive softeninge Halton (29) demonstrated
that the softening exhibited by a flour dough was actﬁaliy equivalent
to an increase in the free water content of the dough; Some previous
workers had tended to associate this progressive softening of doughs
with proteolytic actione. Using a specially-designed extrusion visco-

meter, it was demonstrated that the softening of untreated doughs with
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age was reflected in a fall of extrusion time and a similar trend was
observed with increasing age of bromate-treated doughs. When bromated
and non-bromated doughs of increasing age were subjected to extension
tests, differences in behavior were noted (30). With unbromated doughs
the progressive softening with time was evideﬁt in the extension tests,
while with bromated doughs the progressive softening was not evident
in this waye. Thé effect of the bromate overshadowed the progressive
softening and the extension tests revealed changes in dough properties
due to the bromate.

Brief reference may be found in the literature concerning the
effect of working a dough in relation to the changes produced by
bromate in dough properties. Larmour and Brockington (4§) reported
that punching a dough, i.e. working a dough to remove“caibon dioxide
produced by fermentation, increased subsequent gas retention in both
bromated and non-bromated doughs, It seemed, however, that a greater
increase in ges retention was evident in bromated doughs after the
doughs were given‘a second and a third punch. Baker and Mize (6) re-
ported that bromate had little apparent effect on dough and bread
properties in the gbsence of fermentation and mechanical action.

Since the discovery of the beneficial effects of adding small
amounts of potassium bromate to dough, a nymber of theories have been
advanced to explain the mechanism of its action, Oﬁe of the earliest
explanations advanced was that by Bailey in his monograph in 1925 (3).
Bailey grouped bromate along with ammonium and calcium salts, phos; ﬂ
phates and per-acids, as a class of flour improvers with yeast-

mtritive valﬁe.
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Kent-Jones (43) in 1927 discussed the action of flour improvers
in terms of colléid chemistrye. Flour, he pointed out, consists of a
complex mixture of colloidal bodies, and flour strength was thus
associated with the particular colloidal condition of certain flour
ingredients. The increase of strength produced by traces of added
reagents fitted in with the colloidal theory of floure. The influence
of minnte amounts of potassium bromate on dough, he argued, could not
be due to an alteration of gross chemical quantities but must be a
colloidal effect, |

Geddes conducted baking tests on flour which had been heat-
treated for varying times at different temperatures from which he in-
ferred that the presence of phosphatides was deleterious to tﬁe
baking strength of the flour.(26, 27). He reported that progressive
iuprovement occurred in the béking qﬁality of flour with increased
time of heating at a constant temperature, or with increased temp-
erature at constant time of heatinge, The improvement in baking quality
of freshly-milled flour induced by heat was not comparable in magni=
tude with that produced by adding 0,001 per cent potassium bromate to
unheated flour. However, heat-treatment induced the same general char-
acteristics in the finished loaf, Geddes concluded that wheat germ was
the constituent responsible for this behavior of flour, It was
suggested, that the improvement in baking quality of flour pioduced by
heat or by bromate resulted from the oxidation of soms germ congtit~
uent, primariiy the phosphatides.

Jgrgensen conducted experiments on the autolysis of flour.susf

pensiohs. He found, in comparative tests on bromated and non-bromated
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flour suspensions, that there was noticably less water-soluble nitro-
gen in the bromated samples. Similar resulis were found when potassium
iodate was used, but not when potassium chlorate was used., Both
bromate and icdate, it was pointed ocut, could function as flour impro~
vers whereas chlorate could not, Both bromate and iodate were found to
inhibit the proteoiytic activity of papain and the proteases of wheat
flour as judged by the ability of these enzyme preparations to liguefy
gelatin to greater or less extent.

Jgrgensen observed that glutathione, a substance possessing no
proteolytic activity, virtually liquefied dough:when added to it, and
brought about an early breakdown of the mixed dough as determined by a
farinogram, and had a damaging effect on loaf volume (41). Water
extracts of yeast were found to affect farinograms and lbaf volume in
a similar manner. When bromate was added to dough simultaneously with
glutathione or water extracts of yeast, the response to bromate was
reported greater than when bromate alone was added to the dough,

Jérgensen (42) proposed the theory that the beneficial effects of
bromate and other oxidizing agents on dough properties occurred because
these substances inactivated the proteolytic enzymes of flour. He
postulated that a certain optimum proteolytic activity was necessary
in dough for the production of optimum bread qualities. The addition
of minute_quantities of oxidizing agents reduced proteolysis to near
this optimum, but ngage to bread properties resulted if proteolytic
activity was reduced below this optimum level by incorporation of
excess amounts of improvers,

Balls and Hale (8), in studies on the improving action of certain
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s
bleaching agents on flour, ceme to a similar conclusion independently
of Jgrgensen, Wheat flour, these authors reported, contained powerful
but normally latent proteinases. In the presence of suitable active-
ators such as glutathione, certain water-soluble yeast constituents,
and cysteine, the proteinases which were thought to be enzymes of the
papain type manifested themselves. The action of the proteinases of
flour on dough changed the colloidal properties of the wheat proteins
and this became evident in changes in the properties of the dough and
gluten, The addition of an oxidizing agent to dough resulted in the
oxidation of the proteinase: activator, thus effecting a‘diminﬁtion of
the proteolytic activity.

Support of the proteolytic inhibition theory has been offered by
Zeigler (80, 81, 82), who published a series of papers concerning
glutathione oxidation and the effects of both the reduced and the
oxidized forms on dough properties, Bromate and iodate, both fiour
improvers, oxidized glutathione, while chlorate which is not a flour
improver did not oxidize glutathione., The fact that bromate produced
a graduai change in the properties of doughs was interpreted as due
to its slow rate of oxidation of glutathione.

The proteolytic theory of Jgrgensen and of Balls and Halé‘has
received criticism by a number of workers. Read and Haas (58) re~
ported that bromate, in the concentration used in the norﬁalhbaking
procedure, did not adversely affect the proteolytic power of flour
proteinases when such were allowed to act on gelatin. However, when
bromate was present in relatively large amounts with respect to the

enzyme, it did repress the activity of papain, These workers pointed
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out that the ratio of bromate to flour employed by Jgrgensen in his
extraction tests greatly exceeded the ratio employed in the beking
industrye. |

Sullivan, Howe, Schmalz, and Astleford (67) pointed out that the
proteolytic theory was based, not on direct évi&ence, but largely on
reasoning by.analogy, ©ege bromate inhibits the gelatin-splitting
ability of papain; HCN and SH compouﬁds activate the enzyme; flour
reacts in the sams‘way and hence must contain a proteolytic enzyme of
the papain type which exerts great influence, Shen and Geddes.(sz)
recorded a similar argument. It was true, they said, that the éddition
of proteases to dough did give rise to considerable dough softening,
but this, in itself, did not prove that proteolytic activity was of
particulaf significance in the baking behavior of normal flours.

Ford and Maiden (20) carried out studies using the farinograph on
' doughs to which glutaéhione and papain; respectively, had been added,
Glutathione had a direct and immediate softening action whereas
papain, in addition to an immediate softening action, displayed a de-
layed softening effect. These authors believed that the effect of
glutathione in dough was primarily associated with a direct action on
the gluten proteins rather than with an activation of proteolytic
enzymes. Balls and Hale (8) had earlier pointed out the posaibility
that such agents as cystéiﬂe‘and other reducing agents may have a
direct effect on the gluten proteins as well as an effect on the flour
enzymese They stated that the liquefaction of a flour paste is not
necessarily due to proteolysis.

Recent work by Hlynka (36) lends support to the view that



cysteine, glutathione, bisulfite and sulfide may affect gluten di-
rectly. Small emounts of bisulfite added to dough markedly reduced its
elasticity and, when glutens were washed from such doughs, they were
found to be soft, sticky and inelastic. Bisulfite~like reactions in
doughs were produced by cysteine, glutathione and sulfide. Acet-
aldehyde, which readily forms an addition compougd with bisulfite, can
prevent bisulfite from affecting dough and gluten when the two re~
agents are incorporated simultaneously into dough. Further, it can
counteract effects in bisulfite-treated glutens., The ready rever-
sibility of bisulfite effects in doughs and gluteh is not consistent
with a proteolytic hypothesis.

Another theory proposed to explain the beneficial effects‘of
small amounts of certain reagents on the physical properties of flour
ddugh was advanced by Sullivan (65). Sullivan believed that these re-
agents had a direct effect on tﬁe éluten protein of dough by virtus of
changes produced in the oxidation-reduction potential. It was stated
that no two flour improvers exerted their effects in exactly the same
waye. Their action, however, was explained by assuming the presence of
SH or some similar reducing group in flour. The incorporation of ox-

idizing agents into dough resulted in a displacement of the system

~S~H 8 =S -

from left to right.

This theory arose from the findings that the harmful effects of
fresh wheat germ on baking quality of flouf were not primarily due to
lipid components (68), These harmful components of germ were shown to

be water-soluble (69$, and later the presence of glutathione in wheat



germ was demonstrated and its harmful effect on baking properties
noted (65)e Sullivan (66) postulated that the beneficial effect of
heat-ti-eafment of .flov::r and of wheat germ was due to auto-oxidation
of glutathione, and that the presence of glutathione in wheat germ,
rather than any proteolytic enzyme, was responsible for damage to the
gluten of dough and for the resultant poor bread made from flour con=
taining wheat germ, |

Baker and Mize (5) carried out tests baking bread from doughs
mixed in vacuum and iﬁ the presence of various gases such as nitro-
gen, air and oxygen, Tests ‘were mad9 pqth with‘ and wit_'.hout the
presence of potgssixm bromaterand»inorganic _pero_xides. Doughs mixed in
ai;' for long periods of time up to 40 xgim;tgs were found to be;:ome~
first soft andrstickjy t_and Jfaterb "dea@", i.e._ tor_ ‘have no elasticity.
I.Ogt voiume dgcreased on p;olp_ngec_l mixing in vaizfra.nd similar results
were optained! altpoug_h more »rapidlry, when mix}ngyas! »qom‘luc.ted in
oxygen._It was fou_x;d t];at d_ogghs coulgi_bg m;i._xed ;’or prqlonged periods
in vacuun and' in the vpr.ssen_c-e of niﬁrogen or hydrogen withoutv
apparent ‘damagg_j:‘ov'_ohﬂg b;gad, Thg _gf;‘ect of oxygen on dough properties
was sai.dr 'to‘occﬂur" oply_}-@u’xjingﬁ_mi_xix_:g_._ |

When doughs containing bromate were mixed in vacuum, the doughs
appeared un.changed :ggard}ess p;‘ mixing t}me. However, when ferment-
ation tcok place' charac_terigtics developed s_mila: to those occurring
with doughsA mixed El_n oxygen. Dougl}s’mvi:‘;ed rorv sho:.ft periocds of time
yielded improved brea@, whiie doughs mixed for long periods of time
yielded damaged bregd.

Experiments were then made in which doughs were given a period of



pre-nizing befors bromste was added and then a short subsequent mix
atte:vtpe agdipion.vBrﬁgd bgkgd”f;qugugp doughs had the character-
istics of breg@»madenrrqm-QOugps_ingpigh bromgte”had been present for
the whole'miyinnggpiod. The authgrs'postulgted that the mixing action
sensitized the dough so that a gormgl dogagq of bromate produce@ very
damaging ef:gcta on the bread properties.‘Thg senslitized dough re-
épondeﬁ favorably to a bromate addition of one-tenth the normal
dosagef » N “ ‘ ,

Freilich and”Erey (22) :epo:@ed that_bromateAprgduced effec#s on
dough and bread properties in addition to, and #ifrerent from, proteo-
lytic inhibi@ion. The actipn o? b:qmatguin dough was illugtrated by
its effgct on loaf vqlumg in thg presence o: added papain. The
deleterious effects of added papainu(?S mgm. in a dough made from
100 gm’_o§ff19ur) were lg;gely overcome py ;hgdadditygn of bromate
(50 mgm.). ;arger additioqs Qf b:amateﬂprodgcgd a Qecrease in loaf
vylumeAgndvrgsulteq even@gglly'in effects characterigtic of excess
bromate, i.e. a very sﬁiff, bucky dopgh and 19aves of poor volume and
very coarse texmure, The b;omate effect thgs went beyond a point at
which_it'could be explgined as dgg tg»retgrdgt;on qr proteol&tic
activity._lt was glso»d§mpnspratgq‘that'anvaptual improvement iq_lpaf
volume could bavproducedﬂwith gmogn?s of bromate usually cpnsidered
excegsive 1n'norma1 baging pragtiqe. Thia was done in experiments in
which the‘period of fermentatipn waslshorter than in the usual baking
proceduré. Excess bromate effects were thougpt to be the result of the
combined effects o: bromate and fermentation, but it was suggested

that bromate may produce changes in dough properties even in the



absence“of fermentation, ‘ - _

- Merritt and Bailey (52) glso»obsgrfed_that.the‘effects of bromate
concentratiog_and ;ermentatiqn t}mé on }gaf volgme were 1pter:
depqndgnp. For a bromgte'cqncentratiqn of 3 mgm. per cent, a rather
short fermeptation pqr;od was necessary tg attain the ma;imnm possible
loaf.volumg, while;wheg a bromate c9ncentrat}on ot 1 mgm. per cent was
ugsed, a mnch longer fermentation period was required to yield the max-
imum loaf volume. - | |

‘Freilicp and F?eyM(zs) reportgd that excess bromate effects in
brgﬁ@ mgde“fram PVﬁ?beOm?tQQ dqughs qul@ bg avoidgd by rgmixing‘the
dough after tha fermentatiog pgriqd gpd priot to rgrmigg the 16ar.
Experiments were conducted by_:em;xing_doughs a;ter fermentation for
varying periods of time in oxygen, air, and nitrogen. It was found
that loaf volume igcreased §o g”ma;imnm;withléncreased remixing time
independgntly of the presence»or oxygen. Aftex Fhis maximug was
attained, lpaf vqlume ramaineq almost consﬁgnt with further remixing
time in nitrpgen. For doughs remixed in ai:, thq logf_volume ;ncreased
to the maximum and then showe@ a degreasewon ;urthgr remixing. When
doughs were rem;xed in oxygen, an even more d:as?iqlfall of loaf
volume with_increasgd :egixing t?me wasdobserved. The fact that the
maximum loaf volume, on :emixing, occurreq at the same mixing time
despite the vg:ied chamigal trgatment ggggestgd that this change was
due to some physipal mechanism. gowevgr, the qhange ig loaf volume
beyqnd this opp;mnm could be attributed to physical or chemical
changeg orquth.

Freilich and Frey (24) later reported that the improving effect
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of bromate on bread;propertigs was notvdue tg thg oxidgtion of glutg-
thione in the»dough. Thewaog;d thaﬁ theladditiqn of oxidizing;agents
to dogghs overceme @hg hgrm:ql g;fegts on loaf>volqms and bread
texture of added reducing ggentg, but the»effects o: phe latter on
mixing time weraﬂnot elim;nateds They‘guggested either that‘reducing
matter was not oxidized’iq.thgmdongh or‘tpat oxidation and reduction
involved independent facto;s in the dough.‘They pointed out that the
failure of Qx;@izing ggenﬁs»tp reaqt with reducing agenps in doggh
was not difficult'to understand since such reactions were not ingtan-
taneoqs_even_under_idegl qonditiong in so;utiqn. Reducing agents, they
found, seenmed to aqt on th? glgten, bnt thgy suggesteq.that oxidizing
agents might act onranother part of the gluten complex.

Freilich gnd'Frey (25) pointed out that the e:fects of oxygen on
dough development, as 1n§icated by the farinograph, are_immediate
whereas the_effects of prqteolyﬁic gctivity are delayed. This
sgggested that the effectslof oxygen during_mixing did_not involve
proteasg activity but that the oxygen probab;y ac;ed on thevgluten
conplex, These authors‘suggested that an anymatic oxidation was in-
volved 1n the chgnges produced in dgugh‘prqperties’by oxygen and
oxidizing agents. Thg protease theory, they stated, may be_opefative
to the extent that’protease ig présepx and active in dough, but it
mustwaasumarg ninor :ole in explaining the effects of oxidation in
flour doughs.

Tha”fatq of pqtassium~bromate in :lop: ¢9ughsﬂis_an interesting '
subject‘which has receiyed only briet considgration in the literature,

Sullivan, Howe, Schmalz, and Astleford (67) reported investigations on
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the amognt‘pg P??@atF gqedrgt'varing’gtages or the breademakipg )
process,_oyér:hglf‘of the proga#e;ipit?ally added to the flour, prior
to the qommencgmgpt of m;;ing, wasqueq‘up immgd;atgly during the
m@xing process, whi;p a qpmpgygtivelyrsma}l amountvqf bromate was con-
sumed duringvthe course of th;eglhgqrs fermentatiqp. When the baked
bread was taken from the oven, no bromate remained.

Recent investigations by Hlynka and Templin (37) have shown that
bromat9 does not disappear, with time, from non-fermenting flour-water
doughs,

From tha previousﬂrav;ew‘;t‘is appa:ent thgt no satisfactory
explgnation of thg imp;oving‘acyion_of potasgiqm b;omatewin f;our,
dough has yet been publishe@. This is notvsu:prising! perhaps, since
a wheat flour dough representsvan qxceedingly complex physico~chemical
system, This comple;itynhas p;qbaply been lgrge}y ;esponsible for the
empiric}sm of many ot the ?eqhniques used by worke;s studying dough
behavior and dough chemistry. To study’§he chemistry injolved in the
behayior of some reggent»adde@ toudough, an investigator hgs no
alternative bqt to work with pha comp;ex dough mass 1tself. Attempts_—
may be made.tq ;solate‘a givgn ungh cgngtituegt_yo study itg behavior
with the»giyen reagent,‘bpt ;t is never cgrtain that Fhe process of
extraction has not altered the material to be studied, nor is it
qertain that tpe behavior»of_such an isolated component is indicative
of its behavio: in tpg dough.

For such reasons, 1# seemed necesgary‘to focus attention on the
dough itself in_any attemyt.to_study the ipfluence of potgssium

bromate on dough properties. The main experimental difficulty is one
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of separgting.gnd 1dentify;ng thg measu:aple physical properﬁies of
the dough_which are_ofwsignificanqev;n reflecting the mpdification of
its physico-chepical properties brought about by the incorporation of
minute amounﬁs of added ;eaggnts.

It was suggesﬁed garlier”in thege‘introductqry remarks that
tundamental knowledge‘of thg_reaction of potassiun b:omate in dough
might be obtgined by :9gardingwthe dough as a polymeric matgrial in
ﬁhich tpe“prqperties were‘thgrmingd_by a network structure. On such a
premise, changes in the physicgiﬂprqpepties of dough due to.the
gdditiangf ginufemgmgqnﬁs angertain reaggnts”woulgype presumgd.to
have thgir origin in changes in thg network st:ucture. Obviously, to
make such a stgdy a sgitable methqd mus§ bé choseg tq makg measure-
ments of.the changes in the physical properties produced by the added
reagents.

In recent years, tpg Brabender Ez$ensqgrgph hgg been Wid?¥¥ used
to study dpugh characteristics and_;t.hgs been found that measurements
with this instrum@nﬁ areLquiFe gepsitive tq'the presence of potassium
bromate in the dough (14, 52, 57). Moreover, it appeared to yield a
type of measu:ement phat_seemed likely @o permit of reaeonably
fundamental analysis. For these reasons, the extensograph was adopted

for the present investigation.



THE EXTENSOGRAPH

The BrgbenderﬂExigngogrgph,‘gn §mp1rically-designed physical
dough-testing instrpment,»hasrbegn used to_study tpe reactions of
potassium bromate in flour doggh. The extengograph, as shqu in
figure 1, stretches a cylinder of dough of known dimenéions, at a
Qonstant rate, un?i; th? samp;e'bregks énd“agtomat;cally regords a
load-e;ﬁengion.cg:vg fgriphe dough cylipde: of dec;gasing cross;
section. ihis curve, or e;tensogram as it isrcgllgd, is larggly
empirical. Since both elastic and viscous dough prOpe:ties are in-
vplved throughout gost of the glongation of phe dough, the extenso-
graph can not be e;pected toAprovige ipdepgndent measurements of each.
A typical extensogram is shown in figure 2.

| The méggurements taken from such curves in the routine testing
of doughs are these:

(a) the maximum height, L, of the curve, to obtain a measurekof

the mgximnm»load suppqyteq by the dopgh.during the gtretching test,

(b) the‘overall length, E,‘of thg curve, as a measure of the length

to which ;he dough can”be~st:e#qhed bgfq:e it breaks, and

(¢) the area of the_curve, whiph’detgrmines the work done in

stretching the dough until it breaks. |

Measurenents of“therphys;cal extgnsograpp prOpertigs Qf doughs
are quite easily rep;ogucibla. Aitkeg? Eisher, an@ Anderson (l)_state
that the stgndar@ error of the mean of duplicate‘qgrves is of ;he

order of ¥0,7 cm. for an average length of 20 em., and 0.2 em. for
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Fig. 1.

The Brabender Extensograph
A test dough is being stretched by the
instrument and the extensogram recorded.
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an aygrgge'height 9f_é£5 cm._Theag lgt?er_meagurgments correspond to
an error of *10 gm. for an average load supported by the'dougha of
370 gm.
A schemgtigqﬁiagram ofrthe e;tensograph, adapted from Bailey (4),
is shown in figure_S.HBailey:dascribes the instrument as follows:
"The so}i@ cyligder pf dough to be testeq is shoyn aﬁ 1, supported
by an arm,}2. The dpughris held by»c;ipg, the farther one being
shown at 3, while therone at the near end of the dough c¢ylinder
has been removed to expose the dough. A mecpanism at 4 drives the
arm at 5 which engages and exten@srtpe“dpugh: As Fhe dough is ex~
tended by the motign of»this arm, fprce is exerte§ which works
agaigst the qounterweight at the lefthané ;egisters through the
lever systgm,.é'apd 7,”t0>th9 gty;us_running on phe fgce of thg
chart at 8. The gregper_theA;orcs, F, thg'farther down the chart
dog;'the_stylué move. Th9 horigpn;alhmgtign of this chart is syn-
chronizad w;th phe mption of the gp;or? 4, and~gccordingly
registgrsﬁthe’distgggeAphgt phedarm, 5, moves»in e;manding the
dough', Th9 extgngqgrapp~pged in tb;glinvestigation haa a paper
velocity of 6;8 mm. per second and a hook veloecity of 14;6me. per
second (1l). The tension on the balance corresponds to 200 paper units
with a balancing weight of 470 gm. This calibration means that one
unit on the extengogram load axig ié equivalent to 1 gm. The range of
the instrument is, on this basis, 0 to 1,000 gm.
In the extensograph ensemble is included not only the actual
device indipafed in figure 3, but also a "rounding up" device for the

preparation, in a standard manner, of rouﬁd dough masses from the test
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Fig. 3

A schematic diagram of the
Brabender Extensograph.
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samples, as well as a "dough molding" device for mechanically pre-
paring, from the round“dough masses,“the cylindrical test pieces,

The rounder consists of a small, rigidly fixed square box. A
movable plate serves as the bottom, In the centre of this plate is a
pin which projects upward into the box for about one inch. When the
rounder is in operation, this plate moves so that the pin describes a
circle inside the rigid box. A weight serves as the top of the box.
When a dough is placed in the rounder, the weight or 1id is placed én
top and impales the dough on the pin, When the rounder is put into
operation, the dough is sheared somewhat as the pin inscribes its
circle within the box. When a dough is rounded up, the bottom plate
is always given twenty revolutions so that the same amount of work is
done on every sample.

The dough molding device or roller consists of a revolving central
cylinder and an outer concentric drum. When a round dough ball is put
into the roller, it is pressed between the revolving central cylinder
and thé ogter one and rolled out into cylindrical shape.

The technique employed when using the extensograph may be
described in the following way. A flour dough, of baking absorption,
is prepared from 200 gm. flour, This dough is then divided into two
150 gm. portionse. A 150 gms dough sample is placed in the rounder and
the base plate given exactly twenty turns. The dough ball thus formed
is passed through the roller and emerges in the form of a sausage-~
shaped cylinder. This test piece 1s now placed in a dough holder and
clamped therein as shown in figure 3. Test samples so prepared are

placed in a cabinet with a sensitive temperature control and in which



humidity is maintained at 85 per cent to prevent, as much as péssible,
drying at the surface of the doughs,.

Munz and Brabender reported that, if a dough was tested on the
extensograph shortly after it had been mixed and shaped, it supported
a very high load (55). However, the load supported by a dough de-
creased rapidly with increasing rest period between shaping the dough
cylinder and stretching it on the extensograph., This behavior was due
to the mixing and shaping operations, the dough becoming "excited" as
a result of the mixing action. However, for rest periods in excesé of
about forty five minutes, very little further change in load occurred.
On the basis of such observations, it was decided that a period of
forty five minutes between the shaping operation and subsequent
stretching was sufficient to allow doughs to return, from the
"excited" state due to working, to arnormal unexcited state.

Thné it has becomse customaxy, in dough-testing with the extenso-
graph, to mix a dough, mold it into shape on the extensograph, and
allow a rest period of forty five minutes before the éample is
stretched.

If it is desired to follow the changes with time in extensograph
dough properties, the technique used by some investigators has been to
mix and shape the dough on the extensograph, allow it a rest period of
forty five minutes and then stretch it., Immediately it was stretched,
the dough was reshaped on the extensograph and tested again forty five
minutes later, i.e. ﬁinaty minutes from the time of mixing. This
cycle of operations may be repeated over and over as long as it is

desgired to follow the changes in dough properties,



MATERIALS AND METHODS

The materials used in this investigation consisted, generally, of
composite samples of hard red spring wheat, graded 1 Northern and
2 Northern. The samples were milled in an Allis Chalmers experimental
nill to a yield of approximately seventy two per cent flour. Six such
samples were used in the course of this study. The moisture content,
protein content, and absorption of these six samples are recorded in
Table I. Protein determinations were made on the samples according to
the Kjeldahl method. The values are recorded as Nitrogen x 5.7 and
have been corrected to a 14 per cent moisture basis, Flour absorption
was determined using the farinograph by adding sufficient water to
50 gm. flour containing 14 per cent moisture, or its equivalent, to

give a dough consistency corresponding to 540 farinograph units.

TABIE I

MOISTURE CONTENT, PROTEIN CONTENT, AND ABSORPTION OF FLOUR

Sample Moisture content Protein content, % Absorption, %
% 14 % moisture basis 14 % moisture basis
A 13.1 13.1 6246
B 12.6 - 63.4
c 13.2 13.3 6440
D 13.2 1345 63.8
E 13.7 13.2 61,0
F 13.8 13.2 6l.4

The manufacturer recommends that doughs, to be tested on the ex-
tensograph, be mixed in the farinograph to ensure uniform treatment
of the test pieces. The selection of the farinograph for mixing test

doughs appears to be an arbitrary one for which the literature contains
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no support. All of the flour doughs used in this study were prepared
by mixing the dough ingredients in a specially-designed G. R. Lo
nmixer. This mixer is designed so that flour doughs cen be mixed in

- air, in vacuum, or in any other gaseous atmosphere should need arise.
The dough inéredients, i.e, flour and doughing liquid, were
temperature-conditioned overnight prior to use so that the doughs were
taken from the mixer at a temperature of 30°C (unless otherwise
stated) ., All doughs were mixed to coqpain 1 per cent sodium ehloride,
i.es 1 gm. salt in each 100 gm. flour on a 14 per cent moisture basis.
Salt is a necessary dough ingredient since it has been found that,
without it, many doughs become too sticky for convenient manipulation
during the extensograph tests, (14).

All of the chemicals employedbin this investigation, viz. sodium
chloride, potassium bromate, and cupric chloride, were of reagent
grade and were used directly as supplied. These salts were each dis-
solved, in appropriate concentration, in distilled water, and added,
in the required concentrations to thé flour samples just as mixing was
about to be commenced. Unless otherwise specified, a constant mixing
time of three minutes was employed throughout the course of the work.

Some experiments were conducted in which doughs were mixed in an
atmosphere other than air, i.e. in nitrogen and in oxygen. For these
experiments, the following technique was employed., Weighed flour
samples were placed in vacuum desiccators, and the pressure in the
desiccators reduced to about 1 cm. of mercury to remove any gases
adsorbed on the flour particles, This reduction of pressure was

accomplished in about 5 minutes with a Megavac pump. Attempts were not
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made to reduce the pressure further by increasing the time, since this
would be liable to bring about a change in the moisture content of the
flour, Pressure in the desiccator was then restored to atmospheric by
admitting the appropriate gas, either nitrogen or oxygen. This cycle
of reduction of pressure, etc. was repeated three times. The flour
samples in an atmosphere of the appropriate gas were then temperature-
conditioned overnight prior to use. Just before mixing, each flour
sample was placed in the bowl of the mixer and the mixer evacuated to
a pressure of about 2.5 cm. of mercury. Immediately, the pressure was
restored to atmospheric by leading into the mixing chamber the
appropriate gas. The required amount of the doughing liquid was then
run into the mixing chamber and the mixing commenced. During the
nixing process, a gentle stream of the gas flowed through the mixing

chamber at atmospheric pressure.

RESULTS

Preliminary Experiments

The experimental technique recommended by the Brabender Cor-
poration for extensograph testing of flour doughs appears to be
arbitrary and was modified somewhat at the outset of this work. Flour
doughs were mixed from 200 gm., samples of flour for three minutes in
the G. Re L. mixer and from each such parent dough, two 150 gm.
portions were taken, Some of these were immediately rounded and rolled
into the required cylindrical test samples and then clamped in the
dough holders. After these samples had rested for a period of 45

minutes at a temperature of %0°C and at a relative humidity of 85 per
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cent, they were stretched on the extensograph. Other dough samples
were not rounded immediately, but were placed in the temperature-~ and
hunidity-controlled cabinet for time intervals ﬁhich were multiples of
45 minutes. Some of these samples were taken from the cabinet 45
minutes after mixing, some 90 minutes after, and so on. These samples
were then rounded and rolled on the extensograph, rested for 45
minutes and stretched. In this way extensograph tests were made on
dough samples of increasing age, with each sample shaped on the ex-
tensograph 45 minutes before it was tested.

When this technique is applied to untreated control doughs and to
doughs containing 3 mgm. per cent potassium bromate (i.e. 3 mgm.
bromate per 100 gm. flour on a 14 per cent moisture basis), typical
results in terms of the extensograms are as shown in figure 4.

Figure 4 shows that with untreated control doughs, increased ree:
action time from mixing until testing resulted in- very little change
in the physical extensograph properties, except perhaps a slight
decrease in the load supported.

With increasing reaction time for bromate-treated doughs, a
considerable change in tpe extensograph dough properties occurred.
Initially, there was found to be very little difference between the
extensograph properties of untreated and bromate-treated doughs, but
as the reaction time was increased, a progressive difference in the
properties developed. The extensograms obtained for the bromate-
treated doughs became progressively shorter and higher, i.e. the
doughs becane progressively less extensible and able to support an

increased load when stretched.
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The changes in the physical properties of flour doughs due to the
action of potassium bromate over a period of time were also quite
evident in comparative subjective tests, Such tests, of course, are
not very precise. A bromate-treated dough two hours old reqﬁired con=-
siderably more force to stretch it in the hands than an untreated
dough of the same age. Then, too, when the stretching force was re=-
moved, the bromate~-treated dough showed a much greater tendency than
the untreated dough to undergo elastic recovery. Again, a brsmate-
treated dough, when rounded into a ball after two hours reaction time,
exhibited much less tendency to flow, 1.e. flatten out, than an un-
treated dough treated in the same manner.

The analytical treatment applied to experimental extensograms has
varie@. Munz and Brabender (55, 56, 57) analyzed their extensograms by
noting the maximum load supported by a dough and by measuring ﬁhe |
extengion 6f the dough when it broke., These authors condensed their
data by reporting these factors as the'ratio of load to length. Other
investigators (1, 52) have preferred to use just the load at the max-
imum of the exﬁensogram.

It can be sesn from the extensograms in figure 4 that, at any
given reaction time, the maximum load supported by a bromate-treated
dough did not generally occur at the same dough extension as the max-
imum load supported by an untreated dough. Further, it can be seen,
that the maximum load supported by bromate-treated doughs, with in-
creasing reaction time, did not occur at a fixed extemsion, Rather,

the maximum load occurred at progressively shorter extensions, the

greater the reaction time,



It was felt that a more significant measurement than the load at
the maximum of the extensogram curve would be the load supported by
any dough at -some value of constant deformation; The measurement of
load then becomes somewhat equiv‘alent to a measurement of stress since
a constant sample deformation should correspond closely to a constant
crogss-sectional area, This method of obtaining results at constant
sample deformation has been widely used in the study of rubber and
other elagstomers. The fact that the shape of the extensogram is de-
termined in part by a changing sample cross-section as extension pro-
gresses should not influence the interpretation of results calculated
-in this manner,

In the presen£ study, all extensograms were analyzed in the
following manner, From the extensograms were read the load supported
by the doughs at a constant sample extension of 11 kimograph em. This
extensogram extension corresponds to an actual dough length of about:
60 cm., and represents a dough extension of about 400 per cent., The
particular value of 1l cm. extensogran extension was chosen arbi-
trarily, but it will be shown later that the arbitrary selection of
this particular value for constant sample deformation does not signif-
icantly influence the subsequent interpretation of the experimental
data, It may be noted that the maximum extensogram height was rarely
observed Qt extensions of less than the 1l cm. value.

Some preliminary experiments were made using the modification of
the routine Brabender extensograph technique to assess the changes in
the physical properties of bromate-treated doughs with time, Flour

doughs were prepared from Sample A to contain respectively O, 1, 2, 3,



4, and 5 mgm, per cent potassium bromate, These doughs were made by
nixing 200 gm. samples of flour to baking absorption after which each
déugh wasg divided into two 150 gm. portions for duplicate tests on the
extensograﬁh.‘noughs\of each bromate concentration from O to 5 mgm.
per cent were allowed increasing reaction times from O to 270 minutes
using 45 minute intervals, Each dough was shaped on the extensograéh,
for the first time, 45 minutes before it was to be stretched. In other
words, a dough allowed no reaction time was tested when it was 45 min-
utes old and a dbugh allowed a reaction time of 180 minutes was tested
when it was 225 minutes old. The extensograms obtained in this ex-
periment were analyzed by reading at 1l cm. extension the load in
bgrams-supported by the doughs of each bromate concentration at each
particular dough age. Theée data are recorded ih Table II and plotted

in figure 5.

TABIE II

THE EFFECT OF REACTION TIME ON "45 MINUTE" EXTENSOGRAM
PROPERTIES OF DOUGHS CONTAINING POTASSIUM BROMATE

Dough age Ioad, gm., at 11 cm. extension
min, Bromate concentration, mgm. per cent
0 1 2 3 4 5
45 250 255 260 260 270 280
90 245 265 280 305 310 335
135 245 270 310 340 385 420
180 230 265 330 410 555 590
225 235 270 375 510 665 820
270 220 290 425 625 790 -
315 - 320 495 715 - -

From the lowest curve in the figure, it is evident that there was
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little change in the extensograph properties of untreated doughs with
time. Howeier, the incorporation of minute amounts of potassium
bromate into the doughs resulted in marked changes in the physical
properties of doughs as:assessed by the extensographe. The reaction of
bromate appeared to take place progressively and continuously with
time, bromate concentration being the limiting factor.

The fact that the changes in the dough properties, over the range
of bromate concentrations.used, continuously increased with inereasing
concentration is interesting. This is contrary to the effects produced
by successive increments of bromate on the properties of baked bread.
It is observed that, when a given flour is baked with successive in-
crements of bromate, the loaf volume increases at first to a maximum
at a certain level of bromate, but further addition of bromate
results in a gradual decline of loaf volume, The optimum bromate con=-
centration fér a flour such as Sample A would be in the range of 1 to
3 mgm;“pér cent, but no optimum was observed in this range for the
extensograph measurements with non-fermenting doughs.

Another preliminary experiment illustrated two very important
characteristics of the bromate reaction in flour dough. These were:

(a) fbr the bromate reaction fo take place, as indicated by changes
in the physical properties of dough, a reaction time between mixing
the dough and shaping it (i.e. rounding and rolling it on the ex-
tensograph) must be allowéd,

(b) for the bromate reaction to be reflected in the physical pro-
pefties of doughs tested on the extensograph, work must be done on

the dough by rounding and rolling after the given reaction time has
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elapsed,

These factors were demonstrated in the following experiment. Two
series of untreated control doughs and two series of doughs con-
taining 5 mgm. per cent bromate were prepared at a temperature of 30°C
using flour Sample B, One series of control doughs énd one éeries of
the bromate-treated doughs were shaped on the extensograph immediately
after mixing, i.e. no reaction time was allowed betwsen mixing and
shaping, but they were permitted different rest periods of from 5
minutes to 180 minutesg between shaping and stretching. The other
control and bromate-treated doughs were set aside immediately after
mixing and allowed & reaction time of three hours at 30°C and at
85 per cent relative humidity, after which they were rounded and
rolled on the extehsograph, and allowed iest periods of from 10 to
180 minutes before extensogréms were taken,

The loads, in grams, at 1l cm. extension of the various doughs
are recorded in Table III and plotted in figure 6 where the load 1is
plotfed againsf rest period measured from the end of the reaction time.
This gives rise to two sets of cﬁrves, one for the éontrol and
bromate-treated doughs allowed no reaction time and another for the
control and bromate-treated doughs allowed three hours reaction time.

Figure 6 shows that doughs stretched on the extensograph soon
after they were shaped were capable of supporting very high loads, but
as the length of the rest period between shaping and stretching was
inereased this load decreased very rapidly. It may also be seen that
(figure 6a), with the untreated doughs, this rapid decreass of load

was succeeded by an almost linear decrease of load with time, For no
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TABIE III

THE EFFECT OF REACTION TDE ON THE CHANGE .OF LOAD
WITH REST FERIOD FOR UNTREATED AND BROLATED DQUGHS

_

load, gn., at 1l cm, extension

Rest period 0 Reaction time 3 hour reaction tine
min. Bromate conc., mgme % Bromate conc., mgn. %
0 5 0 5
5 840 860 - -
10 - - 483 -
15 450 428 - -
20 - - 310 920
25 340 380 - -
30 - - 242 720
35 310 332 - -
45 300 320 240 637
60 284 - 237 545
65 - 310 - -
75 280 - - 480
90 - - 235 480
120 270 - - 422
130 - - 220 -
135 - 310 - -
150 - - - 382
180 - 310 - 360
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constant sample deformation for untreated and bromated doughs.
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reaction time, there was little difference betwéen the rate of de-
crease of load with rest period of the control and bromated doughs,
For no reactibn time with bromated doughs the load supported by a
stretched dough deqreased to a value of abqut 310 gm. when a rest
period of 60 minutes was allowed between shaping and stretching,
Furthe: extensograms obtained on such bromated doughs with increasing
rest period were identical regardless of the .length of the time
between the shaping and stretching operations., The presence of bromate
| in dough thus prevented the slow linear decreasé of load that was ob-
served for untreated control doughs with increasing rest period in
excess of about 45 minutes.

Another result of the presence of bromate in dough may be seen by
referring to the curves gfigure 6B) for the change of load with rest
period when the doughs wére allowe& a three hour reaction time between
nixing and shaping. For the control doughs, the rate of change of load
was about the same after a reaction time of three hours as it was
after no reaction time., For bromate-treated doughs, however, the rate
of change of load with rest period was vastly different with and with-
out the time of reaction. This difference in eitensograph dough
behavior was only observed with doughs that were shaped or manipulated
after a reaction time had been allowed.,

From figure 6, it can be seen that in a rest period of 45
minutes, the load supported by unbromatéd doughs and bromated doughs,
shaped 1mm§diately after_mixing, passed through the stage of rapid
decrease. The same may be saild of the control or untreated doughs when

a three hoﬁr reaction time, between mixing and shaping, was allowed.



The physical properties of the untreated doughs regardless of reaction
time became more or less stabilized during a 45 minute rest period,
and comparatively little change occurred with further rest period. Ob-
viously, however, with bromated doughs that had been allowed a three
hour reaction time the load decreased much more slowly during the rest
period, and considerable change in the load occurred after thé rest
period of 45 minutes. Hence, an extensogram obtained 45 minutes after
shaping a bromated dough that has been given a reaction time may be
largely without meaning, since the dough properties may change
drastically with increased rest period.

From the above results it appeared that the routine extensograph
technique, i.e. the use of 45-minute extensograms, was not a sound
method for following the changes in dough properties due to the action
of bromate, However, the same experiments om which this conclusion was
based suggested a method which has proved useful in studying the
changes in dough properties due to the action of bromate. This con-
sisted of a study of the manner in which bromate affected the rate of

decrease of load, with increasing reaction time,

Revised Experimental Method

The experimental technique adopted to study the changes produced
in thé physical extensograph dough properties due to the reaction of
bromate was as follows. Flour doughs were prepared by mixing the in-
gredients, flour, water, and éalt in soluﬁion, in the G. R. L. nixer
for three minutes., Prior to being mixed, the ingredients were

temperature-conditioned so that the doughs, when mixed, would have a



temperature of 30°C. immediately after mixing, doughs of 150 gm. were
weighgd out and set aside,vat a temperatura of 30°C and 85 per cent
relative humidity, for a given length of time referred to as the
Reaction Time. |

At the end of the desired reaction time, the doughs were rounded
and rol;ed on the extensograph and then allowed rest periods of from
5 minutes to 180 minutes or more before being stretched.on the ex-
tensograph. During the rest period, the test pleces were maintained at
30°C and 85 per cent relative humidity.

The experimental extensograms were analyzed, as before, by
reading off the values of the load supported by the various doughs at'
11 cn. extensogram extension. The data, so obtailned, were recorded
graphically by plotting load against rest period for each of the
various reaction times. The rate of change of load with rest period,
as revealed by such plots of extensogram data, will be referred to as
Relexation in the doughe. |

The Effect of Increasing Reaction Time on the Relaxation of
Untreated Control Doughs

To provide a basis of reference from which the changes in the
physical proferties of doughs due to the incorporation of potassium
bromate could be assessed, an experiment was made to determine the
relaxation of load with rest period in untreated doughs after various
reaction times, Flbur Sample C was used in this experiment, Five
series of doughs were mixed in the G. R. L. mixer and these were
allowed reaction times of O, 1, 2, 3, and 4 hours betwsen the mixing

and shaping operations. At the end of a given reaction time, the
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doughs were shaped on the extensograph and then allowed various rest
. periods-before being stretched. The data so obtained are recorded in

Table IV and represented graphically in figure 7.

TABIE IV

THE EFFECT OF REACTION TIME ON THE REIAXATICON
OF LOAD SUPPORTED BY UNTREATED DOUGHS

Rest periocd Joad, gm., at 11 cm, extension

min. Reaction time, hr.
: 0 1 2 3 4
5 895 930 945 855 795
10 615 - 612 580 535 535
15 487 452 437 430 430
20 432 400 375 355 355
30 382 342 347 320 - 320
40 340 315 305 287 288
50 318 300 300 268 270
75 305 : 285 275 270 270
100 300 275 272 260 260
125 297 280 282 257 258
150 283 260 265 255 255

175 287 265 268 230 230

The data for the céntrol doughs plotted in figure 7 show the same
characteristics as the corresponding curves of figure 6. With in-
creasing rest period between shaping and subsequent stretching, the
load decreased quite iapidly at first from very high values, followed
by a slower, almost linear, decrease of load. The data for the various
reaction times were very nearly superimposed on one another. Thus, the
rate of change of load with rest period, i.e. the rate of relaxation,
for untreated control doughs appeared to be the same regardless of the

reaction time allowed between mixing and shaping the doughs.
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The Effect of Increasing Reaction Time on the Relaxation of
Bromate~treated Doughs

To investigate the changes produced in the physical extensograph
properties of doughs due to the addition of bromate, experiments were
mgde with thevéame sample of flour (C) according to the.procedure pre~
viously outlined. Two series of doughé were prepared containing 3 and
5 mgnm, per cent potagssium bromate, i.e. 3 or S5 mgm. bromate in each
100 gm. flour. Doughs containing 3 mgm. per cent bromate were allowed
reaction times of 0, 1, 2, 3, and 4 hours between mixing and shaping
the doughs, and doughs containing S5 mgm. per cent bromate were allowed
reaction times of 0, 1, 2, and 3 hours. At the end of a given reaction
time, the doughs were shaped, allowed various rest periods, and then
stretched on the extensograph. The data are recorded in Table V and
plotted in figure 8.

Figure 8 111usfrates the pronounced effect produced by bromate,
with increasing reaction time, on the physical extensograph properties
of doughs. With increasing reaction time, bromate resulted in a de-
creaged rate of change §f load, i.e. a decrease in the rate of re-
laxation, This effect of bromate oﬁ dough properties with increasing
reaction time is more pronounced the greater the bromate concentration
in the doughe. Moreover, with increased rest period, the load decreased
to a stable value, the particular value depending on the bromate
concentration and reaction time. For a given bromate concentration
the final stable value of load was higher the longer the reaction
time, while the increase in final value of load was more rapid with

inereasing reaction time at the higher concentration of bromate,
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TABIE V

THE EFFECT OF REACTION TIME ON THE RELAXATION
OF LOAD SUFPORTEZD BY BROMATED DOUGHS

Rest

Ioed, gm., at 11 cm. extension

period 3 mgm. % bromate 5 mgm. % bromate
min. Reaction time, hre Reaction time, hr.
0O - 1 2 3 4 0 1 2 3
5 985 - - - - 965 - - -
10 603 840 - - - 610 885 - -
15 520 630 770 930 - - 755 - -
20 460 505 700 - 980 482 690 - -
25 - 447 545 735 - 418 570 815 -
30 405 - - - 788 - - - -
35 - - 505 640 - 390 485 745 -
40 347 410 - - 685 - - - 880
45 - = 430 560 - 350 440 650 -
50 340 368 - - 625 - - - 860
60 - - - 475 - 338 410 520 -
65 - - - - - - - - 785
75 320 335 377 468 520 330 370 510 -
90 - - - - - - - - 730
100 310 328 380 387 472 322 370 485 -
115 - - - - - - - - 650
125 310 317 338 435 430 - 365 490 -
140 - - - - - - - - 670
150 315 340 365 405 450 - 360 460 -
165 - - - - - - - - 632
175 305 318 355 370 430 - 370 430 -
190 - - . - - - - - - 630
200 - 335 365 390 410 - - 430 -
215 - - - - - - - - 590
2235 - - - 330 410 - - 430 -
240 - - - - - - - - 560
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The shape of the relaxation curves in figure 8 suggested that the
decrease of load with increasing rest period for these doughs obeyed
an exponential decay law, although the decay did not continue to zero
load, Calculations were made to determine whether the decay of load
with rest period was actually exponential, For each relaxation curve
of figure 8, load values were corrected by subtracting the residual
load at the limit of decay. The values of the finai load used to apply
the correction for each reaction time are recorded in Table VI. A
plot of 1oglo of the "corrected?” load was made against the rest period
for each bromate concéntration énﬁ each reaction time, As figufe 9
shows, this rélation is linear over a considerable range of rest
periods for each bromate cbncentration at each reaction time, The
slope of each of the lines of figure 9 was determined as a measure of
the rate of decay of load for each of the various reaction times at
each bromate concentration and, since common logarithms were used,
mnltiplication of each of these values by the appropriate factor
yields the relaxation constant, k. These values are also recorded in
Table VI.

A plot of the rate of relaxation, k, against reaction time for
both the 3 and the 5 mgm. per cent bromated doughs is given in
figure 10 from which it appears that the rate of relaxation of load
decreased linearly with increasing reaction time for a given bromate
concentration.,Apparently the change in the rate of relaxation
occurred more rapidly at the higher bromate concentration. Since the
rate of relaxation of load changed linearly with increasing reaction

time in bromated doughs, the reaction of bromate in dough may be
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TABIE VI

FINAL LOAD, SLOPE OF CORRECTED 1OG. PLOT,
AND RELAXATION CONSTANT FOR BROMATIED DOUGHS

e————————— e e e e e S e
———— e e s

Reaction time Bromate Final Slope of Relaxsation
hr,. concentration load corrected congstant
nem. % g log. plot k

0 3 310 ~-0,0229 0.,0529
1 3 330 -0,0189 0,0435
2 3 350 -0,0182 0,0419
3 3 400 -0.0156 0,0359
4 3 420 -0,0138 0,0317
0 5 320 -0.0246 0,0566
1 5 370 ~0.0160 0.0369
2 5 430 =0.,0122 0.0282
3 5 500 X ~0.00433 0,00997

x Final load estimated from the relaxation
data since a stable value had not been
attained within the rest periods allowed
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regarded as kinetically of zero order.

The Effect of Elongation on the Analysis of Extensogram Data
Obtained in Relaxation Experiments

The déta presented in the previous sections were obtained from
experimental extensograms by reading off the load éupported by the
various doughs at a constant, arbitrarily chosen extension of 11 cm.
corresponding to constant deformation of the sample. This differs from
the procedure generally employed in analyzing extensograms where the
load at the maximum ofythe curve is taken. It was obviously a point of
interest to determine whether‘the methods of analysis yielded
essentially the same information about the effect of bromate in dough.

The extensograms obtained in the relaxation experiments were
therefore reviewed and the load supported by these doughs noted for
3, 7, and 11 cm. extensogram extensiong together with the load at the
maximum of the extensograms. The latter, of course, do not occur at a
constant éxtension. For a given relaxation experiment, these data gave
rige to four curves when load was plotted against rest period, i.e.
one curve for each of the three values of constant extension and one
for the load at the maximum, The extensograms of a large number of
relaxation experiments gave results, by the different methods of
analysis, which were essentially the same from one experiment to
another. Some typical values are recorded in Table VII and plotted
in figure 1llaA.

| The relaxation curves of figure 11A all show essentially the same
behavior of a more or less rapid initial decrease of load with rést

period to a stable value of load at longer times. The curves are, of
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course, displaced from one another along the y- or load axis according

to the elongation at which the load was measured.

TABIE VII

THE EFFECT OF ELONGATION ON THE LOAD SUFPORTIED
BY BRCOMATED DOUGHS IN A REIAXATION EXFERIVMENT

Rest period load, gm., at

mine - Meximum 1l cm, 7 chi. 3 Che
225 940 890 640 275
30 860 732 535 250
40 765 645 460 240
60 642 547 428 228
75 . 620 495 377 210
90 600 475 360 213
105 607 435 320 200
120 560 413 308 190
150 567 420 310 190
180 590 450 335 -
205 535 405 308 190

Correction of the relaxation curves of figure 1lA was made in the
manner previously described, i.e. by subtracting the final load value
for a given curve from each point oin that curve, and a logarithmic
plot of the corrected load against rest period was made for each value
of constant deformation. These corrected log. plots are shown in
figure 11B. |

The logarithmic plot of the corrected load against rest period
was linear over a considerable range of rest periods for each of the
different elongations. The linearity of the logarithmic plots con-
firms, as before, the exponential decay of load with rest periocd. Of
further interest is the fact that the lines obtained for the three

different values of constant elongation were virtually parallel ( cf.
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Table VIII where the slopes of the logarithmic plots are recorded) o
The load at the maximum of the extensograms aiso gave a linear log.
plot, but this was not parallel to the other three curves; this was
generally found to be true in similar analyses of other relaxation

experiments.

TABIE VIII

THE EFFECT OF ELONGATION ON THE FINAL LOAD VALUE AND
THE SIOFE OF THE LOGARITHMIC PLOT OF RELAXATICN DATA

P

Load reéd Final load value Slope of
at ghe log plot
Maximum 560 =0,0147
11 cm. 415 -0,0107

7 cnm, 310 -0,0118

3 cm. 190 -0,0112

The analysis of extensograms, using the load at the cﬁrve maximum,
does not seem to yield the same information about the behavior of
dough in the extensograph test as does the analysis using the 1oaq at
a constant sample deformation. However, the latter would seem to be
preferred as a basis for the analysis of extensograms since the infor-
mation obtained about the behavior of dough in the extensograph test
is essentially the same regardless of the particular value of constant
sanple deformation.

The Effect on the Relaxation of Bromated Doughs of Varying
the Amount of Work When Shaping

It was reported in a previous section that work must be done on

bromated doughs, by rounding them and rolling them into cylindrical
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shape after a reaction time had been allowed, for the bromate efféct
to be evident in subsequent dough-testing on the extensograph. A few
expériments were made to determine wﬁether a variastion in the amount
of work done in rounding and rolling the dough would affect the magni-
tude of.the bromate effect as assessed by the extensograph,
Bromate-treated doughs were subjected to a two-fold variation in
the amount of work done 6n the dough after a reaction time of two
hours. The doughs were mixed from flour Sample D and contained 3 mgm.
per cent bromate, At the end of the two hour reaction time, they were
shaped on the extensograph, in which process the amount of work done
on the dough wag varied in two ways:
(a) some doughs were subjected to the normal amountbof work on the
extensograph by rounding each sample 20 times and rolling it once,
(b) some doughs were subjected to one-half the normal amount of
work on the extensograph by rounding each sample 10 times and
rolling it once,
Immediately after shaping, the two sets of doughs were subjected to a
relaxation test in which increasing rest periods, varying from 10 to
180 minutes, were permitted before the dough was stretched on the ex-
tensograph. The data are recorded in Table IX and plotted in figure 12,
The curves of figure 12 show that a two-fold variation in the
amount of work done on bromated dough samples, after a reaction time,
did not greatly affect the rate of relaxation. However, they do
suggest that a decrease in the amount of work done on bromated doughs
does decrease slightly the final value of the load supported by the

doughse.



TABIE IX

THE EFFECT OF VARYING THE WORK DONE IN SHAPING DOUGIS
ON THE EXTENSOGRAPH ON THE SUBSEQUENT RELAXATION

Rest period - Load, gm., at 11 cm. extension
min. - One-half normal work Normal work
10 990 -
15 830 760
20 650 697
25 ’ 590 542
35 480 503
45 428 432
60 400 403
75 370 377
100 380 377
125 342 337
150 335 360
175 - 355

200 335 360
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The Effect of Mixing in Nitrogen on the Relaxation of
Untreated and Bromated Doughs

All the prey;bus experin;ents were made by mixing the doughs in an
atmosphere of air. Since Baker and Mize (5) have shown that oxygen
incorporated into dough affects itsrphysvical properties, and gince
mixing a dough in air must cause incorporation of some oxygen, the
effect of bromate on the physical prope_rties o: doughs mxed in air
might be due ‘to the presence of bqth bromate and oxygen. Relaxation
experime_nts were the;efore made on _b_romated dgughs which had been
mixed i:g an atmosp}}ere of nitroge:; in an effort to determine whether
bromate, of itself, had an effect. |

The te‘c'hniqu_e qmp;l.oyedm_in experments in which dpughs were mixed
in atmospheres other than air ha_s been described previously. Flour
Sample D was ﬁsed for these experiments on the ei‘fe;_:t of bromate on
doughs mixed} in nitrogen. 'Experiments were'cpndlucted by mixing
coptrol doughs and» doughs containing 5 mgm. per cent potassium bromate
for three minutes ix; an a.t‘mosp_her‘e_v _of nit;jogen, Doughs were allowed
reaction times of o, l“,_ and 2 hour's.HAt the _enc_lv 'of a given reaction
time, dough saznplgs were shap_ed on the extex;sograph and then tested
after increasing resp periods. The data are recorded in Table X and
plotted in figure 13.

The relaxation curves for the untreated and bromated doughs mixed
in nitrogen were very similar to those _o? figures 7 _and 8 for un-
treated and bromated doughs nmixed in gir. For the }u;_itreated control
doughs nixed in m".tz_'ogen,“ ‘th‘e J.ogd decreased' at the same rate with in-

creasing rest period regardless of the reaction time between mixing



THE EFFECT OF REACTION TIME ON THE RELAXATION OF
UNTREATED AND BROMATED DOUGHS MIXED IN NITROGEN

Rest period
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TABLE X

w———
——

—
—

Ioad, gm., at 11 cm. extension

Untreated doughs

5 mem. % bromated

doughs

nin. Reaction time, hr. Reaction time, hr.
: 0 1l 2 0 1 2
5 675 530 505 720 o= -
10 420 330 305 430 770 -
15 310 275 255 335 - -
20 - - - 290 470 -
25 - 220 210 - - -
30 230 - - 250 397 690
40 205 200 - - - -
45 - - 185 265 315 580
50 205 - - - - -
60 210 170 180 210 310 520
75 190 - - 240 - 490
80 - 165 - - 285 -
90 - - - - - 445 -
100 120 170 - 255 290 -
120 - - - - - 395
125 180 - - 245 290 -
150 - - - 250 - 390
175 - - - 252 - 350
200 - - - - - 350
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and shaping. As _before, a linear _dgcrease of lpad with rest period
succeeded the expoqential d“ecx_-eas.e. It is interesting to note ﬁhat the
slope oif th;a linear portion of the load-r‘e‘st period_ curve was the
same for u;ﬁ:reate;l dogghs miqu in n;trogen agd mixed in air, but was
some 40 gm, higher»for the doughs nmixed in air at any given rest period.
For the 5 mgm. per cent broglated doughs mixed in nitrogen, the
rate at which the load decreased, with im;rez;sing rest.period, was
less the longer the xfeaction tim.e allowgd. In addition, the J.onger the
reactﬂiron time betwe’en_mix‘ivng and shaping the b:gxpaf;ed doughs, the ‘
higher was the .vaviune. of the load at which the decay curve levelled off.
It is clear frqm theﬂ:es.uj_.ts as a wh¢19 that‘bl’comgh_egsdoeé have an
effec‘l; oﬁ vthe ’phy»siqa;_properties of a dough quite independently of

the presence of oxygemn.

The Effect of Mixing in Oxygen on the Relaxation of Untreated Doughs

- With fermenting doughs, Baker and _Mize ( _5) observed that the
presence Vof bz_*omape in_y vaéutm; and nitrggen-mixed doughg resulted in‘
characteristics similar tq those_of qugenfmi;ed Adgughsﬂr. Wi’ch‘thi‘s j.n
mind, relaxation exp’erimegt‘s m[erchqq?cpedpn unt_rg_gted doughs which
had been nmixed in an atmpsphere qf oxygen to @gtgymine whethe;: the
effects of bromate and oxygen were also similar in the absence of
fermentation.

Tlour Sample F was used for these experiments‘. Prior to use the
flour samples were equiliv.pratred.. in an atmosphere of oxygen usigg the
procedurse previously described. Four s»eries of doughs ngfe xgixgd in

oxygen for three minutes and allowed reaction times of 0, 1, 2, and
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3 hours. At the end of a particular reaction time, the doughs were
shaped on the extensograph and then allowed increasing rest periods
before being stretched. The data are recorded in Table XI and

plotted in figure 1l4.

TABIE XI

THE EFFECT OF REACTION TIME ON THE
RELAXATION OF DOUGHS MIXED IN CXYGEN

Rest period Toad, gm., at 11 cm. extension

mine. ‘ Reaction time, hr. »
0 ' 1 2 3
10 740 - - -
20 590 940 - -
30 465 740 - -
40 - 710 897 -
45 412 - - : 910
50 - 612 710 -
60 425 590 660 790
70 - S 590 -
75 445 550 e : 750
80 . - - 635 -
90 393 525 - 705
95 - - 610 -
110 430 480 560 625
130 e 485 550 600
135 430 - Ce- Ce-
150 - 455 510 580
160 422 - C- e’
175 - - 550 610
180 -’ 470 - -
190 440 e - -
200 - 460 510 543
225 420 - 540 562
250 - - 508 500

275 - - - 550

It appears, from the curves of figure 14, that oxygen incorpor-
ated into dough produced effects which are sqmewhatrsimilar to those

produced by bromate. The rate at which the eitensogram load decreased,
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with inc:eaging rest period; forwdoughs given reaction times of 1, 2,
and 3 hqurs, iswglower thap therrate whgn‘no :eactiou time was ‘
allowed. However, there appeared to be very litile chaﬁge in the rate
of decrease of load witp ;est period as the reggt;on time was in-
creased from 1 t9 5 hpurs.tThis behavior is differgnt from that of
bromate in-dough, where increasing reagtion time produced considerable
change in the rgte of decrease of load. Fo: oxygen—mixedrdoughs which
had been allowed inc:easing_reaction times, the extensogram load de-
cayed toAa stable value which_was highgr the longer the reaction time.

These final load values are recorded in Table XII.

TABIE XII

THE EFFECT OF REACTION TDE ON THE FINAL
LOAD SUPPCORTED BY CXYGEN-MIXED DOUGHS

Reaction time Final load, gm.,

hr. at 11 cm. extension
0 425
1 465
2 525
3 560

The Effect of Temperature and Reaction Time on the Relaxation
of Bromate-treated Doughs

An experiment was»ma@e to @etenmine‘phe effect of temperature on
the changes produced by bromate, w;th increasing reactiop time, in the
- physical properties of flour dgughs. Fpr thiskexperiment, flour
Sample E and a bromate concentrationfof Sngm. per cent were uged. The

relaxation of the load supported by the bromate-treated doughs, with

L]
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increasing rest period after ghaping, was iﬁvestigated for three
different react;onvtimgs_of 0, 2? and 4 hoqrs at each of three diff-
erentvtempe;atu:es, 22.4°C, 30°C, and 55°Q. All doughs, regardless of
temperature, werevmixed to thg same abgorption‘which was determined
using the farinograph at 30°¢. Doughs were mixed, using flour and
solutions app:opriately temperature-conditioned, to the required
temperature gnd were stored at that temperaturerand at a high humidity
for the desired reaction t;me. They were then shaped on the extenso-
graph and allowed incrgasing rest per;o@s‘at the desired temperature
before being st:etche@.}Tpe qata are recordgd in Table XIII and
p;otted in figures 15, lﬁ;ugnd 17 to show the effect of,reaction time
on the relazafion of the bromated doughs at each temperature.

In these_experiments, the e;?ehsog:aph'wgs operated at a temper-
ature of 30°C. This was essential, in order that the viscosity of the
demping l;quid (see figure 3, where the damping unit is shown gt 9)rbe
unchanged, and the action_of‘the extensograph rema;n the same regard-
less of the temperature of thg dogghs’being testgd. \ »

The curves of figures 15, 16, and 17 illuétrate, again, the pro-
gressive changes produqed by brpmatg withqigcrqasing reaction time in
the extenSOgraph préperties ofnglogr doughs. The effect of increasing
reaction time at each tempergture was to bring about a decrease in the
rate at which the loed supported by bromated doughs changed with im-
creasing rest period a:tqr,shap}ng, The lpad supported by the doughs,
under these different conditions of temperature and reaction time, de-
creased to a final staple yalue exqept”for the experiment at 55°0 with

a 4 hour reaction time, These doughs probably also would have reached
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THE EFFECT OF TEMFPERATURE AND REACTION TIME ON THE
RELAXATION OF 3 mgme. PER CENT BROMATE~TREATED DOUGHS

n Load, em., at 1l cm. extension
Rest period 22.4°C ‘ 30°C ‘ 35°C

min,. Reaction time, "hr. Reaction time, hr. Reaction time, hr.
0 2 4 0 2 4 0 2 4
5 - - - 865 - - 870 - -
10 873 - - 620 885 - 540 - -
15 635 910 - 483 770 - 430 785 -
20 . 537 713 - 443 675 - 385 635 =
22.5 - - 887 - - - - - -
25 - 680 - - 575 885 T 600 -
30 438 570 735 380 505 - 360 490 -
35 -t e - - - 765 - - -
40 444 500 645 - - - - 470 -
45 - C- - 363 455 670 325 - -
50 392 512 - S - - - 430 -
60 390 470 548 340 392 603 310 405 610
75 386 460 495 335 360 523 300 362 550
90 386 410 475 332 358 480 292 370 585
105 - - 435 - K - - S 535
120 360 408 412 330 345 - 290 350 533
125 - - - - - 394 - - -
145 C- - - - - - - - 540
150 368 415 420 315 343 460 295 322 -
170 - - - - - - - - 490
175 S - = - e 400 - - -
180 355 400 450 330 340 - 300 325 -
200 - - - - - 428 - - 487
205 - - 405 - - - - - -

225 - - - - - 445 - - -
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a stable yalue had longer rest periods been permitted. The final load
values for each react;on time at each of the three temperatures are

recorded in Table XIV.

TABLE XIV

THE EFFECT OF TEMPERATURE AND REACTION TIME ON THE FINAL LOAD
SUPPORTED BY BROMATED DOUGHS IN RELAXATION EXPERIMENTS

]

Reaction time Final load, gn., at 11 cm. extension
hr. ’ S " Temperature, “C.
22.4 30 35
0 365 325 295
2 405 350 330
4

420 430 -

The data of Table XIV, and the corresponding figures, show that
for a given reaction time, thg final value of the load was decreased
by an increase of temperature. There is also a suggestion that the
final load increased‘mqre rapi@ly, with increasing reaction time, the
higher the temperature. The curves also reyeal‘thgt the rate of re-
laxation of e;tensogram load changed more rapi@ly, with increasing_
reaction time, with an increase of tempe:ature. Qnalitatively then,
the reaction of potassium bromate in flour @ough, as indicateﬁ by‘
changes in physical extensogrgph properties, appears to be accelerated
by an increase in temperature. » |

The relaxation curves qf figures ;5, 16, and 17 illustrate again
the important features of the b:omate reaction in flour dough. The
reaction of bromate is h}gh;y»time-dependent, and the b;omate reaction

is not apparent until work has been done upon the dough.
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The Effect of Varying Mixing Time on the Extensograph Properties of
Doughs Mixed in Nitrogen, Air, and Oxygen

Some intergsting and infomaj;‘ive experime'nts were made in which
flou:p doughs were mixed fxfom flogr Seample D for jrarious periods of '
time, from‘l 'bq B_minutes , in each oi" the atmospher_es nitrogen, air,
and oxygene. Immediatelyﬂafter_ mixing, t_hgse dqughs were _al;pwed a re-
action time of one hour,v after whigh_they wers shaped on the extenso-
graph and.lthen given a rest periodv of 45 miﬁutes before being
stretched. Th_e data are recorded in Table XV and shgwn_graphi_cally in

figure 18 where load is plotted against mixing time.

TABLE XV

THE EFFECT OF VARYING MIXING TIME IN NITROGEN, AIR, AND OXYGEN
ON DOUGH FROPERTIES AS DETERMINED FROM 45-MINUTE EXTENSOGRAMS

—mw

Mixing time Toad, grn., at 11 cm. extension

min, . Dough mixed in
Nitrogen - Alr Oxygen
1 212 240 492
2 205 235 495
4 210 268 587
6 210 372 680
8 228 423 802

Variation of ‘mixing time‘in nitroggn p:poduced virtually no»change
in the load supported by tﬁe doughs with increasigg mixing time ) but
when doughs were mixed ip air a different behavio: was o_berved. No
change in the load supported by dogghs mixe‘dAin air oqcurred as mixing
time was increased from 1 to» 2 minutes althpugh vf_,he load was about
| 25 gm. greater than for doughs mixed in nit_rogen. As the mixing time

in air was increased beyond 2 minutes, a progressive and apparently
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linear increase in load was‘_“observ’ed. A similar change in load with_
increasing mixing time gccu.rred when mixing was conduqted in oxygen.
The constant load supported by doughs xflixed in oxygen,‘ as the mixing
time was increased_ from 1 to 2 minutgs, was about 280 gm. higher than
it was for the nitrogen-mixed doughg.

These results show that oxygen, ipcorporated into doughs, has an
appreciable effept on dqugh propg_arties. The results sugge_asted that
oxygen itself,wor oxygen togethe;f With ch§ mixing action, nmight be the
limiting factor in ‘?he changes that occur in dough properties with in-
creasgd mixing time. In an attempt to obta;n information on this ’
point, the following expgriments were made, Doughs were nixed for in-
creasing‘ periods Qf time, the initial two Aminutes of. _mixing being con-
ducted_in an atmqspheré of _nitrogein and the remainder of‘ the nmixing in‘
oxygen. A S;xgilar exper;zgen;_wgs made_ by mixing fqr an inii_;ial period
of threevminutes in nitrogfan, ;‘ollpweg'by mixix_xg in oxygen. The doughs
were allowed a :gac}:_ion time _of l,hqu:_’ shaped, and then stretched
45 minutes later. The data are xjeco:d.ed‘ in Table Xvi gnd are plottec_l,
along with the previous data for various mixing times, in figure 18.

The curves in figure 18 showing the effect on dough propertias of
increased mixing t:_pne in oxygen fq'r d_oug_hg given an initigl mix inﬁ
nitrogen,do not seenm tq proy_i@e an answer to the p;.joblem 9:1';' whether
the effect of oxygen _:Ln dough_,_ wit}a inc:eased n_lj.xing tige, is due only
to the oxygen concentratio;t or due.to oxygen _plus some _effect of
mixing. When the atmospherq in‘ ‘wb.ich the doughs were mi;ed was changed
from nitrogen to oxygen,ythe extex_l‘s,ogravm‘}oad ingreased rapid;y with

further mixing from the constant value for mixing in nitrogen. The
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initial rate oi‘ increase Qf load with mixing ti;ne ix;.oxygen appeared
to be independent of the pre-mixi_.ng_ time in nitroge_n. The load in-
creased at a steady rate viith mixing time 1;1 oxygen xmt_il it
approaghed values attained when mixing was conducted throughout in

oxXygen.

TABLE XVI

THE EFFECT OF VARYING MIXING TIME IN OXYGEN ON EXTENSOGRAPH
PROPERTIES OF DOUGHS GIVEN AN INITIAL MIX IN NITROGEN

Mixing time Distribution of mixing time Load, gm., at

min. + -mine in Np min. in Oy 11 cm. extension
3 2 1 375
4 2 2 580
6 2 4 690
8 2 6 820
4 3 1 340
5 3 2 562
6 3 3 610
7 3 4 715
8 3 5 768

Some experiments were mgde_ 1;1' which mixing times in excess of
8 ninutes xéere gsed. However, when dgughg were mixed for Vsuc1‘1 long
periods of time, they became very sticky. Doughs mixed for 10 minutes
were so sticky as to mal_:e it impossible to handle them in the usual
manner. For this reason, data for mixing t:_Lmes in excess of 8 minutgs
have not been included in Table XV and XVI. Such trials did suggest,
however, that the linear increase Qf q.oad with mixing time in oxygen
did not continue indefinitely. Rather, the doughs seemed to.reach a

meximum in the load in the neighborhood of 8 minutes mixing, and
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further increase of mixing time in oxygen brought about a decline in
the load., This behav;qr di@ not aﬁpear to bpnshown for mixing times in
excess of 8 minutes in air, where ;t appeared that the linearity of the
load-nixing time plot was continued up ;o mixing ttmes”of ;2 minutes,
The extensograms obtained with doughs mixed in air for increased
periods of time ghowed a progressive increasé 6f load and co-
incidentally a progressive decreasg in the extent to which the dough
could be stretched before breaking. The”extensograms obtained on the
nitrogen-mixed doughs with increasea mixing tine showed a progrgssive
decrease in'extensibility but supported an almost constant lcad. The
effect of inpreased mixing pime on the extensogram @imensions of doughs
mixed in nitrogen and in air is shown by the dgta in Table XVII. In
this Table is recorded the dough extensibility, or total lgngth in ex-
tensogram cm. to Which a dough was strgtched when it b;oke. Thg exten~
s8ibility can be translated into an actual dough length, but for

purposes of comparison this need not be done.

TABLE XVII

THE EFFECT OF MIXING TIME ON EXTENSOGRAM DIMENSIONS
OF DCUGHS MIXED IN NITROGEN AND IN AIR

= C e ——— o e

Mixing time Nitrogén-mixed doughs Air-nixed doughs

nin. Load, gm., Extensibility ILoad, gm., ZExtensibility
at 11 cm. Cli. at 11 cm. cn,
1 212 23.0 240 2345
2 205 23.5 235 23.0
4 210 21.5 268 21.5
8 228 19.0 423 17.7
12 270 16.5 562 15.5
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The data of Table XVII indicate that the decrease in extensi-~

| bility with increasing mixing time is almost parallel for both the

nitrogen- and‘thergir-mixgdVdoughs.‘The pbserved progressive Qecrease_
of extensib;lity‘of‘#itrogan%mixed doughs with mixing time is, indeed,
interesting. Previous ezperience with extensograms had always shown
that a decrsase in extensibility was coincident with an increase in
the load supported by thq doﬁgh. However, thegse data on nitrogenemixedk
doughs- suggest that these two extensogram dough properties, load and
extensibility, are not necessarily related. In these particular ex-
periments, the increased load with mixing time seems to be associated
with the succeséive incorporation of oxygen into the doughs. On the
other hand, the decreased extensibility of the doughs seems to be
associated with the amount of mixing that the doughs received.

The Effect of Varying Mixing Time and Bromate Concentration on the
Extensograph Properties of Doughs Mixed in Nitrogen, Air, and Oxygen

The experimental extensograph technique described in the previous
gection was used to investigate thg effect of varying mixing time on
the bromate reaction in doughs mixed in each of nitrogen, air, and
oxygen. Doughs containing 0, 1, 2, 3, 4, 5, and 6 mgm. per cent
potassium bromate were mixed, for various timesvof from 1 to 8 minutes,
using flour Sample D. After mixing, each dough was allowed a reaction
time of one hour, shaped on the extensograph, and then stretchgd 45
minutes later. The data are recorded in Table XVIII and plotted in
figure 19,

The curves of figure 19 show that the addition of successive in-

crements of bromate produced a linear increase in the load supported



TABIE XVIII

THE EFFECT OF VARYING MIXING TIME AND BROMATE CONCENTRATION ON THE
EXTENSOGRAPH PROFERTIES OF DOUGHS MIXED IN NITROGEN, AIR, AND OXYGEN

Bromate Load, em., at 11 cm. extension
concentration Mixing time, min,

Nitrogen-mixed doughs
0 216 ' 205 - 229
1 246 222 215 241
2 270 245 245 297 ¢
3 307 268 281 345
4 326 304 301 365
5 337 341 358 460
6 380 392 400 517

Alr-mixed doughs
0 240 232 277 425
1 259 245 290 456
2 280 282 317 507
3 286 309 330 522
4 329 337 350 545
5. 358 380 378 574
6 398 421 442 601

Oxygen-mixed doughs
0 492 495 587 802
1 481 555 640 -
2 485 557 702 -
3 505 602 665 -
4 581 635 687 -
5 603 665 765 -
6 615 730 825 -
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by the doughs, regardless of mixing time, in each of the atmospheres,
nitrogen, alr, and oxygen. The slope of the load-bromate concentration
plot was nearly the same for mixing times of 1, 2, and 4 minutes in
nitrogen. Since each of these three curves starts from nearly the same
origin, it may be concluded that the effect of bromate in dough was
independent of the mixing time in the range studied.

For a given mixing _tin_xe in each of the gases, the load-bromate
curveé. were almost parallel. This suggests that oxygen of the air and
pure oxygen, when incorporated into dough, have an effect on dough
properties which is superimposed on the effect of bromate, This effect
of oxygen in dough is, in part, determined by the amount of mixing the
dough has received., The amount of mixing is a measure of the amount of
oxygen incorporated, as can be seen by comparing the load-bromate
concentration curves for doughs mixed in nitrogen and in air at each
of the different mixing times. As mixing time was 'increased, the curve
for the air-mixed doughs was raised to successively higher levels
above the curve for the nitrogen-mixed doughs.

An interesting observation with respect to the effect of oxygen
in dough can be seen by referring to figure 19, It is apparent that
mixing for 1 minute in oxygen and miiing for 8 minutes in air gave
results which, in terms of the extensogram load supported by the
doughs, were almost equivalent across the range of bromate concen-
trations. If the oxygen effect depended solely upon the amount of
oxygen incorporated into the dough during mixing, it would be ex-
pected that 1 minute mixing in oxygen would be equivalent to 5 minutes_

nmixing in air. This aspect, however, has not been further invest.igated.'



The Effect of the Cupric Ion on the Extensograph Properties of Doughs

Many chemical reagents are known to be eble to produce changes in
the physical properties of flour doughs. It lwas thought that the in-
corporation of the cupric ion into doughs and the study of the re-
sulting changes in physical extensograph properties might be of some
help in interpreting the chemistry of the changes in dough structure
produced by potassium bromate, Copper is renowned for complex com=
pound formation with ammonia and amino acids (74).

A preliminary experiment on the effect of the copper ion on the
physical extensograph dough properties suggested that copper had an
immediate effect as well as an effect which increases with reaction
time, To investigate this in more detail, the following experiments
were made using flour Sample F. Several series of doughs were mixed,
each series containing a différent amount of cupric chloride ranging
from 1 to 4 mgm. per cent. Doughs of a given copper concentration were
get aside immediately after mixing and each was allowed a reaction
time ranging from O to 4 hourse. At the end of a given reaction time,
the dough was shaped and then stretched 45 minutes later. The load
supported by the various doughs was read from the extensogfams in the
usual waye The data are recorded in Table XIX and plotted in
figure 20.

Copper had an immediate effect on dough properties as indicated
by the fact that these curves did not have a common origin for zero
reaction time. For each concentration of copper, the extensogram Jload
inereased quite rapidly with increasing reaction time up to about 1

hour, when a maximum in this property was reached. This maximum



appeared to be maintained with increasing reaction time up to 4 hours.
TABIE XIX

THE EFFECT OF INCREASING REACTION TIME ON THE PROEERTIES‘OF
COPPER~-TREATED DOUGHS AS DETERMINED FROM 45-MINUIE EXTENSOGRAMS

Reaction time Ipad, gm., at 11 cm., extension

mine Cupric chloride concentration, mgm. %
1 2 3 4
0 400 510 648 . 710
5 - 585 733 -
10 - 615 805 -
15 - 635 812 965
30 435 650 870 -
45 - 710 942 -
60 460 720 970 -
120 A 425 690 945 -
180 415 690 970 -
240 435 - 940 -

For the range of copper concentrations employed, the copper
content of the dough appeared to bev the limiting factor in the changes
which occurred in the dough properties, as indicated by thé linear
inerease of load with copper concentration when no reaction time was
allowed (Table XX)e

| TABIE XX

THE EFFECT OF COPPER CONCENTRATION ON THE EXTENSOGRAM
PROFERTIES OF DOUGHS ALLOWED NO REACTION TDME

W =x
Cupric chloride concentration; mgm. % Load, gme, at 11 cm. extension

290
400
510
648
710
790
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A further indication that the copper concentration was the
limiting factor in the changes which occurred in dough properties was
the linear relation between the copper content of a dough and the
final maximum value of load attained with increasing reaction time,
€eZe

CuCl2 concentration, mgm. per cent 1 2 3

Final load, gm. 430 690 955

- Some experiments wers made to determine the effect of the copper
ion, with increasing reaction time, on the relaxation of the load
supported by such doughs as the rest period was increased between
shaping and stretchinge. Doughs containing 2 mgm. per cent.and 4 mgm.
per cent cupric chloride, as well as untreated doughs, were prepared
using flour Sample E. The doughs were allowed reaction times of O, 1,
and 2 hours, shaped at the end of a particular reaction time, and then
allowed increasing rest periods before being stretched. The results
are recorded in Table XXI and plotted in figure 21.

The relaxation curves of figure 21 for the untreated control
doughs indicate that the load relaxed at the same rate regardless of
the reaction time allcwed‘between the mixing and shaping operations.
Doughs treated with 2 mgm. per cent copper and allowed reaction times
of 1 and 2 hours appeared to have identical relaxation rates, which
were considerably slower than that for doughs similarly treated but
given no reaction time. This is taken to indicate that the reaction of
the copper ion in the flour doughs is virtually completed in one
hour's time since, for reaction times in excess of one hour, no

rurtﬁer change in physical extensograph dough properties was observed.
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TABIE XXI

THE EFFECT OF REACTION TIME ON THE RELAXATICN
OF CUFRIC CHLORIDE-~TREATED DOUGHS

|}

Load, gm., at 11 cm. extension
Rest period “Cupric chloride concentration, mgm. %

{4
nin. 0 2 4
Reaction time, hr. Reaction time, hr. Reaction time, hr
0 1 2 0 1 2 0 1
5 955 812 840 - - - - -
10 600 505 590 - - - - -
15 - 410 - 805 - - - -
20 385 - 360 - 1000 - - -
25 - 330 - - - - - -
30 326 - - 600 810 - 885 -
35 - 287 310 - - - - -
40 - - - - 650 705 753 -
45 292 270 272 510 - - - -
50 - - - - 623 610 - -
60 280 245 268 468 585 590 650 950
75 278 253 260 455 535 530 595 850
90 255 240 - 458 500 495 550 825
100 - - 250 - - - - -
105 - - - - - 468 530 785
110 250 - - = 455 - - -
120 - 235 - 440 - - 550 -
125 - - 252 - - 450 - 735
130 257 - - - 448 - - -
150 260 225 238 410 415 425 550 690
175 - - 240 397 430 420 505 662
180 - 212 - - - - - -
200 250 - 222 407 415 410 550 633
210 - 225 - - - - - -
225 - - 215 380 410 418 - 620
240 - 220 - - [aad - - -
250 - - 220 390 400 405 - 585
275 - - - - - - - 580
- - - - - - - 585

300
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Relaxation occurred much more slowly in doughs treated with 4
ngm, per cent cupric chloride than in doughs treated with 2 mgm. per
cent. The change in the rate of relaxation with increasing reaction
time was much more pronounced with the higher copper concentration.
" Relaxation experiments indicated that the load, supported by cupric
chloride-treated doughs, decayed to stable values which increased to
a maximum with increasing reaction time,

The changes produced by copper in the physical properties of
flour doughs are gomewhat like those produced by the action of
bromate. The changes produced by copper are time-dependent, but the

reaction appears to have gone to completion in about one hour's time,.
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DISCUSSION

The fundamental properties reéponsible for the behavior of dough
in the extensograph are elasticity and viscosity. Both of these pro-
perties are involved throughout most of the stretching process, hence
' the extensograph does not provide a measurement of either dough
viscosity or modulus of elasticity individually. Similarly, it can be
said that most of the physical dough testing instruments in use today
are not capable of measuring fundamental physical properties. In
general, the behavior of dough as revealed by such instruments in-
volves a complex interaction of a number of basic physical properties,
and physical testing of flour doughs as currently practiced is largely
empirical. Although a vast amount of experimental data has been
accuﬁulated through the use of various physical dough-testing instru-
ments, much of this information is interpretable only in terms of
the particular machine and method used. This is because of the diff-
icultyvof definitely separating and identifying, from the empirical
results yielded by the insfrument, those physical properties which
are of primary significance and the further difficulty of relating
these properties to the actual structure of the material., However,
some degree of sucéess appears to be possible in analyzing the
results of the present study and in making use of the analysis to
deduce information about the chemistry responsible for the behavior

of the material in the extensograph test.
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The Extensograph Test

The physical properties that a material exhibits are dependent on
its molecular structure. In flour dough, the protein or gluten forms
" an elastic network which dominates the mechanical behavior. There is
little information available concerning the structure of gluten in
flour dough, but a number of studies have been conducted on gluten
" which has been washed from dough, and these have yielded some infor-
mation about the structure of the isolated gluten. Kuhlmann (46), as a
result of solubility and swelling studies, concluded that gluteh, con~
. sidered as a natural high polymer, represented a complex of proteins
. forming micelles of various lengths. Ultracentrifuge techniques (70),
 applied to studies of gluten, have also led to a concept of micellar
structure. McCalla and co-workers (50, 51), studied the behavior
of gluten dispersed in sodium salicylate solution, and showed that a
geries of‘protein fractions could Be precipitated from this solution
by gradual addition of magnesium sulfate. The properties of these
precipitated fractions varied continuously from one to another in
contradiction to the classical concept of the existence of gliadin
and glutenin as independent proteins in wheat gluten. These authors
considered glﬁten to be a protein-lipid complex apparently formed
when a dough is made., Their studies suggested that the properties of
the complex, called gluten, were determined by much more com-
plicated factors than the basic properties of the protein itself
and that interactions between the protein and its environment,
j.e. other flour and dough constituents, played a considerable part

in determining the properties of the dough as a whole.
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Schofield and Scott Blair (62) demonstrated that gluten is
responsible for the mechanical behavior of dough. It is conceivable
that, when dough ié stretched of sheared, the polypeptide protein
molecules tend to be uncoiled somewhat and possibly, to some extent,
to assume a parallel arrangement, Such partial uncoiling and
orientation of long chain molecules does occur in solutions subjected
to shear action and is responsible for the phenomeron of birefring-
ence. It is also widely recognized that a similar partial uncoiling
and orientation may be present in the flow of molten polymers (64).

some evidence for uncoiling and orientation of protein of flour
dough has been presented by Halton and Scott Blair (31) « These
authors observed a fibrous structure, visible with the.naked eye, in
dough which had been extended until it broke. These fibres, which
manifested themselves only when the dough was stretched, tended to
slip past one another at high stresses and, at sufficiently high
stress, progressive tearing of the fibres occurred until the dough
was ruptured.

Further evidence for the concept that chain protein molecules
in dough become partially aligned when subjected to shearing action
is found in an observation by Schofield and Scott Blair (60) on
fermenting dough systems. Dough samples, made up with yeast; were
kneaded well, pulled out, i.e. stretched in one direction, and then
folded over. This operation was repeated a number of times, the
stretching and folding always being in the same d;rection in the

dough. Subsequent expansion of the dough by carbon dioxide evolution
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during fermentation was uneven, the smaller expansion being in the
direction in which the dough had previously been folded. It was
postulated that the work done on the dough had uncoiled the protein
chains and tended to align them in the direction of the stretch. When
gas formed in the dough, expansion in this direction was more diff-
icult because the chains were slready stretched and aligned. Expansion
in this direction could only take place if the aligned chains were to
slide over one another, but this is hampered by reactive groups in
neighboring chains which tended to bond together. Slippage in this
direction could occur but only when such bonds breask, and any bonds
which did break would quickiy reform as slip occurred. Expansion in
the other direction was thought to involve a lateral displacement of
the protein chains. Once the bonds between the reactive groﬁps in
neighboring chains were broken by displacement in this direction,
there was not the same possibility of reformation as described'above.
This type of behavior of the protein in dough, when subjected to
shearing action, is of interest in connection with the changes pro-
duced in the properties of dough when rounded and rolled on the
extensograph. When a dough was stretched on the extensograph soon
after it had been rounded and rolled, it supported a very high load,
but the load that a dough could suppoft decreased rapidly as the rest
period between shaping and stretching was inereased. This rapid de-
erease of load with rest period for untreated doughs was more Or less
complete in about 45 minutes, and further increase of rest period in
excess of 45 minutes resulted in little change of extensogram load.

This behavior may be attributed to the shaping operation, in
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which the dough is impaled on the pin in the rounder and subjected to
a shearing action as the operation proceeds. In the process, the
protein moleculeg of the dough must be disturbed rather drastically
from their equilibrium positions in the resting dough, and in view of
the type of shear, it is conceivable that an orientation of these -
molecules might result in much the same way as long chain molecules
in solution become oriented when the solution is sheared between con-
centric cylinders.

It is postulated then, that when a dough is taken from the
rounder, the molecules are more or less uncoiled and somewhat aligned.
The dough is immediately put through the roller to obtain a test
sample of the required dimensions. In the roller, the ball of dough
is pressed beﬁween,a revolving central cylinder and a concentric outer
drum, and this operation also subjects the dough to a shearing action.
Having gone through these two operations, a dough might be expected .
to have most of the long chain protein molecules disturbed from their
equilibrium shapes in the resting dough.

If the protein molecules in the dough are partially uncoiled and
oriented, a greater force should presunably be required to stretch
the dough than would be required by a dough in which the molecules are
c&iled and oriented randomly, Thus, the uncoiling and orientation of
the molecules in a dough as a fesult of the shaping operation could
account for the extensogram obtained on a dough tested soon after
being shaped. Such a doﬁgh does require a considerable force to
stretech it. However, if time is allowed to elapse between shaping a

dough and subsequently stretching it, the molecules should exhibit a
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tendency to return from their uncoiled and somewhat oriented state to
a random, coiled arrangement. This process is, of course, not in-
stantaneous; Rather, because of the high viscosity of the material,
it is a process which should require cpnsiderable time, It is believed
that the gradual decrease of load supported by doughs with increasing
rest period between shaping and testing on the extensograph is a con-
sequence of the process of randomization. The fairly rapid decrease
of load with rest period is then due to the fact that molecules un-
coiled and oriented by the shaping operation, are gradually returning
to a random arrgngement. Once this process is completed, the extenso-
graph properties of the dough reflect the basic structure of the
dough. However,lir extensograns are drawn on a dough before this pro-
cess of randomization is complete, there is superimposed on the basic
extensograph dough properties, some residual effect of the molecular
uncoiiing and orientation.

It has been shown, in this work, that the falrly rapid decrease
of extensogram load with increasing rest period can be characterized
by an exponential decay law. This fa;t would seem to support the

postulated process of randomization.

The Relaxation of Untreated Control Doughs

The relaxation curves obtained in each of the various experiments
on untreated control doughs, when increasing reaction times between
mixing and shaping were allowed, showed that the decrease of ex-
tensogran loéd with increased rest period was virtually constant. The

relaxation curves for a given flour in a given experiment were almost
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superimposed. This is interpreted as an indication that no change in
the basic structure of the dough occurred during these reaction times.

For the untreated control doughs for each reaction time, the
rapid initial relaxation was succeeded by a slight, linear decrease of
load with further rest period. This linear decrease of load with rest
period is not likely due to a chemical change in the dough, such as
proteolysis for example, since proteolysis ghould induce progressive
change in the dough structure by degradation of the protein molecules,
which would be expected to be reflected in a change in the rate of re-
laxation on the éxtensogrdph with inecreased reaction time, With the
control doughs, however, the rate of relaxation with increased re-
action time was observed to be constant.

The linear decrease of load with rest period may be duse to a
progressive softening of the dough with time, a behavior which has
been observed by some workers. Halton (29, 30) noted that the force
required to stretch a yeastless dough decreased as the age of the
dough increased. This softening of the dough on standing was shown
to be due to an increase of the free water content of the dough.
'Baker, Parker, and Mize (7), in studies of the supercentrifuging of
doughs, concluded that thensoftening was a physical change accompanied
by an increase in free water content and stated that all that was re-
quired to explain it was to assume a relaxation of the gluten from a

gtrained condition caused by mixing.

The Relaxation of Bromated Doughs

The above interpretation of the molecular behavior of dough
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subjected to .shearing action is useful in interpreting the changes in
the physical extensograph properties produced by the action of
potassium bromate., The incorporation of bromate into flour doughs was
found to alter, more or less markedly, the rate of relaxation of
doughs tested on the extensograph. For zero reaction time, the re-
lexation curves on bromated and unbromated doughs were quite similar
in the region of the exponential decay of load, but when the reaction
time was increased for doughs of a given bromate concentration, two
distinct changes in the relaxation curves were noted. These were:

(1) the rate of relaxation decreased steadily with increasing

reaction time,

(2) the final stable value of load supported by the bromated doughs

increased progreséively.

The linear decrease in the rate of relaxation of extensogram load
with ieaction time, as a result of the presence of bromate in the
dough, can be explained in terms of the concept of randomization. The
rate of relaxation may be interpreted as a measure of the rate at
which the protein molecules, uncoiled and oriented by the shaping
operation, tend to return to a random arrangement. The effect of
bromate, then, would be attributed to changes in the dough structure
which hinder the process of randomization.

It is postulated that the reaction of bromate in dough introduces
4certain linkages between the molecules of the network structure of the
dough. The introduction of a bond between two slements of a polymer
network will not only reduce thé Brownian movement of the bonded

elements but also the Brownian movements of nearly all the elements of
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the network (40). Hence, the introduction of such bonds into the net-
work of the dough would result in a decrease in the rate at which the
protein chains, uncoiled and oriented by the ghaping operation, re-
turned to a random arrangement.

The present study has shown that successive inerements of bromate
in dough produce progressively larger changes in the physical ex=-
tensograph properties of doughs. When bread is baked with increasing
increments of bromate, however, a different behavior is observed. It
has been shown that with increasing increments of bromate in dough,
loaf volume increases at first to a maximum, and then declines on
further bromate addition (34). The fact that bromate damage occurs in
bread is presdmably a result of progressive changes produced in dough
properties by bromate. The production of the maximum possible loaf
presumably accompanies attaimment of optimal dough properties at the
time when the loaf is molded. If bromate is present in dough in
amounts less than the optimum éoncentration, the dough properties are
not at an optimum at the time when the loaf is molded, and as a result
the maximum loaf is nof attained. When bromate in excess of the
optimum amount is present in dough, the gradual changes which occur
in dough due to the reaction of bromate should occur at a higher rate,
and the dough properties have progressed beyond the optimum required
for bread-making before the dough is molded. Then such a dough is
molded, the pressure of the gas developed in the dough by ferment-
ation after molding, though it be the same as in the previous two
cases, may not be sufficient to cause the dough to expand into the

maximum possible loaf. Experimental baking tests have actually shown



that if a dough containing bromate in excess of the optimum is given
a shorter fermentation period, i.e. a shorter reaction time for the
bromate in the dough, a maximum loaf can be produced (53).

The experimental results showed that the reactioh of bromate was
not apparent, in terms of changes in extensograph dough properties,
until the dough had been subjected to the shaping operatioﬁ. The
reaction of bromate in dough appeared to be latent, in the sense that
only when the dough was shaped on the extensograph and the molecules
uncoiled and orientéd did the latent changes, which had taken place
during the reaction time prior to shaping, become evident. This is in
agreement with the observation by Baker and Mize that bromate has
little effect in dough in the absence of mechanical action (6). It is
suggested that the apparently latent effect of bromate corrésbpnds
actually to the production of potentially reactive centres in certain
molecules, possibly protein, in the dough. Reaction of these groups
does not take place in a resting dough at any appreciable rate,
because the frequency of contact between the reactive groups of ad-
jacent molecules is very small, owing to the lack of free nigration
of long chain protein molecules through the dough. However, when the
dough is shaped on the extensograph, the dough molecules are uncoiled
and aligned and teind to slide past one another as the dough is
sheared in the shaping process. Hence, the shaping of dough serves to
bring together the reactive groups formed during the time of reaction
so that bond formation can result.

Certain of the data of the present study can be used quanti-

tatively to confirm the above qualitative hypothesis of the reaction



of bromate in flour doughs. Flour dough and gluten possess cerfain
characteristics in common with elastomeric materials. The theory of
the behavior of rubberlike materials has received much study in recent -
years and the structural concepts are well-developed. It is reasonable
then, that some of the principles which have been formulated in the
study of rubberlike elasticity might be adapted to study of the phys-
ical properties of dough and gluten,

The network theory of rubberlike elasticity predicts a linsar
relation between the force of retraction of a stretched polymer and
the network structure, i.e. the degree of cross-linking. The re-
laxation curves f£o0r the bromate-treated doughs that had been allowed
increasing reaction times show that the extensogram load decreased to
a final stable value. The actual value depended upon the bromafe con~-
centration in the dough and on the reaction time. This final load in
each case is believed to correspond to a steady state value character-
istic of the network structure of the particular dough, and to be
equivalent to the retractive force exhibited by a stretched polymer
at a given elongation.

The experimental data of figure 10 for the change in rate of
relaxation of extensogram load in bromated doughs with increasing
reaction time, show that the reaction of bromate in doughs takes
place at a steady rate. Further evidence for this may be found in
figure 22 where the final stable load, as determined from relaxation
exﬁeriments, is plotted against reaction time.

The stable load values are each regarded as a measure of a par-

ticular degree of cross-linking in the network structure of bromated
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doughs and the curves of figure 22 as an indication of the rate at
which the degree of cross-linking changed with reaction time in these
bromated doughs. On this basis, cross-linking in dough occuré linearly
with time, i.e. it 1s a zero order reaction analogous to that observed
by Bardwell and Winkler in their study of the cross-linking of GR-S
polymers with potassium persulfate (10). The curves of figure 22 do
not pass through the origin becauserstfuctures with a very low degree
of cross-linking are not attainable in dough. The formation of a flour-
water dough represents the minimum degree of cross-linking on which
potassium bromate may exert its action.

Bardwell and Winkler showed that the rate of cross-linking in
GR-S polymers was directly proportional to the concentration of the
cross-linking agent, potassium persulfate. While the data for the re-
action of bromate in dough are limited, they do tend to suggest that
the rate of cross-linking in dough is directly proportional to the
_bromate concentration. These data are plotted in figure 23. The rate
of cross-linking for broﬁate concentrations of 3 and 5 mgn. ?er cent
are the slopes of the curves of the previous figure. This curve has
been drawn through the origin since it was shcwn, in relaxation ex-
periments on untreated control doughs, that the rate of relaxation did
not change with increasing reaction time, i.e. that the degree of
crogs-linking of the network gtructura of the dough did not change
with inereasing reaction time.

It has been guggested that the decrease in rate of relaxation of
extensogram load, due to the presence of bromate in dough, is the

result of a progressive increase in the degree of the network
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structure of the dough. It has also been suggested, by analogy with
the developments of rubber theory, that the increase with reaction
time of the final stable load supported by bromated doughs is evidence
of an increase in the degree of cross-linking in the network
structure. If this is true, there should be some relation between the
rate constant for relaxation, k, and the final extensogram load in
the relaxation experimentsg. Figure 24 shows a plot of the rate con-
gtant for relaxation, k, against the final value of extensogram load
for 3 and 5 mgm. per cent bromated doughs. These déta are taken from
Table VI.

The linear relation between the rate of relaxation of load, k,
and the final load attained in relaxation experiments for the two
bromate levels used would seem to confirm the gualitative postulate
that the rate of relaxation is indeed determined by'the extent of the
network structure of the dough.

This type of approach to the study of the bromate reaction in
dough should permit calculation of a value for the activation energy
for the over-all changes that occur in the dough. In figure 25, the
values of the final stable load, determinedrfrom relaxation ex-
periments for 3 mgm. per cent bromated doughs, are plotted against
reaction time for temperatures of 22.49C, 30°C, and 35°C. These data
are tesken from Table XIV._The rate of cross-linking at a given temp-
erature should be given by the slope of the final load - reaction time
plot for that temperature. Although the data are inadequate for satis-
factory calculation of an activation energy, they indicate a temp-

erature coefficient for the over-all changes in the neighborhood of
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11,000 cal,
While no emphasgis should be placed on the value itself, the fact
that the present approach to the problem permits such a calculation

to be considered probably represents a significant achievement in the

field of physical dough-testinge.

The Effect of Oxygen on Physical Dough Properties

Experiments made by mixing doughs in oxygen showed that oxygen
may produce effects in doughs which are similar in some respects to
those resulting from the action of bromate. The data of Table XII
showed that in relaxation experiments, the final extensogram load
supported by oxygen-mixed doughs increassed linearly with increasiﬁg
reaction time. This is apparently contrary to the observation of
Baker and Mize that the effect of oxygen on dough, in terms of the
properties of the resulting bread, was confined to the nixing period,
(5).

Actually, the two observations may not be as much at variance as
appears at first sight. In §he investigation by Baker and Mize of the
effect of various mixing times in oxygen on bread properties using
the experimental baking test, all doughs were given an identical
treatment between cessation of mixing and molding the loaf of bread.
This time interval, the fermentation period, was constant and
actually constituted a reaction time during which any oxygen incor-
porated into the dough by the mixing action can react. The results of
the relaxation experiments in the present study indicate that the

reaction of oxygen takes place at a steady rate in dough. For such a
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reaction, the use of a single reaction time, with various initial
oxygen concentrations determined by the mixing time, could lead to the
conclusion that oxygen had an effect only during the mixing process.
In fact, the studies of the effects on extensograph dough properties
of varying the mixing time in nitrogen, air, and oxygen would, by
themselves, lead to just such a conclusion. These data must not,
however, be considered by themselves but together with the data of
relaxation experiments to arrive at.a correct interpretation of the
facts.

The studies of the effects on extensograph dough properties of
varyihg the mixing time of unbromated and bromated doughs in nitrogen,
air, and oxygen yielded the further interesting result that bromate

has an effect in dough which is independent of the mixing time.

The Effect of the Cupric Ion in Dough

Some information, which is useful in interpreting the effect of
bromate in dough; was gained from the experiments in the presence of
cupric ion. Copper was added in small amounts to the doughs because
it was known to be an agent which can form linkages between certain
groups in amines and amino acids (74). it was thought that if copper
did indeed act as a cross-linking agént in the network strugture of
dough, the resultant changes in physical extensograph dough properties
should be similar to those produced by bromate.

These experiments showed that copper does have an effect on dough
properties which, in some respects, resembles the effect of bromate.

For example, with increasing reaction time, copper produced a decreass
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in the rate of relaxation of extensogram load and an increase in the
final stable load value, but the effect of copper reached a maximum
in a reaction time of about 1 hour, after which no further effect was
observed,

The fact that the effect of copper increased to a maximum with
inereasing reaction time suggests that copper reacts gradually with
the dough, while the attainment of the maximum corresponds simply to
completion of this reaction. The reaction of copper in dough, in terms
of the resultant changes in physical dough properties, is not in-
consistent with a process of cross-linking between certain dough

constituentse.
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SUMMARY AND CONTRIBUTION TO KNOWIEDGE

Specifically:

1.

e

3.

4.

Se

The Brabender Extensograph, an empirically-designed physical dough-
testing instrument, has been employed to study the reaction of
potassium bromate in non-fermenting flour doughs as evidenced by
changes occurring in physical dough properties.

The addition of successive, minute amounts of bromate to dough pro-
duces a progressively increasing change in the physical properties
of dough as assessed by the routine extensograph test procedure.
The reaction of bromate in dough, as determined by relaxation ex-
perimentg, takes place at a steady rate. Relaxation experiments are
those in which the rate of decrease of extensogram load, with in-
creaéing rest period between shaping and testing doughs, is
meagured for doughs that have been allowed increasing reaction
times between mixing and shaping. The greater the bromate concen-
tration in dough, the greater is the change in the rate of relax-
ation with increasing reaction time,.

Relaxation experiments showed that the capacity of bromated doughs
to support a load decreased to a final stable value with increasing
rest period between shaping and testing. The final load increased
linearly with reaction time, and the higher the bromate concen=-
tration in the dough the more rapidly did the final load increase.
The reaction of bromate in dough is latent. Changes in the physical
extensograph properties of dough due to the reaction of bromate

were not evident until the dough had been worked after a reaction
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period had been allowed. The reaction of bromate then showed up as
a change in the rate of relaxation and also as an increase in the
final value of the load supported by doughs in the relaxation
experiment.

Oxygen, incorporated into dough by mixing, produced effects which
in terms of extensograph dough properties were similar to those
produced by bromate. The reaction of oxygen, like the reaction of
bromate, was time-dependent and also appeared to take place at a
gteady rate. The final extensogram load supported by oxygen-mixed
doughs in relaxation experiments increased linearly with reaction
time,

The magnitude of the oxygen effect in dough was dependent upon the
amount of nixing the dough received, corresponding to a dependence

on the concentration of oxygen in the doughe.

8. Mixing flour doughs in various atmospheres showed that bromate had

9.

10.

an‘effect in dough in the absence of oxygene.

The sddition of the cupric ion to dough produced changes in the ex-
tensograph dough properties which were somewhat sgimilar to those
produced by the action of bromate. However, unlike the changes
produced in dough properties by bromate, those produced by copper
increased to a maximum in about 1 hour reaction time, i.e., the re-
action of copper in dough appeared to go to complstion.

Since dough and gluten exhibit elastomeric properties, attempts
were made to analyze the results of the enpirical extensograph test
in the light of developments in the field of high polymer

chenistry.
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11. Polymer concepts suggested that the final stable extensogram load
supported by doughs in relaxation tests was equivalent to the force
of retiaction in stretched polymers, which is a function of the net-
work structure. The final stable extensogram load was then assumed
to be a measure of the degree of crogs-linking in the network
structure of the dough. The change in the final extensogram load
with increasing reactionbtime was taken as a measure of the rate
of cross-linking produced in the network structure of dough by
added agents.

12, The application of polymer concepts to the study of changes produced
in the physical propertieg of dotgh permitted quantitative use of

. data derived from the empirical extensograph test. This approach
confirmed the conclusion which had been deduced from the changes
in rate of relaxation of bromated doughs with reaction timé that
ithe bromate reaction took place at a steady rate in dough.

1%, The rate of cross-linking in the network structure of dough
appeared to be linearly related td'the bromate concentration in the
dough.

14, The activation energy for the reaction of bromate in dough was in

the neighborhood of 11,000 calories,

Genérally:

The present investigation is by no means the first 1ﬁ which the
extensograph hés been used in studying the changes in physical pro-
perties of doughs produced by small amounts of added reagents. Even

the essentials of the technique, i.e. the use of the extensograph to
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follow the decrease of the load supported by doughs with increasing
rest period between the shaping of a dough and subsequent testing,
have been used at least once (56). This was in a preliminary in-
vestigation of the suitability of the instrument for the routine
testing of flour doughs. However, so far as the author is aware, the
present study constitutes the first systematic attempt to derive data
from the results obtained with this empirically-designéd instrument,
which could be employed in a quantitative manner to yield information
about the reactions responsible for the observed changes in behavior.
This study involved, on the one hand, consideration of certain im-
portant physical properties of dough and gluten, such asg the rubber-
like elasticity of dough and the limited swelling of gluten. On the
other hand were involved certain of the fairly well-developed ®
structural concepts of high polymer chemistry. The application of some
of the principles of high polymer chemistry to the study of the
changes in the physical properties of doughs, as revealed in tests
with the extensograph, enables special significance to be attached to
certain aspects of the empirical results.

This study is by no means complete, Rather, it represents a
promising approach to the possibility of placing the whole field of
physical dough-testing on a sound sciehtific basgis, and in this way,
presumably represents a significant advance in the field of Cereal

Cheniigtrye.
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