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Abstract

The market for frozen goodsespanding anthefrozen dough goodsector still has
potential to expand its markét is well known thatdeterioration in bread qualityccurs during
frozen dough/breagroduction In addition, it is known thadoughrheology influencesread
guality. To preventdeterioratiorof bread qualitymany addives have beensed and researched.
Combinatiors of oxidans (potassium bromate and ascorbic aeiwidely usedworldwide.
However, ptassium bbomate may bearcinogenid¢o humans, and ihasbeendetected in bread
after baking Since it has been prohiedor strictly limitedin many countries, many researchers
have tried to find aeplacementAscorbic acid isafe br human intake, andloesnot persistin
bread. However, it is not as effectias potassium bromatBossible replacements in frozen
doughs includexidant (ascorbic acie@nzyme combinationd his studyevaluaté the effects of
ascorbic aciespecific enzyme combinations aseplacement for the potassium bromate
frozen doughand related the effects ttmugh behaior (gluten network strengtt@s evaluated by
dynamic ositlation rheometry Breadquality was evaluated by test baking.

Based orthe results from fresh bakirggudies potassium bromate céxe replaced by an
optimum levelcombination of ascorbic acid and hemiakdse/endoxylanase. This combination
clearly improved loaf volumend crumb grain over bottontrol and potassium broneat
containingdoughs

Forfrozen dough/bread productiaige addition ofall additivesimprovedbread quality,
butascorbic acid and endoxylanasmtainingdoughresulted irhighervolume,andbetter
crumb structure thadid doughcontaining potassium braate.

Dough rheology experimenshow thatheology was affected Wdyoth the process and
additives. Strain swesgave the information about dough stabilBpth the additives and
proofingimproved dough stability. @ugh behavior (gluten network strengitgsassessed by
frequency sweep Dough ontainingascabic acid and endoxylanageas most stable during

frozen dough preessing.
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CHAPTER1-I nt roducti on

1.1 Bread making

Breadoriginatedin the Mesopotamia civilization (B.C. 6000. At that time, @ugh was
produced fronstone crushedheat andvater. The first bread was simple afiidt in shape
because of a lack éérmentationin succeeding yearsinfermented breadpreado the
Egypian civilization (B.C. 4000) Bread makinglevdoped greatlyn this eravhen people
discoveredhatflour andwater dough swelled when it was leagd. Thisimprovedbaked
product quality (improved volume amlatability) This wasthe discovery othe fermergd
breadprocess whichvasapplied to beer preparation as weébnsequentlybread, beer, and
onions became people staple foodin this period(Tannahill, 1973Varilek and Walker, 1983
Bread ngrediens, bread makingroceses andequipmentave been researcheadalevelped
ever sinceNow, peode all over the world eat breadnd itis astaplefood for millions. However,
bread has the disadvantage that its shelf life is short becatiegpbEenomenoknown asstaling.
Frozen doughiechnologywas developed as a partial solution to thising this technique, the
baker or retailer can provideeadsimilar quality to fresh tocustomers at any timén termsof
productionthefrozendough processdsa number of dvantags; reducedaborrequirements
easeof operation andexpansion ofistributionarea The technology has bearctually
researched since early in th®50s(Jacke) 1991). These studiebave addressamteasas diverse
as theeffect of various ingredientnd tteir interactiors ondough/baked producfuality,
optimumcondition of mixing freezing, storingthawing,proofing,and the sthility or shelf life
of thefrozen dough produdgt.orenz and Kulp1995. As a result of tatresearch, frozen dough
technology is popular in the baking industfe field iscontinung to beresearckdand
developed with the goabf produdng everhigher quality frozendough

Y east igshemost studied ingredieim frozen dougtior several reason¥ east isan
essential ingredient for bread makiagdthe viability of yeast after freezing has a bidluence
on frozen dough produquality. In the freezing process, ice crystals can damage yeast cell walls.
Thedamaged yeaseleass glutathione aproteinreducingagent As a result, dough weakens
and final product quality becomes Id@ttites,1947;Lorenz andBechtel, 1964; Anonymous,
1967;Hsuet al, 1979&; Dubois and Blockcolsky, 1986; Spooner, 199&Ribotta et al.2003.



Morerecently Berglund et al(1991) observed that changes in water distribution occurred
during extended frozen storage and fretgmav cycles, and the observed changes in the
ultrastructure of the starch grdes and gluten may contributereducel dough/bread quality.
Naito et al (2004) reportedhat thegluten fibrils formirg the skeletal framework afumb cell
walls were cut and became coarse anduntform strings and that many knots wegenerated
on gluten fibrilsbecause ofreeze damag@&.herefore, some researchassimethat the
existence of water (ice) in doughascause of deterioration breadquality (Lu and Grant 1999
Zounis et al 2002 Bot, 2003 Esselink et aJ 2003 Naito et al, 2004 Seguchiand MorimotQ
2003, 2011).

To partiallycounterthis problempxidants such as ascorbic acid (AA) and potassium
bromate (KBrQ) can be added to the dougtites,1947 Lorenz awl Bechtel, 1964, 1965
Jackel, 1978Hsu et al, 19794d; Inoue and Busunk, 199). These oxidants function to
strengthen the gluten netwaakspecific pointduringbread making(hence, the term dough
strengthener.) However, research indicates that residuaictegotassium bromate in food is
not safe for humans (Silverglade and Sperlg@P5).Even though residual levels are quite low,
some countrieban theuse of potassium bromate. The United States (FDA) established
limitations on the amount ¢&€BrO3 usein food. By FDA regulation the legal limit of use of
potassium bromate is 75 ppm based on the flour weight (Code of FRdgrdhtions Title 21).
However, somatates in the United Statpeohibitits use. Ths the trend in use of potassium
bromate is toward worldwide prohibition. Consequently, potassium bromate replacement is
necessary in the food and baking industry, andymnasearchers and produgvelogrs are
interested in the use of one or more enzyasegeplacemen{®lathewson1998)

The food industrjhastried to use aarietyof food additives such as amino acids and
enzymes for breashakingassubstitutegor patassium bromat@Morita et al, 1997).Much
research hasoncluded that enzyra@laythe key role in breadt improvesfinal product quality
such as softness (extend shelf lif@lume and so arFurthermorepnestudy(Haarasilta et a|
199]) reportedhatenzyme (hemicellulase) containing dough resultechproved dough
processing and final product qualiy subsequerngtudywas done based on thegsults(Lin,
2008) Inthatr esear ¢ h, At he researcher studied hemice
acid (AA) as possible replacements forgsstium bromate in frozen dou@ghL i n, .R2SuIGE8 ) 0
showed thaenzymes when combined with oxidantler than potassium bromatere able to



effectively replace the combination of potassium bromate with AA in frozen dough. However,

the combination of potassium bromate and AA still provithexhighest specific volume for

frozen dough bread. The results also showed that the camhbich AA and
hemicellulose/endoxylanasaight be aviablereplacement for the combination pdtassium

bromate and AA, bewisethe specific volumes were close to control. However, using only the
enzyme (hemicellulose/endoxylanase) weakened the doughr@rided no benefit to Ida

volume (specific volume)lhe researchlso demonstrated that frozen storage time influenced

bread staling rate, crumb texture, wall thickness and brightness. Longer frozen storage resulted in

breads with coarser texture, thickell walls, and darker crumb colors.



1.2 Rheology

In 1928, the wordiRheology wascoined ly Eugen Cook BingharfReiner, 1964)It
meandi e v e r flfoivd(Remer, 1964)As researchonthe topicadvancel, rheology isnow
defined asfithe science athe deformatiorand flow of mattes (Doganand Kokini, 2007.
Generally,a rheological property isieasured bgontrolledstressor strainapplied to anaterial
over a given time Theresultingforce responsies measuré and itgives an indication of material
propertiessuch as stiffness, modulus, viscosity, hardr&ssngth or toughnes$ the material
(DobraszczykandMorgenstern2003) DobraszczykandMorgensterr(2003) described Bain
purposs of rheologicalpropertymeasuremenl) To obtain a quantitative description of the
ma t e miechdnisabpropertie) To obtain information related to the molecular structamd
composition of the materiaB) Toc har act eri ze and si muldaringe t he m
processing and for quality contr@\ll materialshaverheologicalproperties so rheologys
studed in manyscientificfields. There are many test methods used to measure rheological
properties.

Rheological pinciples and theory can hesedin process control, design, andai®ol in
the simulation and predictiorf the material's response¢omplex flows and deformation
conditions(Ferry, 1980Barnes et al., 198%horlow, 1992;DobraszczylandMorgenstern
2003) The food industry is one ex®le of manyapplicablescienceields. In the food industry,
manyareas neednd useheological dataRheological datés appiedto engineeringalculatiors
for designing equipmentietermining ingredient functionaligndproduct developmenétc.
(Steffe, 1996)Many researchetsave employedheologicaltestingof foods(Sherman, 1970;
Carter, 1990; Rao and Steffe, 1988ibraszczyk and Vincent, 199@anVliet, 1999) and cereal
products Muller, 1975;Faubion andraridi, 1986 Abdelrahman and Spies, 19&ipksma and
Bushuk, 1988andFaubionand Hoseneyl1990).It is common to categarérheological
techniques according to the type of strain imppsg. compression, extension, shear, torsion,
etc.Bloksma and Bushukl988 explairedthat he mainmeasuremertechnique®f cereal
productrheologicaltestingcan be categorizemsdescriptive empirical techniques and
fundamentatheological techniques

In the cereal industryespeciallybakedproducts daugh rheology or battdtow directly
influencedfinal product qualityOriginally, douglbater propertiesverejudgedby the



experiencef each bakeandor empiricalphysicaltesting by windowpane éstor butter flow &
viscosity). Dough rheologibater flow changes by addintipe ingredientscongquently,
rheologcal research wsexpectedo the able to clarifgach ingredieid functionality and
interactionwith other ingredientdowever dough andatterarecomplex,nothomogenousand
it is difficult to access doudbatterduringprocessingvithout interrupting thdakingprocess or
disturbirg the structure of the materidlhereforethisis adifficult areato researchThe grain
industry has measurelde dough rheology /batter flow by an empirical described meamnt
for a long timeMany descriptive empiricaheologicalmeasureme devices are sl inthe
cerealindustry the Penetrometer, Texturometer, Consistometer, Amylograph, Farinograph,
Mixograph, Extensigraph, Alveograph, various flow viscometers antefgation recording
devicegMuller, 1975,Shuey 1975) Rheological methods used for cereal prodtestingare
shownin Tablel.1.



Table 1.1 Rheological methods used for cereal products

Method Products Measured property
Descriptive empirical method
Mixer: farinograph, mixograph, Dough Mixing timeftorque
reomixer appaent viscosity
Extensigraph Dough Extensibility
Taxt2/Kieffer Rig Dough, gluten Extensibility
Alveograph Dough, gluten Biaxial extensibility

Amylograph, RVA

Consistometer
Flow cup
Falling ball
Flow viscometers
Fermentometers
Penetorometers

Texturometer, TPA

Fundamental methods
Dynamicoscillation
concentriccylinders,

parallelplate
Tube viscometers:
capillary, pressure, extrusion,
pipe flow
Transient flow:
Concentriccylinders,
parallel plate
Extension: uniaxial, biaxial,
dough inflation system,

lubricated compression

Pastes, suspensions

Sauces, fillings
Fluids, sauces, batters
Fluids
Fluids, pastes
Dough
Semisolid foods, gels
Solid foods

Fluids, pasts, dough, gel
dough, batters

Fluids, sauces,

Pastes, dough

Semisolid
(visco-elastic)
materials
Solid foods,
doughs

Apparent viscosity,

gelatinization temperature

Apparent viscosity
Apparentviscosity
Apparent viscosity
Apparent viscosity
Height, volume
Firmness, hardness

Texture, firmness

Dynamic shear modyli

Dynamic viscosity

Viscosity,

In-line viscosity

Creep, relaxation,

Moduli and time

Extensional viscosity, strain

hardening

(SourceMuller, 1975,Shuey 1975



DobraszczykandMorgensterr(2003) concluded thatescriptive enpirical tests are easy
to useandprovide data which is useful in evaluating performance during processing end fo
qudity control. The instruments are often robust and capable of withstguogimanding factory
environment, and do not nebijhly trainedoperatorsTheseinstrumentdave provided a great
deal of information on the quality and performance of cgmeaducts such as consistency,
hardness, texture, viscosityeitto wever , t hese instruments donodt
fundamental rheological tefdobraszczylandMorgensterr(2003) explainedhe reasosthat
descriptive empirical tesarenot funcdamentarheologicalmeasurementhereasonsreas
follows; 1) The sample geometry is variable and not well defi@¢d@he stress and strain states
are uncontrolled, complex and naniform; 3) It is; therefore impossible to define any
rheological parameters such as stress, strain, strain rate, modulus or visbeséfore, these
tests are purely descriptive and dependent on the type of instrument, size and geometry of the
test sample and the specific conalits under which the test was perforniPdbraszczykand
Morgenstern2003)

On the other handyndamentatheologymeasurementsan control the stress and strain
statesTherefore, it igpossible to definellarheological parameterblowever,fundamentatests
havedisadvantagesuch aexpenseandcomplex instrumetation time consunmigteds, difficult
to maintainin an industrial environmenTheyrequireawell-trainedoperatorresults can be
difficult to interpret and slip and edge effeatan occuduring testingDobraszczylkand
Morgenstern2003) Typical types ofundamental rheologal testsn cereal product research
are:1) Small deformation dynamic shear oscillati@;Small and large deformation sheaeep
and stress relaxatioB) Large deformationx@ensional measurementsd 4 FHow viscometry
(Muller, 1975,Shuey 1975. Fundamental rheéogical methods are shown Tablel1.1.

Dynamic oscillabry measurement is one of the most popular and widely used
fundamental rheological techniques foeasuringloughs and batterSteffe (1996)explained
that d/namic oscillation measuremenaisults are related to chemical composition and physical
structure sotheycan beused for gel strength evaluation, monitoring starch gelatinization,
studying the glass transition phenomenon, observing protein coagulation or denaturation,
evaluating curd formation in dairy products, cheese melting, texture developmekeiin &ad
meat products, shelife testing, and correlation of rheological propestto human sensory

perceptionConsequently, this testing is a valuable tool for prodestarch andevelopment



Typical commercial instruments operate in the shear aeftton modethe predominant testing
method used for fooddynamicoscillation teshas begun to be used in the are&frozen dough
rheology (Autio and Sinda, 199Renny et al. 1999 Newberryet al, 2002 Mezianiet al,
2012d).

In summarymeasuremertdf dough/batterrheological properties @ifficult to research
Still knowledge ofa doughrheology/ batter flowis helpful for desigrnng new productsas well
understandingunctionality and interactios. Therefore rheological propeytresearch continge
to be carried outyodescriptive empiricatheologicaltestand fundamentaheological teshg.

1.3 Objectives

The purpose of this study was to evaluate the effects of specific ermydaant
combinations as a replacement for plogassium bromatascorbic acid combinatian frozen
dough Specifically, doughbehavior(gluten network strength) was evaluated by dynamic

oscillation teshg. Final product qualityvas evaluatefly test baking

The main objectives were
1. To optimizethe oxidants and oxidarenzyme combination ithefresh baking (non

frozen system

2. To evaluate frozen dough/ bread quadityained using@xidants and oxidarnisnzyme

combinatioms at levelsoptimized forfreshbaking

3. To evaluate dougheologicalproperties (gluten networg&haracteristicsby dynamic
oscillation teshg of each frozen dough makimgocessstepandvariousfrozen

storagecondition



CHAPTER2-Li t erature Revi ew

The gain basedrbzen producmarket isarelatively new(~50 yearspareaand it is still
growing. Following marketexparsion, many researchers halveenresearch activelyrhe final
frozen product quality is affected by many factors, such as dough formulation, essential
ingredients quality and quantity, typesamnounts of dough additives, and condition of each
processeslhe biggest challege inproducing high qualityrozen doughs yeastsurvivalduring

doughfreezing and storin@nd the effects of yeast death on dough behavior

2.1 Frozen product marketing

Retail markets for frozen doughs wemet activeduring the 1956 to 1960sMost likely,
this was due to thénhited shelf life,inconvenienpreparationcomplex process, anshexpeced
poor quality of theconsumer prepared bre@detter, 1979)During the 1960sresearcheswho
believedin thepotential offrozendough tried to improveough/bread qualitfLorenz and
Bechtel, 1964Anonymous, 1967)0Onecompany(Westor began to selletail packagedrozen
dough in the 1970s. Additionallthe company begnto sellto in-store bakeries almost as a
sideline.That is the business which hgieatly grown sinc&985andit led to the expansion of
the markefor the frozen productctually, frozendough sales anid-store bakeriegrewa lot
during late 198080 early1990s(Palmer 1994) In fact, frozen dough products sales are still
increasing The freedonia Group, Inc., 2011)

Grain based fooghipmentsncreased by 3.% annuallyduringthe 20052010period
Total shipmens reachedb85.4billion at201Q Grainbasedfood shipmentby category ir010
are shownin Fig. 2.1.As Fig. 2.1showsthatcommercialand retail bakerproducts accounted
for the largest shar@dditional, contributorswerecookies and crackerfpzengoods; breakfast
cereal; anatherproducts such as corn, chgmsta, and prepatdélour mixes (The Feedonia
Group, Inc., 2011



Commercial
& Retail

Bakery
Products
RRMZ

Breakfast
Cereals Cookies &
IVAZY Frozen WeIwYe ¢Sy
Goods 14%
12%

Figure 2.1 Types ofgrain-basedfood shipments at 2010
(Source: Tle Freedonia Group, Inc., 2011)

Shipment valuandannualgrowthareshownin Table2.1. Siipmentvalueof frozen
goodsreachedp10.6 billion in 2010Frozen goodsnnual gowth was2.4% during2005-201Q
This category includesozendough, cakes, pies, crullers, doughnuts etheérpastries; and
frozen specialty foods such as piz4zegels pot pies, pasta and breakfast items (€mgnch
toast, waffles and pancakekligherprice innovatve newproducs, and theadvanages of cas
and conveniencaffectedthegain in thissegmentThis isparticularlytrue forfrozenpizza
productquality which improvedgreatly, making these items more attractive to consumers.
Shipment offrozengrainbasedoroducts igredictal to be $12.1 billion in 2015based or2.7 %
annual gain$rom 2010 This growth ratio ighe fastest padeamong othemajor product
segmentsClearly, frozen dough goodstill have potential to expant$ market soretail
producersieed to improve the quality, and invent new proslast wel(The Freedonia Group,
Inc, 2011)
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Table 2.1 Estimate of grain-basedfood shipment by types

ShipmentsBillion Dollars) Annual Growth %

tem Year 2005 2010 2015 20052010 | 20102015

Grain-Based Food (total 72.1 85.4 93.9 3.5 1.9
Commercial & Retail

Bakery Product 26.0 28.6 30.5 1.9 1.3
Cookie & Crackers 10.2 11.6 11.9 2.6 0.5
Frozen Goods 9.4 10.6 12.1 2.4 2.7
Breakfast Cereals 9.1 10.2 10.9 2.3 1.3
Other 17.4 24.4 28.5 7.0 3.2

(Source: Te Freedonia Group, Inc, 2011
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2.2 Rolesof essentialingredientsin frozen dough

The essentiaingredientsn frozen douglarethe same ashose innormalbread making
flour, yeast, waterand saltHowever, the flour specificain, yeast typewaterabsorptionand

saltlevelsneed to consideedandmodifiedfor frozen dough making.

2.2.1 Flour

Wheat four isanecessargtructuralingredientin bread makingTo makedifferentbread
producs the flourspecificationrmust matchhe product and process requiremeRteperties
such as protein qual it yanglasdactivityandstaichdgmagewa t e r
have to be adjustad meetproduct and process requiremewmsile takinginto accounthe
influence of other ingredients in the formufdour for frozen douglproductionmust have
greaer strength tharthat for anunfrozen product beaae of the stress imposby the freezing,
staring, and thawing procegMarston, 1978Sideleau, 1987;orenzand Kulp 1995. During
frozen storage the gluten slowly deteriorates in qualitys is shown by scanning electron
microscopy (SEM) and extensigrapteasuremeston frozen, thawed doug8EM
microphotographs shoprogressivéoreakdown of the gluten membranes, with formation of
fibrils (Varriano-Marston et al., 1980). SEM examination of dough weettdry other means (i.e.
overmixing, treatmentvith reductants) showed similar changes ugh stucture
Extensigrapimeasurementsn yeasted doughs that had b&ezenandthawed, showed a
decreasdn resistance to egnsionrelative o regularfrozendough i.e. the dough wasomewhat
slacker (Inoue and Bushuk, 1991). Also, Inoue and Bugh@@2)showed thastrong flourcan
maintainhigher overspring duringoakingof frozen doughandthatprotein quality is more
important than protein quantity this regardOtherresearchrs found thatalow level of
damaged starch is desinle(Marston, 1978)Consequently,n the United Statdsard spring
wheatflour (patent flour)with 12.513.5% proteinlevel andalow level of damagedtarchis
usedfor frozendough(Jackel, 1978Spooner, 1998)Wang and Ponte (1994) reported that
added 24 (flour weight base) vital wheat gluten in low protein flour produced gazen

stability and improved bread qualitiy.sufficiently strong flour is not availablsupplemenng
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native protein such as vital wheat glufep to 2%) is a popularadaptationRecently, Sandhu et
al. (2011) reported thatzone treatdflour improved flourand dough/ breacharacteristics.
Bread maddrom flour treated with ozone gas had specific altimessimilarto those
containing potassiuroromate and larger Wmes than bread made without potasshromate.
As a resultpotassium bromateight be replaced by ozorgas treatment of flour or blending of
fully ozonetreatedflour in breadmaking.This might be ableotbe applied tofrozendough
production

2.2.2Yeast

As describedn theintroduction the single most studied ingredientfinzendoughhas
been yeasMany ofyeasts properties, such agability, strain type, rates of freezirapdrates
of degradationetc.are continuing tderesearchd Suchinterestis due to the fact that yeast is
theessentiaingredientnecessary to provide proper gasduction for dough leavenirduring
fermentation andtherebyaffecing the quality ofthe finishedoroduct(Brninsma and
Giesenschlag, 1984)

Many frozendoughresearcherreportedthatyeastperformancefter freezings problem
(Merritt, 1960; Kline and Sugihara, 19@88su etal 197%b; Wolt and B appol oni
Bruinsma and Giesensch|d@84 Hino et al, 1987;Gélinas et a] 1993,1994; Ribotta et a
2003) It is now well knownthatyeast is damaged durifiggezing dough isweakeningn frozen
storage, and gas production (yeadivity) is decreased during proofingherefore, final baked
product quality is pooiSomeresearchrs (Kline and Sugihara, 1968isu et al, 197%b) contend
that doughweakeningand reduce gas productiois related tojeast.The gassing power of yeast
depends on the strain, the numbers of yeast cells, the cell activity, earddhatof fermentable
swyar.Fast freezing process redudexth gassing power (Autio and Sunda, 1998|i&hs et al,
1993; Inoue et al1994; EtHady et al, 1996) and the maber ofviableyeast cells (Lorenz,
1974). There are twdnypotheseso explain thedecreasg number ofviable yeastcells The first
is a physical effecice crystat formis in the aqueous phase surrounding yeast cells, and
subsequently in the cytoplasm (internal aqueous phase) of thdutlg freezingThe ice

crystak (particularlythose formed irgrnally) may physically disrughe outer membrane of the
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cell, causing it to lose the cytoplasmic contents, andddiemant cells have a somewhat thicker
membranghando activated cells, and so are more resistant to this kind of da(Sameffer,

1993. The seconexplanatiorturnsattentionto themetabolicproducts formed by yeast and
bacteria duringermentation(in a sponge gpreferment brot)) namely ethanol, acetic acid, lactic
acid, and smaller quantities of esters such as ethyl acetate anketit@.During freezing of

the dough aqueous phase these materials are concentridtednifrozenphase (This
phenomenon is used to make a strong hard cider; the fermented cider is partially frozen, and the
liquid portion, with elevated alcohol conterg decanted from the ice crystal§he concentrated
solution of organic compounds can cause autolysis of yeast cells, i.e. rupture of the cell
membrane and cell deathgain, activated yeast cells are more susceptible to this autolytic
action (Hsu et al 197%b).

Doughweakenings alsoobservedaspoor gas retention during proofinghe cause was
concludedo be damage tthe threedimensional gluten proteimetwork There are several
hypothese$o explainthis damageOne isdeal or damaged yeasduring freezing resulting in
release of reducingubstancesuch aglutathioneduringfrozen storagéfreezethaw cycle)

(Kline and Sugihara, 1968; Hsu et, 497%b). Oszlanyi (1983) reporteoh thiol production by
yeastin regularbreadmaking Table2.2 shows the amounts of thiol released by various types of
yeasts irmixeddough and irffully proofed doughThe amount of thiol isower with the instant
yeast than with compressed yeastadidition two types of conventional ae¢ dry yeasts

released igh amouns of thiol during the dougimaking processThis accounts presumaldiyr

their glutenweakeningeffect.

Table 2.2 Thiol Production by yeast

Typeof yeast Mixed dough Proofed dough

Compressed 88.07 127.41
Instant 74.52 111.65
Active dry yeast 1 176.84 169.90
Active dry yeast 2 110.68 152.11

(Source: Oszlanyi, 1983)
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On theotherhand, other workers (Yaano-Marston at e| 1980; Woltand DSAppolonia
1984ab; Autio and Sinda 1992) have suggested thatstructural changés freezethawed
dough are not a@gciated with the release ofitecingsubstancefom yeast cells but with a lack
of gluten crossinking. Berglund et al(1991) showed that the formation ofceystals in non
fermented dough stored for 24 weeks led tlisauptionof the gluten matrix rendering a network
separated from starch graaslThey also explained thatds free water was associated with
either the gluten or starch fractions, concentratistesd into large patches of icg/stals.They
also reported thatligten strands werebserved to become thinner with tin@onsequentlythey
conclude thathtese ultrastructure changes would help to explain the extended proof times and
reduced loaf volumes of frozen bread dougdsed on that studynanyresearchesthink it is
possible that the ice cryssgdroducedduringfreezing and th&ozen storag@rocesgreatly
influencethe dough(gluten matrix)characterRecently,frozendoughstudyhas beemuidedby
this hypothesigLu and Grant1999; Zounis et al2002; Bot 2003; Naito et a] 2004) While
leachedylutathioreis certainlyinvolved, the precise mechanism by which yeasitributego
increasealackeningemains the subjetd debate (Casey and Fdy995).Thus,Selomuyo and
Zhou (2007) concluded that the reaslmughwealensduringfreezing and¢hawingis still
unclear

Commercial bakés yeast $accharomyces cerevis)awas been used fthiese baking
studies It canclassifiedinto two different forms The firsttype isfresh yeastThis type
compisescream yeastsompressegeast (also callefiweto, or fifreshd yeast) andbulk yeast
(also termedicrumbled). Thesecondypeis dry yeastslt includesactive dryyeast (ADY)or
instantdry yeas{IDY) (Pyler, 2008. Both types of yeast are used for frozen dough research
Fresh compressed yeast perfedrbetter thadid active dry yeast and instant dry yeast when
usedin frozen dougtat comparablactivelylevels (Wolt and BAppolonia, 1984k, Sideleau,
1987).0n theother hand, some workers concadaithat dry yeast may be superior to compressed
yeast in maintaininghe frozenshelf life offrozen dough (Zahringer et.al951; Merritt, 1960
El-Hadyet al, 1996. Bruinsma and Giesenschlag (1984) compared Re# Stestant dry yeast
to Red Star conmpssed yast. They reported that either instant dry yeast or compressed yeast
will function well in frozendough.Both of types of yeast lose a significant amount of yeast

activity after the initial freeze thaw cyd€able 2.3.
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Table 2.3 Freezethaw effect on gas production & proof timeon Red Staryeast

FreezeThaw Gas production [cc/hr] Proof Times [minutes]
Cycle Number | Compressed yeas| Instant dry yeast Compressed yea§ Instant dryyeast
1 789 775 87 79
2 808 880 78 70
3 835 828 75 70
4 753 705 80 78
5 728 755 - -
6 758 738 86 71
7 673 758 85 81

(Source: Bruinsma and Giesenschlag, 1984

According toTable2.3, gasproductionwas elatively similar byboth types ofjeastsput
instant dry yeastxhibited arelatively shorter proof timthandid compressedn practice the
amount of yeast needed will depend on the average time in fsta@ge theformulationof the
dough and the desired proof time after thawsigof these factors must be considered when
determining yeast levels fmozendough.Generallyfrozenbread doughequires 4-6 %
compressegeastalevel higher tharthat used irfresh baking

Currently, manystudiestry to use new freezélerant(cold- tolerant)yeasts for frozen
dough makingHino et al, 1987 Oszlanyi, 1989Takano et a] 2002) Oszlanyi (1989)
described preparation &bzendough yeastThe procedure was basedttwe useof IADY. The
new yeast was dried to 2b moisture cotent using a fluid bed dryer that removed amijppound
water.Because of the relatively high watamntent the yeast was not stable at ro@mperature
even when packaged under vacywsmthe company froze the yeast to preservdlitvater was
tightly bound within the cell; no free water was availafileerefore, when frozen, no ice crystals
formed, and there was no cell damd&gler, 2008)Beside this methodreeze tolerant yeast
strains are beingesearchd and developed (Alvesradjo et al, 2004,Ando et al, 2007).
Oszlanyi (1989rompared/east activity andbaking performancef compressed yeast and cold
tolerantyeast Dough containingold toleance yeast dough produced mgeast activity (gas
production) andbetterbaking performancén leanhearth breadjough containingold tolerant

yeastkeptits baking performance even afteng term frozen storage (1480 days)This
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baking performance was shown not ofdylean hearth bredout alsofor Danishpastry and
hamburgebuns. It resulted ingoodquality thatapproachedhat offresh baledfor all frozen
doughtypes Substituentesearch also reportéide same resultHino et al, 1987, Takano et aJ
2002.

2.2.3 Water

The mainfunctions of waterin dougharehydrationandplasticizationIn general,
optimumwater absorptiofor frozen doughs slightly (2-3 %) lower thanthat of aregular bread
formulation(Jackel, 1991; Lorenand Kulp,1995; Spoone 1998. Commercially water
absorption isn the range of 5%0 % (flour weigh basis This isto reduce théime necessary for
optimum mixing and tolimit the amount of free water in the doughhigh level of free water
results in moréce crystak, and thus idamaging to the dough andastduring freezing and
frozen storagélaves, 197,1Sideleau, 1987 Completehydration oftheflour particles with a
minimum amount of free water is important for frozen doulgbwer absgption produces stiff
anddense dough whichelpsto maintainits shape during freezing anlkawing cycls. Chilled
dough water is used to reduce the dough temperature to le0t@(70 °F). This slows the
yeast activity and accelerates freezing of the dougtedigaves, 19j1However,Fuhrmann
(1985) warned abdihe useof ice in the mixerWhen addedh large amounts, ice will be still in
the process of melting by the time the dough masslheadyhydrated angso, cannotpropely

absorkthe remainingvater fom the melted ice.

2.2.4Salt

Salt(SodiumChloride has thredunctions inbaking.The first functionis flavor
erhanement Bread without salt has ansipid and flat taste anflavor and is normally
unsalablesxcept to consumewho must adhere to a legodium dietWhen usedtthe proper
level, salt does not impart a salty taste to the pradrathersalt impars greater fullness to
mouth feel maskingpossibleoff-taste andmostimportantimproving flavor balance (Gillette,
1985).
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The fcond function of salt is to inhibit yeast activityis is reflected aseducedyassing
ratesin the presence of sdlBross et a).1966).Salt alters the osmotic pressure in foods, causing
microorganisms, including yeast, to lose moisture to the briny surroundings, reducing their
vitality. Thereforejt controlsfermentationand influenceproof time& gas production (Matz,
1992)

The third function of salt is its strengthening anghtiening effect on the gluten dough,
due in part to its ability tenhibit proteolytic enzymessgggested by Miller and Johnsd947).
Other evidence indicates a more direct interaction of the salt with flour prdteseney and
Danno (1982) showed mixogramof doughs containing differeatnounts of sodium chloride.
Increasing sodium chloride contatelayed peak timén addition, excess amowf sodium
chlorideinhibitedmake gluterformation Thus, it is well known in the baking industry that salt
lengthenghe mixing time This phenomenomvasalsoshownby thefarinograns & mixograns
by Miller andHoserey (2008) whoalso explained the effect of salt on mixing time and dough
strengtheningfiDoughpH is usually abou6.0,and the gluten protein hasat positive chargat
this pH These positivehargegepeleach otherand it allow the gluten to hydrate fastéshorter
mixing time) and keeps the protein chains from interacting atthother, resulting iweak
dough.On theotherhand, smalleramouns of addedsaltshieldthe chargesllowingthe protein
chains to approach each ethThis causes the flour to hydrate more slowly (longer mixing time)
and allows the protein chains to react more tiensty to form a stronger dougiiMiller and
Hoserey, 2008) Due to its osmotic effect on yeast, theétableamountof salt in frozen
formulation is not more than 2 percehaéed on flour)Thus, the suggested rangel.52.0%.

In addition, salis usually added late in the mixing process to minimize the effect of salt on

mixing time.
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2.3 Dough additives

Simple fresh and frozen dgh/breaccan bemadeusing only4 essentiaingredients
However, the final quality is pooFherefore consumeproductscontaindough additivesThese

result inpositiveeffect on thedough or final product.

2.3.1Sweetener

Sugaris a very populadough additivdor bread making. Somacludeit as an essential
ingredient Sugar has thremainfunctionsin bread making; 1As a substrate for the yeast during
fermentation, 2)lo confer sveetness to particular produc8® For reducing sugars to berpaf
the Maillard reaction responsible for crusbwning(Pyler, 2008. The sugars found in veat
flour (and their respective amounts) include the monosaccka@iigese (0.03 to 0.09 %),
fructose (0.06 to 0.08 %), and galctose (0.02 %); the disaccharides sucrose (0.54 to 1.55 %) and
maltose (0.04 to 0.18 %); the trisaccharides glucodifructose (0.26 to 0 add¥affinose (0.19
to 0.68 %); and other oligosacclugs, or glucofructans (0.94 to 1.14 %), summarlzged
Lineback and Rasper (1988).oMosaccharaideand sucrosean bemetabolizedirectly by the
yeast Y east willmetabolizemaltosein the absencef the flous natural sugaMaltose
accumulated thedough due to the combined action of the flsutiastatic enzyme&)andb-
amylasé on the damaged starch fraction of the floteast will onlymetabolizemaltose if there
is no dher source o$ucroseor itsderivativedeft in the doughlf sucrose oglucoseis added to
the dough as ingredients, the yeast miitabolizehese before maltogBrown, 1993)
Depending on thamount ofyeast metabolismandtypesof sugardoughsweetenecontaining
results inanincreasd sweetness, loaf volume, crust color, flagvandimprovedshelf life
(Brown, 1993;Lorenz and Kulp, 1995%Pyler, 2008. Sweetness and crust colpreferencere
dependonthe producer soawide range(2-10 %) of sugar ifound in practiceSugar has a
retarding effect on yeast adty because it increaséhe osmotic pressure of the dough liquid
phase and extra yeast must be addelirect proportion to additional sugar to ensadequate
gas productioriBrown, 1993) For frozen doughsugar levelslepend on the type of product and

crust characteristics requiredowever,Lorenz and Kulp (1995%9xplainedhat levels of
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sweetenerare slightly higher than in freshly baked prodyctsually 8 to 1®%6). Products that
are higher in sugar generally show greéteezerstability due to the sugadhygroscopic
properties Sugarbinds with waterand thisreduceghe levelof free water low, reducing damage
to the yeasfHeid, 1968, Dubois and Dreese, 1984

In a study oflifferentsweeteners frozendoughDubois and Dreese (198fundthat
increasedweetenesolids level (6 to 106) did not increasthe dough proof time dfesh dough.
In the frozen dough, bread with three levels of 6E[zorn syrup (6, 8, and 19%) had about the
same proof time However,increasinghe sucrose or HFCS levelssulted ina longer proof
time. Higher levels (8 and 1%) of 62 D.E. corn syrup had shorter proof times tithd the
sucrose anfligh fructose cm syrup HFCS containing doughs. Based &nal product
characteristicscorn syrupcontainingdoughs generallgesulted inower volume bread thastid
HFCS or sucrose. In addition, corn syrup produced dnesuhgpoorer crumb grain than was
produced bysingswcrose or HFCS. The bread made vétitrose and HFCS were about equal
in quality, and sveetner level andfrozen)dough age didhot appear to have any effect on loaf
volume.Sucrose and HFCS produced bréexinga darker crust color than thatlwiead
produced with corn syrupncreasedweetepr levels produced darker crustéiese differences
narrowed withfrozendough age, and after 20 weeks of storage, the crumb grain in breads from
all sweeteners was about equal and pasmaresult Dubois and Dreese (1984) concludiealt
HFCS and sucroseesebetter tharcorn syrup in frozen dougkuhrmann (1985)eportedhat
glucese and HFC$ used to esme frozen dougtHFCScould generate some saving®wever,
Fuhrmann(1985)warned that gluase and HFC$roducedelatively higher yeast activatidhan
sucroseandso causedapidacceleratiorof fermentatiorduring makeup. Thus, sucrose is the
most commonly usesiweetenein frozen doughFuhrmann (1985) concluded thdECS and
sucrose blends aredasirableapproach from the stand point of product stability and ingredient

costsavings.

2.3.2 $ortening

Fats and oilsrealsopopular dough additives in éad makingPyler, 2008. Bread
baked with added fggossessesrger volume, exhibggreater oven springgnd has softer
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crumb and longer shelf lifdhose equivalent formulagithout other fatFatcontributes
tenderness, giwea moistmouth feel confes structure, lubricateduring chewing, and
contributes flavor to bakedgroducs. Up to 5% fat (flour weight basjsmay be used in bread,
althoughthe usual levels is-8 % of a plastic fat such as glurpose shortenindpread
shorteninglard (rarely), or 23 % vegetableil (Stauffer, 1993)These amountgroduce the
optimumeffecs in bothfresh and frozedoughbread. Generally, aHpurpose sartening or
bread shortening igsedfor bread making.All -purpose shortening is designeduaction
optimally in a wide variety of applicatignBread shortenings more suitable forread making
as t containsdoughconditionerssuch as ethoxylated monoglycerides or sodium stearoy
lactylate, in addition to the monaiglycerides. Emulsifier containing shortening (bread
shortening, cake shortening) was createtthe 1930s.Initially emulsifiedshorteningcontained
only mone and diglycdrids of fatty acics. These emulsifiers imparted to shortenings greatly
improved aerating and creaming propertidsey also improved théispersibilityof the
shorteningsn dough,whichresultedn aperceptiblesoftening effect in the bread crumb
(Werner 1981).Shorteningsaretraditionally produced fom hydrogenatedaseoil, and their
plastic ranged extended by the addition of 4 to 4@of hard fatgPyler, 2008. The tenderizing
effecton the crumlzomes frontheliquid phaseof the shortening Stauffer, 198). Becausall-
purposeshorteningcontains about 2% solid fat at roomtemperature3 kg of vegetable oil is
equivalent to &g of plastic fat, intermsof its softeningeffecton bread crumbThetenderizing
effect also slows down theading process, sbread containinghortenings more palatablafter
storage for several dajfsanis the same formula without fat in the dou@n the other handhé
solid phase o$horteningcontributego loaf volume(Stauffer, 198). When breads made with
oil only insteadof plastic fatdough strengtners such as sodium stearoyl lactylate (SSL), or
diacetyltartrate esters of monogsride (DATAEM)must be usgto get good volumd.oaf
volumeincreass as the amountf@lastic shortening increases up t&oSflour basi}, then
remains roughly consta(®tauffer, 198). This effectis becaue the dough expands in the oven
for a longer time wheshortenings present, as compareddoughmade without added fain
other words, irbakeryterminology theadditionof shorteningncreases the oven spring of the
bread(Stauffer, 19938 Thus plasticshortenings betterto usefor bread makinghanis oil.
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2.3.3Surfactants

As describedriefly in theprevioussection, a varietgpf emulsifiers (surfactants) aused
in baked produst Basically, emulsifies provide dough/biéer strengthening@ndor softening,
andimproved final product qualityrhe mainemulsifies used for bakeg@roducts aresfollows:
lecithin,sodium stearoyP-lactylate ESL), calcium stearoyR-lactylate (CSL)diacetyltartaric
acid esters of ono- and diglycerides (DATEM)ethoxylated moneand dglycerides (EMG),
polysorbate 60succinylated moneand diglycerides, man and diglycerides, andistilled
mono and diglyceridesThese surfactand$unctionalitiesand productise leved areshownin
Table2.4 (Lallemand Inc.1996. In these cases tl@nulsifies areadded with theshortening or
bater before mixing.
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Table 2.4 Surfactants functionality & regular usage level

Surfactants Use level Functionality Use products
Margarine chocolate manufacturejetting
o agent in cocoa powdsillings, and
Lecithin 0.251% Naturalsoftener ] o
beverage goods, and shortening mix with
other dough ingredients
Doughconditioner coffee whiteners,
SSL 0.250.5% | Strengthens and soften i ]
puddings, and loviat margarine
Yeast leavened product, whipping agent i
CSL 0.250.5% | Strengthens and soften frozen& liquid egg white, whipped
vegetable oil topping
Doughconditioner coffee whitener,
DATEM 0.250.5% Strengthens
chocolatecoverture
Whipped topping, dough
conditioner/emulsifier in baked goods,
EMG 0.250.5% Strengthens o _ o
emulsifier in coffee whiteners, icing, and
frozen desert
Gloss enhancer in chocolate coating, coffq
Polysorbate 60 0.250.5% Softens ) o
whiteners, cake, and icings
SMG 0.250.5% | Strengthens and soften Baked goods, and shortening
) . Baked goods, frozetlessertswhipped
Mono- and diglyeride 0.251% Softens i )
topping,margarines
o ] Margarine, peanut butter, shortenibgkery
Distilled monoglycerides| 0.251 % Softens i
goods, and whipped desserts

(Source: Lallemand Inc., 19980e and Hui, 2001

Both SSL and DATEM have been shown to be effectivenaintainingboth volume and
crumb softness in bread producedm dough subjected to eetided frozestorage (Maston,
1978; VarrianeMarston et a| 1980; Davis1981; Dubois and Blockcolsky, 1986 Davis
(1981)reporteddata showing that SSL provides a longer period of dowddilisy in terms of
loaf volume. Hbwever the study did not includg&ormationon prooftime stability, which is a
critical parameter in judging theverall shelflife of the doughWo | t and D88 p ol oni a
studiedthe effect of SSL and DATEM on proof time and leaflume stability during frozen
storageThey concluded that thelesof SSL and DATEM in counteracting rheological changes
that occur in frozen storageuld bestudied with the extensigrapNeitheradditive was
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effective inalteringprooftime. SSLproducel in a greater loaf volumthan control dough
(without SSL), due toits greater oven sprindhe use of DATEM was less effective than SSL in
counteractingloughrheological changes and in maintaining loaf volyir@enz and Kulp,

1995. SSLwasbelievedto inaeasehe interactions between gluten proteaimsre than

DATEM. Thisresuls in anincreasingability of the dough to retain gas (gdormed during
proofing, and also increasing the amount of oven spFimglly, SSL contaimg bread
possessedomewhat finecrumb grain

The use of lactylates in baked prottubas been th&ubjectof manypublicationsand
patentsThompson and Buddemeyer (1954) reporteddalzium stearoyl-lactylate (CSL)
increasedhe mixing tolerance of dougAlthough CSL has been widely used in the baking
industry since 1961, it has very limited emulsifying ability in watiésystems as the calcium
ion imparts very little hydrophilic character to the lactylated fatty doithread makinghese
characteristis havdittle to do withthe productunctionality. The calcium salt exhibits a dough
conditioning effect in breads containing relatively low fat levels than isloegrvedvith the
otheracyl lactylatesThe need for a product to act both as a dougditoner as well as
emulsifier in high fat, yeastavenedaked products prompted thevédopment osodium
stearoy2-lactylate (SSL)a reaction product of stearic and lacaids neutlized withsodium
salts.See Fig2.2 for its structurginsolublein water, but soluble in oi{Tenney and Schmidt,
1968. SSL is ahighly functionalfat phase emulsifier for use in cakes (Thompson and
Buddemeyer, 1961).

SSLés effects exist agptimawhich differbased on formula, and product and production
methodsIn pracice levelsup 1.0 % (flour weight basgenerally produce the best results
(Tenney and Schmidt, 1968)herefore manufacturesecommend.250.5% amountbased on
flour weight.

O CH,0

TP
H35C17 —(O‘CH'C)n_O Na
n=2

Figure 2.2 Average molecular structure of sodium searoyP-lactylate
(Source: Tenney and Schmidt, 1968)
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2.34 Oxidants

Doughsmadewith proper levels obxidaion aremore elastic, resistant to extension and
less stickythanare unoxidizeddoughs(Pyler,2008. Propely oxidized dough exhikstgood
oven springThereforethefinal baked product hagood volumesmoothcrustbreak,soft and
smooth textureuniform smallcell structureand thincell walls. On the other hand, doughs
become excessivelyucky, resist deformation during moulding and tear eadignexidantsare
present irexcessaphenomenowalled overoxidation.An overoxidized dougltan breakopen
during proofing As aresult thefinal producthas a lowetoaf volumewith a rough ureven crust,
andlarge unsightly breaks$n addition its crumb ha many ruptured cedlandlarge holes(Pyler,
2008

There are twotherreasongo addoxidantto frozendough First, frozen doughs are
generallyproducedoy a no-time dough metho{Godkinand CathcartL949 Merritt, 196Q
Marston, 1978Fuhrmann1985 Dubois and Blockcolskyl98@). This method lacks
fermentatiorbefore make upso final product qualtis worth thanthat of regularspongedough
product Second thereis a possibility thatlead or damaged yeast ceiteaseaeducing materials
(especially glutathionajuring storage resuttg in gluten weakness when the dough is thawed
and proofedMore oxidant isthereforeneeded to offsehereducing actior{Staufer, 1993.
Thus, frozen dough requiregidants and the usage level is relatively higher thahfound in
fresh bakingCommercially popular oxidants ai@lows: potassiunmbromate potassium iodate
calcium bronate calcium iodatecalcium geroxide,azodicabonamide (ADA)andAscorbic acid
These oxidards functionalitiesand @mmon usageevels areshownin Table2.5 (Pyler, 2008)
Most oxidantsare thought to react in @ssentiallysimilar mannerby oxidizing the gluteds
thiol groups yet theiroverall effects differ considerably, mainly because they act at eliffer
stage of dough developmentsi®ownin Table 25. Bothpotassiunbromateand &corbic acid

are widely usedor fresh androzendough
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Table 2.5 Commercial oxidants

Oxidants Maximum permitted level Reaction ree Stage of function
Potassium bromate 75ppm Slow Oven
Potassium iodate 75ppm Fast Mix/proof box
Calcium bromate 75ppm Slow Oven
Calcium iodate 75ppm Fast Mix/proof box
Calcium peroxide 75ppm Fast Mix/proof box
ADA 45ppm Fast Mix/proof box
Ascorbic acid Unlimited Intermediate oxidizer, Mix/proof box

(Source: Pyler, 2008)

2.3.4.1 Potassiurbromate (KBrQ)

0\
\Br —O K"
o

Figure 2.3 Structure of potassiumbromate
(Source:Guide Chem)

Potassium bromate structure is shawfig. 2.3. According Table 2, potassium
bromateis a slow acting oxidantlt is acalled flour imprower in that itact only asa maturing
agentwithout any perceptiblbleachingaction.This material exertthis action principallyduring
baking. It isadded aftemilling andactsin baking. In bakingit is effectivein thelate stages of
proofing and the early stag of bakingThe reasotfior this is thatromate needsigh
temperatureo react(Pyler, 2008) Potassium bromatgsein bakingwas patented indl4and
has been usexince(ABA and AlB, 2008) The effect of potassium bromate was reported
Jargensen (1945)long with the actions of other oxidizers and enzymbatresearcltoncluded
that it canhelpstrengthen the bakingerformancef flours of widely varying qualitySlow
acting bromate appears to work by oxidizing thieltgroups of flour durindgate proofing and

earlybaking This actionsuggestshat sulfhydryl groups on the protein moleculesaelaized
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to disulfides, creating a crofisked network of protein that is the primary determinant of dough
structure and rheologyhis oxidationis crucial in poor crop years when layvade floursvith

an increased content of thigloupsare commonOthers ofresearcheystudied the adton of
potassiunmbromatein doughgFreilich and Frey, 1939ab; Hites, 194&en, 196X Resuls
indicated that it can improv@al product volumet low levels Bromatehasanoptimum level

of additionto dough If added inexcessit flioveroxidizesd the dough and decreadesal product
quality. Duringthe 1970sand1980s many researchers tested the usexadantsfor frozen
dough(Marston, 1978; Varrian®Marstonet al, 1980; Davis. 1981; Dubois and Blockcolsky,
1986ab; Inoue and Bushyki991; El-Hady et al, 1999. They concludedhat added oxidants or
combination of oxidants wegood foruse with frozen dougccording to Inoue and Bushuk
(1991)and EtHady et al(1999) AA & potassium bromaten combination in dough formulation
IS superior to usingotassium bromate alone.

However residualbromatecan bedetected in bread by ion chromatographic
determination (Oikawa et.all982) andKurokawa et al(1982) rejprtedmutatiors in rats
resulted fromntake of potassium bromaf€hereforethe Joint FAO/ World ldalth
Organization (WHO) Expert Committee on Food Additives considered the use of potassium
bromate as flour improver or flour teatment agerdnd foundt to be not acceptablddint
FAO/WHO Expert Committee on Food Additivel5HCFA Evaluation, 1995)ue b its possible
mutageniandcarcinogenic effestin humas (Kurokawa et al] 1990; Umemura et al1993,
International Ageng for Research on Cancer (IARC), 1986, 1999addition Silverglade and
Sperling(2005 reportedthatresidual bromate maye left in the bread it is not baked long
enough oif baking temprature is not high enough.

It was thought thabromate was entirely decomposed (convetvdatomide) during the
baking processHowever, a small amouPPBs)of bromatehas been detected (Oikawa, 1982).
Consequentlyuse of the potassiubromatecameunderscrutingduring the lat 808 to the 90's
and ahighly accurate étection methodor residualbromatein bread was requeste@ikawa
(1982)had reported that residuadlomate was detected limead;however, this method was not
accurate (detection limit was 5@Pb).Basedon Oikaw#® §1982)work, someresearchers
developeda method ofmeasuringf residualbromate in breaditsuhashi et aJ 1988;Himata
et al, 1994; Himata et g11997; Himata et 312000; Akiyameaet al, 2002;Kawasakiet al,

2002. Nakamura et a[2002) developed theessitivedeterminatiormethod forbromate This
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methodcan detecas little ag0.5ppbof residualbromatein bread Along with the development

of a highly accurate detection methdthkamura et a2004) reportedhatno residualbromate
was detected iRullmantype breads with £35 ppm potassiunbromateaddition (flour weigh
base). On the other hand, residual bronratgentop type (loaf type) bread with-30 ppm
potassium lymate addition per kg of flowras found localized on the tapust Risk asessment
of potassium bromate by FDA established 20 parts per billion (ppb) as a 1 in 1 million upper
bound cancer risk at the ‘9@ercentilefor intake of baked produs(Pyler, 2008).

For several years, the American Bakers Association (ABA) andricaninstitute of
Baking International (AIB) havéeenworking with FDA and with thdapanesbaking industry
to improve testingndbaking technology to permiontinueduse of bromate asfanctional
ingredient in baking in a manner that is safe atidlole, andCogswell (1997), and Jap@n
Yamazaki Baking CO. (Himata et a22006) reported thalifferent baking condition didot
make ameasurablélifference in potentialesidual levelsbromate.To this engandin
consultatiorwith the FDA, the wholgale baking industry hggogressivelyeducedpotassium
bromateusagg/ABA & AIB, 2008). Therefore, FDA believes that ppm orless of potassium
bromate as ammprovesin white flour and 7%pm or less in whole wheat flour are safe
(CFSAN, 2005)Consequentlythe United States FDA has ruled that potassium bromate can be
added into the dough at up to 75 ppHowever, in California, strict labeling required if
bromateused and some countries goeohibitingpotassium bromate use. Recently, FDA
recommendedoluntaryreduction inbromateusage levelsCauvain (1994pointed out thethe
most important issus consumemwantingficleard labek, causing many bakeriés completely
eliminatechemicaloxidizers, relyingnsteadon ascorbic acidl'hus,alot of reearchers began to

investigate effectivalternatives to potassium bromate.

2.3.4.2Ascorbicacid (AA)

Ascorbic acidpopulaty knownvitamin Q) is presenin many green vegetable and fruits.
It is an essential componentthe diet (Cauvaiand Young, 2001 It had long been recognized
as an effective flour or dough improvegidensen, 1945)n someEuropecountries, such as
Germanyand France, it ide only improver permitted bywa Adding ascorbic acitb dough

cannotenhance the nutritive value of the breahis AA improves dough properties, but
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contributes nothmg to the nutritive value. BecauBd is the least stable of the vitamins, it can

be expected that all its vitamin activity will be destroyed during the bakiocess (Feaster and
Cathcart, 1941)According to Tsen (1964), tledfectivenes®f ascorbic acid as an improving
agent is only about twthirds that of potassium bromate when their optimum levels of usage are
comparedThis comesfrom the mechanism oéscorbic acigction In terms of its chemistry, AA

is a reducing agent (and sometimes referred to as anxadidint).However,duringdough

mixing AA is readily convertedo dehydreascorbic acid (DHA) in the presence of oxygen and
theenzymeascorbt acid oxidase(Tsen, 1961 Thesequence of oxid@n and reduction

reaction is showim Fig. 2.4. The oxygen for the conversion comes from the gas bubbles
incorporated during dough mixing and the conversion is enabled by the aswmidimicidase
enzyme, which occursnaturally in wheat flourThe oxidation product of ascorbic acid which is
DHA functions in a manner similar bromate, iodate and azodicabonamide by oxidizing the thiol
groups of flour during the dough mixing proceBEse chemistry of AA oxidatio process in

dough mixing is complefWilliams and Pullen, 1998) but probably involves the oxidation of the
0 SO H (sulphydryl) groups of gluteforming proteins and the formation 8fSo S

(disulphide) bonds. The net result of the AA effect is to improvaltiigy of the dough to retain
gas (as seen by increased oven spring) and to yield witkad finer (smaller average cell size)
crumb cell structure. These changes atsuilt in bread crumb that is softer to the touch yet has
the resiliency to recovenuch of its original shape after compresgfgamada and Preston,

1992; Nakamura and Kurata, 1997uvainand Young2001, Selomulyo and Zhqw2007).

The dependemmon oxygen for the AA to DHA conversion means thatghantities of
air incorporatedluring dough mixing play a significant rolepnomoting oxidation.

Theoxidizing effect of AA is limitedmainlyto the dough mixing periode c aus e baker
yeast will remove any oxygen remaining in the air bubbleth&éyend of mixing or soon after its
completion (Chamberlain, 1979). Thus, in twagh that leaves the mixer the gaseous mixture of
nitrogen (from the air) andarbon dioxide (from yeast fermentation) that remains provides an
environmenin which AA can act as a reducing agent. If AA is ugedoughmaking processes
with extenetd periods of fermentatidhe opportunity exists for theducing effect of AA to
weaken the gluten structure with subsequent loss akegastion in the dougi.herefore,
ascorbic acid cannot ov@xidize the douglandsg, is best suited to ntime doughmaking

systems
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The action of AA during mixing also brings about changes in the rheoldpg afough,
making it more resistant to deformation (Cauvain et al., 1992}heotherhand, ptassium
bromate does n@ixert its full effect until the dough reaches the &sges of proofingnd the
early stages of bakin@herefore, Pyler (200&8xplainedhatL-a s cor bi ¢ aci d fiexhi l
intermediate reaction rate and is, therefore, capafldastained actiorhtoughmost of the
d o u g h Phustre eambination of AA angotassium bromatie popubr infresh & frozen
dough production

In manystudies of frozen dougiMarston, 1978; VarriantMarston et al 1980; Davs.
1981; Dubois and Blockcolsk§986b; Inoue andBushuk 1991 Kenny et al, 1999,
researcherased AA orthe combination opotassium bromate and AAnoue and Bushuk
(1991)concluded that thisombination in dough formulatigns superior to usingotassium
bromate aloneThe reasoffior thiswasexplainedby a fresh dough study blsen (1964)n
which heusal AA & potassium bromate combinatidie concludedhat the enzymatic
oxidation of AA largely takes place durimgixing, so the use of AA would hieefficientin a
mixing process wherene oxygen supply is quite limitedinder such conditions, bromate can
oxidize AA to DHA chemically to speed up the oxidati®@ome bromate, left over from the
oxidation, can also supplement the oxidation of sulfhydryl groups by DHA. As a result, the
improving effect of AA andoromatetogether is greater than thaftbromate or AA alone
Consequentlythe combination of AA & bromaténproveddefinitelythe dough and bread
qudity in fresh and frozen systemiSconomically, mostesearchexbelieveit is alsoprofitable
to replace part of thhAA with bromate, for bromate wdessexpensive than AA at that time
However,as mentioned abovthe use opotassium bromateas beeseverelimited
worldwiderecenly. Therefore amaterial(alternativepotassium bmatg that can be used

together with AA is necessary and indispensable.
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2.3.5Enzymes

Enzymes are organaatalysts facilitating and assisting chemical reactioszymes are
also proteins; polymeisf amino acids connected by peptide linkage ahdeid in to specific 3
dimensimal arrangement3.he nost importanbehavior or properlpf enzymes isheir ability
to speed up rates of reaction. In bakiagyylaseenzynesaffect starcrandproteaseprotein
although many otheanzymesexert improving effectsn dough Specificenzymesan be used
producing high qualit baked produst Although enzymes catalyze a wide varietyesctiors,
perhaps the mosissentiafole they play in baking is to facilitateydrolysis thechemical
process that splits a compound bydation, which in turrtakes upa molecule of wateiPyler,
2008. Beginning in the 1970s, mamgsearchexinvestigatel enzymeausein baking.They
concludel enzymes in bakingan be used ithe optimizaion of dough properties argiality
improvement of bakery produc{Barrett, 1975; Dubois, 1980alChamberlain et al1981,
Krueger and Linebacl,987 Haarasilteet al, 1991;Hamer, 1992)Most researcineported the
improvements ffected by enzymes asvidentin loaf volume and externaharacteristicgloaf
symmetry, smoothness of break and sheew) internatharacteristicgtexture, grain quality) of
breadsOneimportanteffect of certain enzymes is the reduction of crumb firmngss exends
the shelf life and the period ofarketabilityof the products

Kulp (199B) explained the effects atoughs that can result from the apption of
enzymesA) Generation of fermentable sugar to increase the fermentation rate by the action of
amylaseB) Reduction of dough mixing time by protess C)Increases or decreaseslough
stability by oxidases and proteases, or sulfiijeductases, respectively; Byjustment of
dough extensibility, ammportantproperty in proper handling and machining of douahdition
of proteases enhances the extensibility while oxidaseseddiscproperty, producing less
extensible and drier doughs; anylAterationof the dough consistency during processing by the
action of amylases on starch, proteases on gluten, and pentosanases on pensosanmsary
adding enzymes tdough aims tomprovefresh/ frozen dough and product quality

Enzymes might be expeci¢o be potential replacemesfor potassium bromate
However,severalauthors(Kulp, 1993;Mathewson1998 and Boll, 1999 reported that
researchers have tried to find a singhzyme to act as a bromate replacemenhbwingle

enzymehasbeenfound to replace its oxidative effedthe problem is that bromate is a slow
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acting oxidantOn theother hand, they pointatiat an effective bromate replacer midghe made

by blending on-bromate oxidantaith enzymesemulsifiers and xylanase enzynoe

combinatiors of enzymesThe benefit would ban overallstrengtheningf the dough, which is
essential when reducing or eliminating use of potassium bromate in favor of other oxidants s
as ascorbic acidenzymes also helgough stand up to the physical abuse of figlume
production equipmenBased on previous studlin, 2008) enzymesuch axylanese lyacterial
hemicellubsg and ungal endoxylanag@nd lipasaevere usd with ascorbic acidh the research
reported here

2.3.5.1Xylanase

Xylanase is also callearabinoxylanaséiemicelluhse and pentosang$tyler, 2003.
Xylanase aston specificnon-starchpolysaccharides/hich arecalled pentosans, hemicellulose,
or most correctlyarabinoxylanAX). AX is presentt 2-3 % in wheat flouy4 to 7% in whole
wheat flour Hille and Schoonevel@ergmans2004). AX makes up 60 % of the endosperm
cell wallspolysaccharide of whe@Eincherand Stone, 1986). i presentathigher level in
whole-wheat, wholegrain andhigh fiber formulationgPyler, 2008)AX is able toabsorbup to
20-23 % of its weightof water(Pyler, 2008) Arabinoxylansin wheat carbe divided imo a
waterextractable fraction (WHAX) and awaterunextractabldraction (WU-AX) (Hille and
SchooneveléBergmans2004). Wheat flourconsist25-30 % of WE-AX and 6570 % of WU-

AX (Hille and Schoonevel@ergmans2004). The WU-AX have a strong tendency to absorb
water and swell, being reported to be ablbdll 6.7 (elacaand Hlyncal971), 7.0 Meuserand
Suckow 1986, 9.9(Kima nd D0 A plp73),10(lzyidaezyk and Biliaderis, 1995)mes

their weight in water. WEAX are said to havhighwater holding capacitwith retention of 6.3
(JelacaandHlynca 1971), 4.4(MeuserandSuckow 1986, and 3.53Kimand D6 Appol oni a,
1977 times their weight in water being report@dhe result describethe effect in terms of the
impact that AX have on the farinograivater is a very ctical factor in doughWhen WU-AX

is treatedwith alkali, bridges between AX molecules are brok&olé,1967 and Gruppen et.al
1992. A large part of the WEAX molecules is set free from the cell wall matrix and is rendered
watersoluble(Gruppen et al 1992. Thesecanthereforebe referred to as alkadiolubilizedAX
(AS-AX). Treatment of WUAX with endoxylanases also results in solukalion, with the
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generation of enzymsolubilizedAX (ES-AX) (PetitBenvegneret al, 1998 Courtinand
Delcour,200]). Xylanase breakdown(endaehydrolysig the waterunextractable@rabinoxylans
convertingthem to theenzymesolubilizedAX (ES-AX). ESAX hasreduced molecular weight
because of hydrolysis of the xylan backboFee enzyme with thigunctionality has been
identified asendoxylanase (EC 3.2.18ndoeb-1, 4-endoxylanase It attacls the AXbackbone
in a random manner, causing a decrease in the degpeéyoferizationof the substrate and
liberating oligomers, xylobiose and xylose with retention of tbenfiguration(Dekker and
Richards 1976 Reilly, 1981). This actionis shownin Fig. 2.5.

Endoxylanase

l

D = Xylose
O = Arabinose

F =Ferulic acid

Figure 2.5 Sites of hydrolysis for endoxylanase on arabinoxylan
(Source DSM FoodspecialtieB.V., 2009

In the 1960sCawley(1964)and Tracy(1964)used endoxylanases in a crude form (i.e.
snail digestive juice) to demonstréke importance of AX in bread makinghe effect of
endoxylanases activity in a general breaaking isa morerecentdiscovery Since then
endoxylansdias been knowasdough improers Flour contains low levels ofylanase but not
enaugh to be effectivén baking Furthermoreflour also contains natural xylanaséibitors
(Pyler, 2008. In the late 1990sgesearclwas publishedndicatingthatcereas contained
inhibitors of ende(1.4)-b-D-xylanase activitfDebyser et al 1997 Debyser and Delcour, 1997
Rouau and Surget, 1998ubsequentlytwo distinct types of xylanase inhibitors with different
structure ad specificities were isolatefdlom wheat flour.McLauchlan et al(1999), and Hessing
and Happ€2000 isolated xylanase inhibitor fromvheat {Triticum aestivum L). The inhibitor is
called xylanase inhibitor protein{XIP&s). McLauchlan et al(2000 reported that this inhibitor

was also isolated from ry&écale cereal .. Debyseret al (1999 found te othertype of
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inhibitor inwheat {riticum aestivum L). It is called Triticum aestivunXylanase inhibitor
(TAXI G). The characterization of teeendogenougylanasdanhibitors has beehelgful in
identifying xylanaseusesin baking

Now, moreof the mechanism behinglanaseunctionalityis known butthe interactions
in which the xylanases patrticifgaare still not fullyjunderstoodHowever, t is well known that
some xylanases perforbetterthan othes in stabilizing dough systesnCourtin and Delcour
(2002)summarized AX and endoxylase action in each step of wheat flour bakihigey
concluded that flour arabinoxylalegradatiorby xylanse islone during nxing and the effect is
apparentn proofing (fermentation) anblaking At mixing, WE-AX effecteddough consistency
(Jelaca and Hlynca, 1972)hey reportedhatdough consistency wascreased anthe dough
becamestiff when native WEAX wasaddedo dough Comparing theconsistency value of
control and WEAX fortified dough, WEAX dough hasncreasedaking absorptionThis
increasas relatad to the WEAX addition in thelinearrelationshipoverthe range of @ 2 %
(w/w). At optimum waterabsorption, WEAX containingdough mixing time wathesame as
controlor greate(Michniewiczet al, 1991 ,Biliaderiset al, 1995).Jelaca and Hlyncél972)
also reporte®E-AX containingdough development time wastendedbuttherequiredenergy
input to reachoptimum mixinghas decrease&urthermore WE-AX containing dough
extensibility was decreasedotever resistance to extension was clgagnhancedby the
addition of WEAX (Jelacaand Hlyn@, 1972 Courtinet al, 1999. Some researchstried to
find arelationship between dough handling and WX addition(Rouau et aJ 1994 Roels et
al., 1993).However resuls conflicted. Therefore, lhe relationship between dough handling and
WE-AX contentis still notcompletelyknown. A similar result wageportedior WU-AX
addition (Kulp, 1968Jelacaand Hlynca1971). Kulp (1968)and Jelaca and Hlynca (1971)
reported that addition of native WAIX to dough results in higher dough consistency with short
mixing time Comparingat thesame cosigeng/ valuefor control and WUAX dough,WU-AX
dough hd increasedaking absorptiofKulp, 1968,Jelacaand Hlynca1971). They reported
this increasas beingelatel to the WU-AX addition in thelinear relationshipvithin the range
of 0to 2% (w/w) addition and mixing time increasekulp and Bechte{1963)and Jelaca and
Hlynca (1971Yyeportedthat doughextensibilitywasnotchangd by WU-AX addition. A
relationshipbetweerflour WU-AX contentand baking absorption was similadigownfor

endogenous WIAX through fractionation reconstition breaemaking experimentby Courtin
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et al.(1999) Using this methodncreasinghe WU-AX content of the flour reswddin dough
reducedextensibility decreased amtcreasedesistance to extensig@asieret al, 1969.

Positive correlation between general dough characteristics and the percentage of
endogenous WHAX in total AX in doughwas shown by Rouau et §1994) Rouau et al
(1994) also reportetthat negativecorrelationexists between general dougfmaracteristis and
the percentage of endogenous VXX in total AX in dough.The endogenous WHAX is
partially solubilized (around 10 to 2% of the total WUAX content) during the dough mixing
stage(Rouau et a) 1994;Cleenputet al, 1997 Courtinet al, 2007).

Hillhorst et al (1999)researchedddedendoxylanaseeffects ondough propertiesand
foundthatendoxylanaseontainingdoughs hadlightly decreased dryness and stiffness, but
increasecklasticity, extensibility, cohererecand stickinessAt the optimum level of
endoxylanasaddition there wa a significant improvement in general dough characteristics,
with poor quality flours being much more improved tigwodones(Rouau et aJ 1994) The
first improvementomes fromanincreasedolubilizationof WU-AX (converted ESAX).
Dough viscosity wasicreasd as a consequené¢Bopper,1997, Sprossler1997. Moreover,
Poppen(1997) and Sprosslef1997) defined the parameter of an increaseough viscosity &
an important functiof endoxylanaselhe solubilization of WUAX (ES-AX) reduce its water
holding capacityTherefore previously bound wates redistributed amontipe other
components of the gluteimcreasingts extensibility(Maat et al, 1992) This water release is
also partially counteracted by the increased viscosity of the dough aqueoussplamegh
slackness is increas@douau et aJ 1994,Courin et al, 2001).This results imnimproved
development and extendiby of the gluten (DSM FoodpecialtiedB.V., 2006).This proposed

mechanisnwas shownin Fig. 2.6.
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Figure 2.6 Interactions of arabinoxylan and gluten in dough
(SourceDSM FoodspecialtieB.V., 2009

A similar dougheffectin was also reported Mullins (199®s Mullins (1990) explained,
when the dough is treated with xylanase, whgsmmomesnore available tplasticizeprotein thus
aiding development of theuken networkHe also pointedut unlike reducingagentsThe
fimellowingd effect does not decrease tolerance to mechanical akpseencediuring oven
loading.Endoxylanase for breaghakingdegrade WE-AX and ESAX to low molecular weight
fragments, ratlr than primarily solubilizing WLAX (CourtinandDelcour,2002. Less suitable
enzymea do not negatively affect dough quality in mixing and short fermentation; however, the
dough beconmeunacceptal® slack soften and impairing machinability during longe
fermentationCourtinandDelcour,2002)

Gan et al(1995)andSarkeret al. (1998kuggested thaturing fermentation,
stabilizationof dough foams waisnproved by WEAX. They explained tt increasing dough
viscosity effectonthestability of the lguid films surrounding gas celll addition,Hoseneyet
al. (1969)andPatilet al. (1976roncluded thathe nondialyzable watesolublefraction
(containingthe watersoluble pentosans;ontributedo gas retentiorKulp and Bechte{1963)
reported that g@s retentiorof dough with the addition of WAAX were similar tothose of the
control dough. Sprossle(1997)reported thatvhen active endoxylanase was addeth&

formula, he stability of the fermentation of the dougheasured as time that dough keeps the
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optimalvolumeé and stability tamechanical stress increasé@thie explanation wathataddition

of endoxylanases mainly hydroly2Z8&-AX and ESAX to small AX fragments anceduces
water holding capacity of the WBAIX. As a resultdough viscositys increased, thereby

limiting gas diffusion ananaximizinggasretention(CourtinandDelcour,2002) Sanders (1990)
concluded thatrzymetreated dugh exhibiéd superior floor time an@rocessingolerance

During floor time and processindjbers and gluten continue to absorb water,tbatenzyme
works to release water from AXhis action results in a more uniform, extensible dough during
the entire run. Bread doughs daamsheeted more thinly withowaring, and sealg of the curl

and seam during moulding are improvBdn flow during proofing is increadelue tocontinued
enzyme actionReduction in bake timer temperature can be achieved.

Theeffect of AX or endoxylanasedthe baking stage isot clearly identifed, but itcan
beassumd as an extension of the fermentation pro¢€ssirtinandDelcour,2002. At the
beginningof baking,dough expansioprogressgat amuch fastratebecause athe increasd
yeast activity ahigh temperatureDuring this stagetheability to retan fermentatiorgases
whichis onefunction of visceelastic behavior of gluten which gsitical. Gas cell perforatioiy
WU-AX can enhance coalescera@ldecrease gas retention, but thebdization of gas cells by
WE-AX/ES-AX will delay theoven springand improvecrumbhomogeneity{Courtinand
Delcour,2002. Though this theory is a hypothesisisisupportedy observatios during bread
making andcassessmerf the final product.

Besideslte abovementionedesearch, manyeserchergeportedthatxylanasamproves
properties of doughncludinginternal(symmetry,crumb texture and softngsand external
(final volume)quality of baked brea(Haarasilta et al1991, Hammond, 1994Guy 2001; Hille
and SchoonevelBergmans2004) Hille and SchoneveldBergmans (2004eportedthat both
fungal and bacteridlemicdlulases are able to improvkeeinternal and external quality tfie
final product A blend offistrengtheningerzymes (xyanags, oxidation enzymesd lipases)
canreplace a portion of added glutendough formulaAn extra benefit is thtathe blend will
also save mixing time (Rees, 2008)lanass are often blended with fungadamylase
Hammond (1994) and Guy (200dhaved thataddel hemicellulasendfungal U-amylasea
resuled insignificantly greater volume than when using fungphalamylase aloneTogether,

these enzymes make the fl&inativeb-amylasemoreefficientat generating substrate for yeast
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fermentationCombinatiors of hemicellulase and fungal alplaanylase have a synergistic effect
on volume (Forman, 2004).

There is an optimuramount forxylanseadditionasexplained beforeOver-dosing with
xylanasereduceghe overall wateholdingcapacity of the floyrso water release is excessines.
a resulf doughbecomeslack,sticky and difficultto handle(Rouauet al, 1994 andCourtinet
al., 2001) Courtinet al. (2001yeported thathis seems related to solubilization of the WAX
and degradation of the X/ WE-AX and it might be counteracted by reducing the water
content of the dough#lcCleary(1986)convincinglyshowed the impact of endoxylanasereve
dosage on dough properties: agtencydroppeddramaticallyand sticky doughs resultethe
deleterious effects of stromyer dosagef endoxylanases on loaf cruretsucture crumb color,
gas cell volume and crus color are not representative of the effects obtained when optignal use

madeof active endoxylanse®nly theincreasan loaf volumeis common to botleircumstances

2.35.2 Lipase

Increased rachanizatiordesignedo increase production and demafaisbetter quality
and longer shellife have led to agcation of varbus additives byhe baking industrin the last
few decaded.ipase isonesuchadditive.Lipases exist in all livingorganism and take part in
metabolizing lipidinthecelUnder kof |l er (197 2)actpity inflourdod o u't
baking isundesirable because free fatty acids have a detrimental effbai in g fterefore,
Games (1976) concluded thege of lipase in the baking industry has been thought to be
undesirableln addition, one papddPpatent, 198yconcluded that when lipasgused alone
other properties of the bread such as bread volume, elasfititg crumb and mouifeel
deterioragé. Thus,it was recognized thdipase was not dough improveat that timeAt the
bakery additives as mentioned before (emulsifiers, oxidants and enzyr8&84) and DATEM
have been used as dough conditioners and/or crumb softeners in mar($tgapdli and
Nersten, 1995)The mechaisms of emulsifiers to improvaough handling properties and to
providelonger crumb freshness have long basaribedo their ability to bind to gluten proteins
(Carret al., 1992; Chung et al., 1981, Inoue et al., 1996; Riisom 081) In addition,
emulsifiess are thoughto form complexes with starcparticulaty with linear amylose and to a

lesser extent with branched amylopecBiliaderis et al., 1986; Ghiasi et al., 1982;
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Gudmundsson ardliasson, 1990; Krog et al., 1989; Raphaelides and Karkalas, R888m et
al., 1984) As emulsifier research progressddipase us@ainedinterestagain as subsitute for
baking additivesn recent(Abdullah and Hazim2012)

Lipase is an enzyme belonging to ttiass ofglycerol ester hydrolaseghich catalyzes
hydrolysis of ester bonds in triglyceridés.other word lipase hydrolyzes a triglyceride into
monao and diglyceridesTrigrycerides inconventionabread dougltontainingno added fat
come from flour, and constitutes abot® % by weight of the dought has beemeportedoy
Weegels and Hamer (1992), Bekesal. (1992), and Bushuk et al. (1984) ti@its present in
dough interact with specific gluten complex proteémform lipid-gluten aggregates during
dough preparatiorMono- and diglyceridesunction asan emulsifierin doughthat impraoves
bread quaty (Sluimer, 2005)

The use of lipase enzymes in the baking industry is quitetresecompared to other
enzymessuch agprotease antamylaseHowever, lipas@pplicationis becomingmportantin
anindustry now Lipases (1.3specific,phosphot, and glycolipasedyom fungal and bacterial
sourceshavingbroad substrate specificity have begplied bakindOlesen et al2000; Qi Si
and Hansen, 1994; Siswoyo et al., 199%is researcleoncluded that lipase addition can
improve breaemaking claracteristics, ifparticularhavingstrong, positive effects on dough
stablity and gas holding capacits a resultthefinal product hadnore uniform crumb
structurewhiter crumb colorimproved crumb softnesandincreasedoaf volume(Olesen et
al., 2000; Qi Si and Hansen, 1994; Siswoyo et al., 198@nsejt is presentlywell knownthat
lipase usenodifies the interactiondiween lipid and gluten proteand thereby improves
properties of dough and baked produbtsreover,Olesen et al2000), Qi Si and Hansen
(1999 andSiswoyo et al(1999 reportedthat lipase hgaanti-staling propertiedn addtion,
Olsen et al (2000pundthat dough treatedith lipase has been found baveimproved
consistency, which resslin a more machinabtiough However, excessive lipase addition has
been reported to induce the dough to become dry dhdish reducedvolume(Qi Si and
Hansen1994). Currentlyour knowledgas mostly based oknowledge of the effect of lipids
breadmaking.The mechaisms underlying the technological effect of lipases are closely linked
to thehydrolysisof one or more fatty acids from nonpolar triglycerides and/or polar lipids
(phosphot, and glycolipids) to form the corresponding more polar mand dizyl-forms

(Castello et al., 1998; Poulson et al., 20B8mo-Martin et al., 2006 Lipases, therefore, offer
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theopportunityto generate surface active compounds in situ, and possibly to substitute or reduce
the use ofraditionalemulsifiers According to Abdullarand Hazim (2012)jpases improved

dough handling propges similar to or to agreater extent thatoesDATEM. They reported that

the formation of amylosépid complexes by lipases was much greater in extent than by

DATEM. Theyalsosuggested that lipas@robably play roles in delaying starch retrogradation.
Thus, lipase isvidely known tobenefit bread quality (Sahi and G@p04 Sluimer, 2005.
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2.4Frozen doughprocessing

Frozen dough making processes are basitiafgameasnormal bread makind.he
biggest diffeencesare thafreezing, frozen storage, and thawing processes are added. In addition,

theeachprocesonditionsneeds to considered and modified for frozen dough making.

2.4.1 Mixing

Mixing is thefirst and critical stage of breadaking Mixed doughcondition has &ig
influenceon subsequerdgtages andon breadquality. The objectivesof mixing are:1) Hydration
of the ingredients, 2llomogenous distribidn of the ingredient8) Developng the gluten4)
Theinitiation of fermentationDoerry, 1995.

In North America, brehdough is produced Iseven different mthods: 1) Straight
dough, 2) Sponge dough, 3) Liquid sponge, 4) Continuous mixing,-bjri¢odough, 6)
Chorleywood and 7)AuthenticSourdough methof@Odonnell 1996. All have advantages and
disadvantagesTable?2.6).
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Table 2.6 Advantages and disadvantages of dough systems

Doguh System

Advantages

Disadvantages

Straight dough

Good flavor
Medium process time

Good mixing tolerance

Difficult dough handling
Long mixing times

Poor fermentation tolerance

Sponge and dough

Good fermentation tolerance
Superior product score
Good dough handling

Longer product shelf life

Poor mixingtolerance
Long process time
High cost of equipment

Large space requirement

Liquid sponge

Uniformity of product
Medium process time
Good dough handling

Longer product shelf life

High cost of equipment

Limited to 5060 % of flour in
sponge

Lack of flavorand shelf life with

low flour in sponge

Continuous Mix

Same advantages as liquid spor
if fermented

Less equipment, labor, and spe
used

Limited to 5060 % of flour in
sponge

Lack of crumb strength

Lack of flavor and shelf life witr

less fermentation

No-time Dough

Short production time
Greater flexibility
Less equipment and space

Superior yeast survival in freezing

Lack of flavor
Lack of shelf life
Higher ingredient cost

Problem with floor time

Chorleywood Process

Tolerant to low protein flours
Short production time
Greater flexibility

No floor time problems

High equipment costs
High energy cost
Lack of flavor

Lack of product shelf life

Authentic Sourdough Process

Sourdough flavor
Increased shelf life
fiBristerd appearance

Chewy,resilienttexture

Very long process time
Nurturing of sponge
Less consistency

Increased space requirement
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Fromthemid-1950s torougHy 1970, the production trengtlastoward continuous mixing
However,since in 1970therehas beemreturnto sponge dough amgtraightdoughmixing. This
is becauselte crumb characteristics and aromatoéfinal productmadeby continuous mixing
aredifferent from the quality madey othermethodsand he demand foa natural typef
producthasincreasedJackel, 1978).At the same time of thisend change&iNo-time straight
dough methodbegan to spreadhis method has been used widely in Australia since 1965
(Stenvertet al., 1978) At the same timat becamepopular inthe United Kingdom andor soft
bread and roll baking in Canaddomewhat later, this process vgaadually accepteuh the
United Statesgspeciallyby retail bakers andholesale bakerdKamman, 1979).

Researclon mixing processsfor frozen dougtollowed much the samt&endas for
fresh bakingLorenz aad Bechtel (1964) reported thae best storage liféor frozendoughwas
obtainedby the continuousmix processHowever Javeg1971) concluded that the process was
not satisfactory for frozen dougtinonymous (1967) resezhed mixing conditionfor frozen
dough makingGodkin and Cathcart (1949) and Merritt (196683earchetherelatiorship
between fermentation ariicbzenstorage stabilityAs aresult,Anonymous(1967)conclucedthat
ahigh speed mixer with a refrigerating jacket to keepdinedough temperatur@d 8-21 °C, 65
70°F) was bestThis retards fermentation and produdesseplastic doughThis resulting
doughis easy to handlend suitabldor fast freezingFully develope dough $ desiredIf not, it
results inpoor finalproduct qualityFurthermoreddayed salt and fat additids preferredsoas
to reduce mixing times and improve dough development and extensiddityally, dense dough
has the best heat conductivagdfacilitates rapid chilling and freezing (Marston, 1978odkin
and Cathcart (1949) andevtitt (1960) concluded th&tozendough stability is inversely related
to the amount of fermentation before freezifgr these resons, a rapid, diNo-time (straight)
doughd process with cold temperatured delayed salbcorporationis mostsuitable for frozen
dough.On the other hand, Fuhrmann (1985) poirdatthatdirect expansion jackets onixers
can be groblemfor straigh notime doughs because the liquid ingredients may freeze to the
jacket before the dough has develogéddur chilling systems can be advantageous in holding
downdough temperatures, and liquid carbon dioxide injected directly into the mixing chamber to
displace oxygen not only cools the dough but improves the reducing acasnarbicacid to

cut mixing time.
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Usingon no-time dough withthe cold temperature methpBubois and Blockcaky
(1986 studied the effect of several mixing methods on the quality of bread produced from frozen
dough.Theyfound that thelelayed salt methgoroduceddoughwith good gas production.
Consequentlyfrozendough must béully developedn the mixerasrapidly as possibldo
minimize yeast actiity and the gageneratiorbefore freezing.
After mixing by theno-time dough methqdall dowhsare transferedto the makeup
process (tviding, rounding, and madding) immediately Sideleau (1987)esearchethe
relationship bateen intermediate proof times afidzen storage period armdncludedhat
longer intermediate proof timeshortenthe stablefreezer sbrage period of the product.

Therefore, make up prosgsshould be finished aguickly as possible.

2.4.2 Freezing

Thedough once mxed, is transferredo thefreezing processnmediately Freezing
equipment can be dividadto four types: quiescent (typical storage areas for frozen foods); blast
(cold air is circulated through the chambevelbcity of 100400m per minute)impingement
(jets of cold air are blown over the product surface); and cryogenic (lhifuadyenor liquid
carbon dioxide is sprayash ard around theroduct). These have been researched in detail in
numerougpaperon freezingof food (Tressler et al., 196Blallett, 1992).The most commonly
useddoughfreezing method is blast freezirigough pieces are placed on trays on racks, or else
conveyed on a spiral conveyor, anttoducednto the freezerRefrigeratedair is blown oer the
product at a high linear velocity, cooling the prodéctemperature gradient from the core to the
surface is establisheBecause of the salt and sugar and other solubilized material, the freezing
point of the intemal water is depressédabout-3 °C to -5 °C (Stauffer, 1998 Thecore
temperature oflough piecess rapidly reduced from 20C to -5 °C, but freezng liberates heat of
fusion thatmust be removed, and a plateau in the plot of the temperature versus time is observed.
Freezing time is shorter when freezing temperature is IaWken all the water hadsozenthe
temperature again decreases rapidherelationshipwas shown Fig2.7 (Lehman and Dreese,
1981).
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A: Conventional freezer, -18°C
B: Blast freezer, -21°C
C: Blast freezer, -37°C

-10°=

Temperature, Dough Center

-20 g 1 i 1 i | | 1 | | )l 1
0 20 40 60 80 100 120 140 180 180
Freezing Time, min

Figure 2.7 Relationship freezing time and core temperature at 50 dough with three
different conditions

(Source: Lehman and Dreese, 1981)

Studies on the preservation of microorganisms by freezing have shown that freezing and
thawing rates affect yeast viabilitglow freezing is generally believed to allow cells to adjust to
the freezing environment bgansferringntercellular water to thexternal iceFast freezing, on
the other hand, causes intracellular freezing bedanggerature change much faster than water
permeates cell membrand$e small ice crystals formed during intracellular freezing are likely
to recrystallizeinto largercrystals during thawing and henosecomeethal tothecells (Hsu et
al., 1979b).Lehman and Dreese (1981) researchednthgenceof freezing conditions on frozen
dough sheHife. Theirresults arsummarized irFig. 2.8.

46



2,800  _

S~

= - 3 -18°C Storage Freezer
S600 LIRS W //'T.'?\.\ / S B -7°C Core Temp.
i O A G L
:, o\ S . ‘. |  -20°C Blast Freezer
8 1/ NS ‘~ -5°C Core Temp.
[} | | sveered)
~ 2400 1 2
g \ -20°C Blast Freezer
3 ! \ 0 -20°C Cclajr:o Temp.
g s ™ -45°C Blast Freezer
- 2200 r R -5°C Core Temp.
| m -45°C Blast Freezer
: -20°C Core Temp.

2,000 L ‘

1,800
0 4 8 12 16 20

Weeks in Storage Freezer at -18°C

Figure 2.8 Relationship frozen storageand loaf volume at 500g dough with different
conditions

(Source: Lehman and Dreese, 1981)

Whenthe dough was proofdd aconstant heightoroof timeincreasedvith longer
storage(about 5% greater after 2veeks than at 1 wegklhe lower loafvolume indicates
decreased ovespring, i.e weaker gluterstrength According to Fig. 2.8rapidfreezingto a
lower core temperature harms dough keeping qudiaystorage up to 11 weeks all theudb
gave the same volumes, but after that time the samples frozen to an initial core temperature of
20°C degraded rapidlyOn the other handrdezing to an internal core temperature7ofC
(20 °F) gavehigh loaf of volume and k& dough quality until 20 weeksf storage Therefore, ti
is generallyrecommended not to freegelidly in freezing because¢his will shorten the freezer
storage lifeof the product and eventually lengthen proof times when the product is used by the
retail bakers(Lorenz, and Kulp, 1995

The emaining freezing of the dougitcursduring what is called the equilibration period.
Thus, the dough ihoroughlyfrozen at the point where yeast activity is ledsis process
occursduring the pacikging and frozen storage of product (Sideleau, 198#tnal core
temperatures of products mimonitored and adjustments made to the dwell time in the
freezer to maintaithe proper freezing of dougt is alsoextremelyimportant that the products

be indexegroperlybefore entering the freezer to ensure that there is separation between items
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for proper freezingProducts that touckachother will not freeze properlyBy utilizing the two
stage freezingperation the dwell time in the main freezjrcamber is reduced and both the

productivity of theplant and the productjuality are improvedLorenz, and Kulp, 1995)

2.4.3 Packaging

After freezing, doughs are packaging and standdeezes. Today, good quality shelf
life of yeastleavenedproductss at least 3 months andependingn the freezing and storage
conditiors, up to 6 to 9 monthJackel, 1991

Packaging designed for frozen doughs must perform a number of fundtionsst
contain, potect, identify, and merchandishe foodOne of thefactorsresponsibldor the
decline in productjuality during frozen storge isloss of moistureCold air hadow moisture
content and therefore dehydrases/ urprotected product withighermoisturecontent A good
packaging material musekp this this loss of moisture aninimum (Klein, 197 &b). Klein
(1971b) suggestedhat ilms to be used fdirozendough should possess tlodlowing
characteristics: 1ood moisure protection, 2i500d oxygerbarrier characteristics, Bhysical
strength against brittleness and breakage at low temperat@éfrBssto work on automatic
machinery, 5)Good heatseal ability ThereforeKline (1971b) conclued that 1.5 to 3.0 mil
polyethyleneor PVDG-coatedpolyethylenas suitable for frozen dgh with a low shortening

contentf such adread dough. Aerefore polyethylenebagsare very popular packaging system

2.4.4 Frozerstarage

Packagegbroducts are stored in a waoelse freezer at temperatad -18 °C to -23°C
(0 °Fto-10°F). The air temperatur@ storage should be kept as consistent as possible, with a
minimal amount of fluctuatiorFluctuation of the temperature of the product during cold storage
or shipmenteduce dough performance and shortens the freezer life of thegirdde to ice
crystal form&on and growthY east, even at these temperatures, igatally dormant, and
extremetemperaturdluctuations are detrimental to product quality and performarioe
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temperatue gradient between surfaaed the core of thdough piecdavorsmoisturemigration,
andosmotic pressure (concentration of salt and sudemgegSideleau, 1987).

Changes in the temperature between freezing and stdesgyaffect yeast viability
(Hsu @ d., 1979b).Lower dorage temperature than freezieghperatures were more harmful
than freezing and storing tite same temperatur€or instance, yeast activity, as judged by
proofing time, was significantly lower in samples of dough frozea&tC (0 °F) and stored at
34°C (-30°F) than in sampleBozenand stored at8 °C. Thedamagdrom freezing at18 °C
and storing at34 °C was even more pronounced than from freezing and stori3g aC.
Damageseemed to result fromnansferringa frozen sample to a lower tparatureY east
damaged caused by sldkeezingto -34 °C was similar to that caused by freezingd& °C and
storing at34 °C. Change of storagemperaturéo a higher level did not cause otuadditional
yeast damage (Hsat al, 1979b).

Lu and Gran{1999) showed that water separates from the protein and starch components
in frozendoughand accumulates infwools that subsequently crystalliZzéuring prolonged
frozenstorage the amount of freezable water in the frozen doughs increases signitamily.
et al (2002) observethatthe cause atis disruptionapparently was a change in the ice crystal
structure as indicated by the appearance and increase in the size of angular voids in doughs
during frozen storage. Bot (2003) reported that inggiigtored atl5 °C, the water content in the
gluten phase decreased by arourtd @ver the first three weeks, and the same chamgmrsred
in dough stored at eithet5°C or-25°C as in gluten at1l5 °C. Naito et al(2004) reported that
scanningelecton microscopiémages ofdouglés pore walls that were washed with distilled
water (20°C) clearly showed that gluten fibrils forming the skeletal framework of pore walls
were cut and became coarse and-aoifiorm strings and that many knots were generated
gluten fbrils from freeze damagé&ssdink et al (2003) reported thatt the macroscopic level,
ice crystals araot evenly distributed over the nudlieddoughnor are the gas cells

homogenously distributed throughout the dough.
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2.4.5 Thawing

After aperiod offrozenstorage dough is thawedAs with thefreezing process,
numerous methodsif thawing have been proposé&iibois anl Blockcolsky (1986b) published
asystematic investigatioimto this procesdDough isthawed at three temperatures:®
(retarder orefrigeratoy; or 20°C to 25 °C (room temperature); or 3@ to 40 °C (proofing
cabinet).Threefactorsareconsideredy the baker: the time requiréal thawthe dough piece
thetime required to proof to eertainheight and the volumegxternal appearance, and internal
grain of the baked breaBubois and Blockcolskyl986) investigated four thawing procedures:
16 hours at 8C; 24 hours at 8C; 1 hour at 22C; anddirectly from the freezer to the proofing
chamber at 32C. Twentyfour hours at 5C condition was shortest proof time, and 16 hours at
5 °C conditionresulted in the highespecific volume. However, all four specifiolumeswere
guite acceptable for white pan bredtie thawingorocedureshowed only minor anishconsisgent
effectson the other quality factefexternalappearanceanternal grain.)Dubois and
Blockcolsky, (1986) concludel thatdough should be thawed for 16 hours in the retarides.
total time required to obtain fully proofed dough is less than if dasighawed at room
temperaturdirst, and the quality factors are equivaldfihally, it is importantto coverdough
piecesas they ar¢hawingin the retarderif they are left uncoverealvernight, a dry skin
develops on the surface, which produgesightlypatchines®n the crust of the baked bread
Nicolas et al(2003) indicated that aftéihawing, gluterexhibiteda microstructuresimilar to that
of fresh glutenwith the structure looking like a sponge (a fine gluten structure with tiny water
pockets.) Seguchi et.dP003) examied the relationship betweérssof bread baking properties
andincreasan theamountof the centrifuged liquid from frozen and thawed dough and reported
that the amount of centrifuged liquid from bread dowgisincreasedby freezing and thawing.

Antifreeze or ice structuring proteins (ISPs) can lowefréezing point of solutionand
inhibit ice crystalgrowth and recrystallization during freezing (Barrett, 20Qdstiansen and
Zachariassen, 2005; Yeh and Feerd®86). Researchasbeen conducted on the effects of ISPs
on the physicochemicalheological and textural characteristics of frozen ddigntogiorgos
and Goff, 2007Zhang et al., 20014. Changes in thdistribution and size of ice crystals formed
anddelayingrecrystallizatiorby ISPs hd directeffects on product qualityBased on this
researchXu et al. (2009) evaluateslater holding capacity (WHC) and bread makimgperties
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of frozendough containing ice structurinpgoteinsfrom winter wheatThey reported prolonged
frozenstorageime and freez¢haw cycles resulted in a decrease in WH@afghand in bread
making properties reflected by an increasproof time and a decrease of bread specific volume.
Theice structuring proteindSPs) had rotective effect on dougigainsthe damage promoted

by frozen sorage and freeze thaw cycleghich was reflectelly better WHC and bread making
propertiesWith increasesn WHC, the bread specifiolumeincreasednd the proofing time
decreasedl'hereason is unclear widepression of bread making properties such as bread height,
and specific volume&verecause by freezing and thawing of bread dou@Belomulyo and Zhou,
2007).

2.4.6 Proofing

Proofing of the douglallows ar cells toexpandbiaxialy andcarbon dioxidegas tobe
producel. This is the final step where tlagr bubblesizeis increasedThe number of aicells
and the qualitgreates a smoother texture and finer dswgrain in the baked bread lpaf
therefore, it isanimportant processtep(DobraszczykandMorgenstern2003) At the end of the
retarding perioqthawing) the dough temperaturettse same as that of the retarderd itis
ready to proafFor frozen doughproof boxtemperaturgare in the range of 32 to43°C
(90 °F-110°F), with relative humidity about 785 % (Stauffer, 1993, Lorenand Kulp, 1995
The range imecessarjor accommodatingifferentdough sizes and weighHigher proofing
temperatures may be useith smaller dough piecewhile large piecesequirelower proof
temperatures. If bread is proofechaghertemperatures, the large temperature gradient (the
center of the dough pieces may be barely abd\@ Wvill cause the outer part of the dough to
over proof relative to theenterand the baketiread vill have a close, undgsroofedcenterand
coarse grain near the crushe relative humidityecommended slightlylower thanthat for
fresh doughAt a higher relativéhumidity (85-90 %) some condensation on the surface of the
cold doughpiecess likely to occur, which cause blisters amul/light blotches t@appear on the
crust during baking.

Occasionallyreference isnade todeworkingdthawed doughs. This is most often tried

with dough that has been stored longer than its usefulilieeNvhen thawed, proofed and
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baked the product has low volume awdrsegrain. The response of the experienced baker is to
try to improve volume and grain by sheeting andilciong the dough pieceslnfortunately,
experiencéas shown that this not effective Once the dough has lost its gluten strength during
extendd frozen stoage, further mechanical work einot reverse the procesRecently,

Seguchi and Morimoto (2011) reported ttiebread making propertiex frozendoughwas

restored byaddition ofsugar, yeasgndsubsequent processing

2.4.7Baking

During baking, starch gelatinization, protein denaturation and evaporation ofocater
and thebread loaf structure is s@loksma 1990) In baking, gas cellsreatedby fermentation
are expandingiaxialy astheyareduringfermentation Bloksma 199Q Dobraszczyk and
Morgengern, 2003). This phenomena is cali@len spring. Baking conditonsand theoryfor
fully proofed doughsrbm frozen doughs are essentially the same as in conventional bread
production.The fully proofed doughom frozen doughave a significantly lower internal
temperature thado those from a fresh dough system, which may result in slightly different
ovensping. However, this difference is due more to the different actioradbusoxidizing
agents thaulirectly to the cooledough intheretardeddoughprocessA moderate oven
temperature of 20@20°C (400-425°F) is usuallymost suitable for the bakind sozen dough.
This allows for some extension of proofing and further expansion of the dough before the
structure sets, and it avoids too dark toador (Marston, 1978).
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2.5Final products quality evaluation

Volumeand/orspecific volumds animportant characteristio the evaluation obread
quality, relating to the underlyggluten tructura) development of thbread Volumesof bread
are determined using twmethods, rapeseetisplacenent and3D laserscanningRapeseed
displacemenhasbeenused formore than 6 years, and is well known(Approved Method 10
05.01, AACC 2000 The 3D lasescanningnethod(Caleyet al., 2005, Sato, 2003, 2QG¥as
developedecently andtis begun to ke used as an alternate methodapeseedisplacement.

Thecrumbtexture gtructure is critical as well as the volum@riginally, crumb texture
wassubjectivelyjudged(scoredby bakes. Recently, tital image analysigechnologyhas
developed and applied to bread crumb analy#isitworth etal., 2004. Therefore, bread crumb

can beefficiently and objectivly analyzel.

2.5.1 Loaf of volume

The measurement of loaf volunteas been studiddr a long timeThe reasotis loaf
volume(LV) is the principalindicationof bread quality evaluatiofCaleyet al, 2005) The
American Association of Cereal Chemists has approweanethod of volume determination for
bread rapeseed displacemeiithe idea of thélisplacement originattwhenhumansat first in a
full tub of water Similarly, bakedproduct can be measured using rapeseed instead of water.
Rapeseedlisplacement determines th¥ of oddly shapedaked products from the volume of
rapeseeds they displa@&pproved Method 15, AACC 2000).This method may crushcake
by weight of the fling rapeseedskewing the volume measuremest ités not perfectolume
measuremennethodfor tenderbaked produst However,rapeseed hasralativelyuniform
particle size, ant cheap(Takeya, 200b Thereforerapeseed displacemdms been sl for
more than 6 years, and is well knownnow. In the beginningvolume measurememtas
carried outusingon hourglass type of devicéCathcart and Cole, 1938)\ctual loaf volume was
measured by rapeseed or mustard seed, but the calibrationadftkelume box and the
accompanying butte was measured (calculateingwater. Therefore, the estimatdutead

volume introducd the errorof the measurement almost invariatBailey, 1930) To prevent

53



measuremergrror, variousmethods wereesearche (Harrel, 1928; Heald, 1929; Bailey, 1930)
Harrel (1928) explained th#tree procedures are possifdefinding the loaf volumeFirst, LV
canbedeterminé as thebox volume minus volume of seed retained in t&Bcond, by use of a
constantvolumeof seed equal to the box volume, the overflow represents loaf volumnd,
placing the known volume of a standard object as the ordinate and the volume of the retained
seed as the corresponding abscissaaisssimedhat the slope of curve equialincrements in
the abscissa represarrespondinglecrease in volume and vice verBased on this theory,
Harrel (1928) proposed procedure that overcantiee difficultly in the meéhod ofLV
measurementt Involved the use adrubber balloon filledvith varying quantities of watefhe
volume of the filled balloon could be determined by weighing and correcting for thermal
expansion of the water as a function of temperafwe. points on a graph could thus be
determined bwsingtwo differentquantitesor volumes of water in the balloon and plotting the
volume of seed ameasuredn the burette as abscissas and the true volume of the filled balloon
as ordinateddeald(1929)made four observations with the balloons, establishing as many points
on hisgraph, angroceededo plotfiapparera volume againsfitrued volume.He found that
these four values fell on a straight lifféne datancludedin his tabulation indicate that the error
or difference in cubic centimeters between the true volume angplaeesnt volume tended to
diminishas the volume of thiealloonincreasedThe use of the rubber balloon filled with
varying quantities of water, while satisfactory, is open to certain objections in the matter of
convenienceMoreover, it is possible thate errors in filling the loaf volume box may vary
somewhat with the shape of the object to be measlirdils were true, then theearerone
could approach to the shape of a loaf of bread, the more satisfactory would become the
calibration of the devicegarticularlyin view of the fact that this calibration essentially
empiricalat bestThere aretherobviousadvantageassociated witlthe calibrationof a number
of loaf devices in as many laboratories whenftheed volume points aren the samegpositionon
the graph in each instancéhis cannot be attained satisfactorily through the use of balloons
However, Bailey(1930)pointed it is possile if solid models of loavesasemployed

The volumemeasuremerdevice wasnodified and adapted to sthivaves by Geddes
and Binnington (1928). Malloch and Cock (1930) have modified the dssiigiurther in order
to increase the ease of construction andattoeiracyof operationBased on such research results

thepresentdayrapeseed displacement apparatus is designed with a metal box connected with the
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hopper containing rapeseed through a rectangular chutee are varios size and typs of
volumetes (Bourne, 2002)A dummy loaf of standard size is provided with each veatanto
calibrate the rapeseed level in the hoppdier calibration, onsample lpaf of breadlis placed

in the box, which is closed, a slide in the chute is pulled out, and the rapeseed is allowed to fill
the box.A calibrated scale otheface of thevolumeter column gives the direct reading of the
volume of the bread in cubic centimeteéfhkis deviceand methodreapprovedoy AACC

(Approved Method 1@5, AACC 2000 andwidely used in the baking industry to measure loaf
volume(Cathcart and Cole, 193Bunk et al., 1969).

Optical technology has develope®B laserscanningnethod andt is startingto be used
as an alternate methtarapeseedisplacementThere are problems in rapeseed displacement;
time required foone sample volumeeasurementerror of measurement kyperator; sample
shape destruction by contact wilpeseedSato, 2003 and 20Q.7The lasesscanningnethod
was developed and used to deal \litbse problem With this deviceasampleis putona
rotaing table, laseright projeded on the sample is captdrevitha CCD canera angrocessé
with a PCto yield shape data, arfdom thisvaluethevolumeis calculated $ato, 2003 and 2007)
Caleyet al (2005) compared rapeseed displacement and 3Ddeaeningnethod andreported
the differences in LV values obtained between the two methods depend on the LV values of
samplesHowever,LV values were highly coelated between the two methatslnot relatedto
wheatclass bakingmethod or sample sizeThe correlations between thgo methodsvere
highest forpupandpound loaveproducedrom winter wheatand lowest for spring wheakhe
R-square value faall data was 0.99@ hus,Caleyet al (2005) concludethatrapeseed LV
values could be prediateaccuratelysing the lasescanningnstrument values such as LV,

width, max depth, and area.

2.5.2 Image analysis

All bakers and baking researchemspe tomake gperfect loaf Becausehere are many
different typesof bread ananany differenbopinions it is difficult to define theperfect loafAll
bakers and &king researchers evalearumb grain as one of several bread quality parameters

(as well as volumeneasuremei(Zayas, 1993) Different systers of scoring brea@dnd different
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grading scalebave beerused(Zayas, 1993) Early on, terms odescripbrsof crumbparametes
weredifferentfor eachoperatoy so The Bakers Committee of the Hard Winter Wheat Quality
Group(HWWQG) of the Wheat Counatlefined bread grain as visually perceived traits dealing
with the size, shape, uniformity, and wtidicknessof crumb cell(Rogers, 1995)Pyler (2008)
explained that tead crumb grain appearance is affected by many technological factors such as
bakingingredients, storage time, and temperatreddition, Pyler (2008)pointed outhat

crumb color and crumb grain greatly influence baked product evaluation.

Cell shape is a typicaharacteristiof crumb grain. Fineness and uniformity of the cell
strudure are preferabl&kogers (1995) pointed out thaetre are two problesnwiththis grain
scoring systenilhe first isthatthebread scoring varies widelg all scale leved andsecond
thatpersonal, regional, and cultural preferences affect cignaib scoreThereforeanobjective
bread crumlevaluationmethod is needed

To solvethis problem severaresearchgroups havetuded the feasibility of adapting
digital image analysiéDIA) for crumb grain analysis. Smolarz and coworkers (1989) were
among the first to applglassicaimage analysis to baked prodsidased on teseresuls,
numerous researchers leawsed thigjuantitative tool for the assessment of crumb feasuel
as cell size, cell size distribution, number of cells per unit @edbwall thickness, void fraction
an shape factdBertrand et a) 1992 Zayas 1993Sapirstein et al1994 Rogers et aJ 1995
Zghal et al, 1999 Takano et al., 2002_agrain et al 2006; Gonzale8arron and Butler, 2006;
Calder6nDominguezt al, 2009. Other researchers utilizetigital scannesto capture bread
crumb in two dimensional (2D) high resolution imag¢festeller et al., 2006; Datta et al., 2007;
Lassoued et al., 2007; Esteller and Lannes 2808jproductvolume(Chevallier et al 2012).
Based on crumb characteristi@grtrand et al(1992)concludedhatconsumers preferred
bakery produdwith fine structureZayas(1993)usedthe Konton image processing system for
image analysis. Sapirsteamd coworkers (1994poncludedhatelectronic imageanalysis is
objective, rapid, and preciséghal et al. (1999howedarelationship between bread crumb
densityandbreadcrumb grainassesselly image analsis According to Whitworth et al2004),
CCFRA (Campden and Chorleywood FooelsBarch Association, Station Road, Chipping
Campden, Gloucesteilish, GL55 6LD, UK) developed laigh efficiency image analyzer that is
called 'C-Cell®". In this instrumentgsliced breaccrumbimagesare captured usma

monochrome framing cameada resoluton of1296 x 1026ixels andield of view 0f182 x

56



143 mm The softwae provided(C-Cell Software)analyze 48 different slicd crumbdata
properties and 6 imaging (raw, brightness, cell, elongasdiwape, and volume) parameters
autorratically. Samples can be measured in a few secohgshis instrumentBread crumb
evaluationinstrumens such agiC-Cello have beemlevelopedbutthereis not yet a standardized
technique for this evaluatioDifferences among the reported DIA methodologiesafmuiring
images by scanning or when grecessing or processing these images to obtain crumb features
are foundFarreraRebollo et al., 2012 Some of thesélifferencesamong the repted
methodologiesiredue tothe scanningesoluton, whereresearches reportusing200 dpi

(Esteller et al., 20Q@Esteller and Lannes 200800 dpi (Lagrain et al., 2006850 dpi
(GonzalesBarron and Butler, 20Q@®r even without reporting thecanningesolution applied to
the analysisFarreraRebollo et al(2012) warned thathese differences imethodologiesould
result in different datéor similar breads, makinig difficult to compare information among
publishedrepors. Thus, he clarification and the standardizatiof the technique are require

alongwith producinga high performancenstrument
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2.6 Doughrheology

Wheat flour dough isnade bymixing wheat flour and water, butgenerally contais
various additives such as sugar, salt, yeast, shortening, and oxatdmmesadbaking Theseare
commonly added to improv&ead quality (improvealatability loaf of volume and textupeln
other wordspreaddough iscomposite materialsiadeof multiple componentshathave
complexrheology. The dougld ehedogy is greatly influenced by thigypes andamountof
ingredientsaddedandthe procesmg (mixing, proofing, and baking) conditisifLee et al., 2001;
Dobraszczyk and Moenstern2003 Davidou et al 2008. Defining and evaluating dough
rheology is ctical and essentiabecauset provides arunderstandingf each ingrediert s
interaction in dough angluality controllingeachbreadmakingprocessOriginally, dough
rheology vasjudgedby empirical physical meth@dandeach bakéds experiencégluten film
test) Later, descriptive epirical methods were developed aagpliedto dough rheology
research{Muller, 1975 Shuey, 197h More recerly, fundamental rheologmeasurement
methods were developed and appliedough rheology research the study d doughrheology
fundamentameasurement methotave contributed tanderstanding ofiough quality and
response tprocessingAt the same timgt wasrecognizedhatwheat dough rheologesearch
was difficult to interpretbecause dough wasnon-uniform and complex material herefore,

dough rheology researchasig challenge

2.6.1Rheologdcal propertiesin dough

All foods havetheir own intrinsic rheological propertieand this information is very
useful in a large number of industrial applicatidRiseological propeyt measuremerdand
evaluationis the most valuable way to characterize the rheological behavior of fluid and semi
solidfoods.Steady shear viscosity is a progyesf all fluids and semsolid products However,
many phenomenar conditiors cannot be descrilleby only the viscosityfunction, andthe
elastic behavior must be considd(Steffe, 1996)Doughelasticity andviscosityaretwo
importantrheological propertiesf wheat flour dougland thé& combination is called

viscoelasticity Dough is viscoelastic because both behaviors egsther Dough
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viscoelasticityis affectedby added ingredients amaocessingondition sothe measuremertf
dough viscelasticity is criticain dough rheologyUthayakumaran eil., 2000; Lee et al.2001;
Dobraszczyk and Moenstern2003 Davidou et al 2008. van-Vliet (1992, 2008) described
the behavior o$train hardening as an indicator of breadkingquality, especiallyjn
fermentation (proofing) and bakingfter vanVli et (1992) many raearchers applied this theory

to breadmaking.Each of thesdoughrheological propeiesis described below.

2.6.1.1Viscoelasticity

Dough viscoelasticity isnespecially importanbehaviorbecausét has a great influence
onthe dough machinabilitgprocessing)andthetexture characteristias thefinal product
(Uthayakumaran «dl., 2000).Dough viscoelastic behavior has been attributadiy to the
glutenfraction of doughlt is greatly changed bihetypes and amount of additisgmixing
condition, andthe glutenin to gliadin ratim theflour (Uthayakumaran «dl., 2000; Lee et al.,
2001;Dobraszczyk and Moenstern2003 Davidou et al 2008. Doughviscoelasticity(dough
condition) is greaty altered duringthebread making processheseviscoelastiqropertiesare
determined byonducing empirical physicameasuremenempirical descriptiveneasurement
and fundamentaheasuremen(Dobraszczyk and Moenstern2003. Many researchers
measuraloughviscoelasticityby descriptive empirical metheduch ag-arinograph or
Mixograph The resultareusedidentify and understanthe effectof additivesandtheir
interactionon dough KMuller, 1975 Shuey, 1975 Weak et al 1977; Miller and Hoseney, 208
More recery, fundamentatess have beempplied to dougliFerry, 1980faubion, andraridi,
1986 Barnes et al., 198%aubion and Hoseneg¥990; Weipert199Q Bloksma 199Q
Amemiya and Menjivarl992 Steffe 1996 Walker andHazelton 1996. Bloksma (1990) and
Walker and Hazelton (1996) concluditproper fundamental measurement can specifically

relateto the rheologicaliscoelastic properties durimgyocessig.
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2.6.12 Strain hardening

Strain hardening is @omplex propertyStrainhardeningvas first observedith
amorphous glassy materials and polymer melts due to unstable necking when stestcired
uniaxidly. Its importance was first recognized for metélsifsidee, 1885) Thisphenomenon
was observeth polymeric systembater(Vincent, 1960)Now, iiStrain hardeningis defined as
thephenomenomvherebythe stress requireteforminga material increases more than
proportional to the strain (at constant strain rate and increasing guamVliet et al, 1992)
vanVliet et al.(1992) proposehatstrain hardening $ an important property of dough,
especiallyin thebiaxial extensiorof dough the dominant deformation with respect to gas cell
coalescence during proofing and bakife dough must remain extensible ertotmallow
further expansion of ga=lls and elastic enough to prevent failure of the loaf strudtureg
proofing and bakingSroan and MacRitchi€008 showed le ability of a cell to undergo
biaxial extension and not ruptureaffected bystrain hadening andhat ithas a large influence
on thestability of gas cellsin bread (dough) makingpeory; it is well known that gliadin
provides dougkextensibility(viscosity)and glutenin provides dougtasticity These proteins
createglutenwhenmixedwith waterandsufficientmechanical energy put. Bloksma(1990
reportedthatextension of long molecules, such dstgnininto elongateadtonformatiors is
achieved through input sufficient mechanical energy into tdeugh;thereby creatingough
which hasgood machinability andas retention propertieBased on bakingheory and research
it was recognized that glutémdough provideshestain hardeningNumerougpublicatiors have
shownstrain hardeningf dough and gluterelatesto baking performanc@obraszczyk and
Roberts, 1994; Janssen et al., 19306kelaar et al., 1996-an et al., 1999; Zghal et al., 2002
Dobraszczyk et al., 2003yonsno et al., 2003Sliwinski et al., 2004Dobraszczyk and
Salmonowicz, 208). Furthermoe, various methods have been described to measure strain
hardeningcharacteristics of dough in @xial extension and faxial extensiorfvan-Vliiet et al.,
1992 Dobraszczyk and Roberts994 Sliwinski et al., 2004 Someresearchesreportedthat
goodstrain hardeningloughcharacteristics resutig in a finercrumb texture (e.g. smaller gas
cells, thinner cell walls anain even distribution of bubble sizes) and larger bakédne than
did doughs with poor strain hardening proper{iesbraszczyk an&oberts, 1994Dobraszczyk,
1997 Dobraszczykand Morgenstern, 2003)

6C



In bread quality evaluatigioaf volume (specific volume) and crumb structure of bread
are consideretb bevery important quality indicater As a result oDobraszczyk and Roberts
(1994), DobraszczyK1997) andDobraszczykand Morgenster(2003) research, gluten strain
hardenings known toinfluencegasretainingcapacity of dough and the distribution of the gas
cells within the gluterphaseof the dough.Consequentlyit affects final bread quality.

Thus,strain hardening is especially important becaupeovides the dough a mechanism
that allows for expansion without damage during fermentation and oven dpraaglition,
strain hardening providggyood bread makig performane This parameteis impotantin dough
rheology.vanVliet et al (1992) pointedutthe most relevant deformation to be considered is
biaxial extensioras that is the prevalent deformation of dough around growing gas/Aell
parametecharacterizingtrain hardeningn relation to bread making performancé is (i 2 U
wherel is the stress andthe strainln their studies, good baking performance resulted from
biaxial strain hardeningates varying from 1 to @an-Vilet et al, 1992;Dobrazyck and Roberts,
1994;Dobrazayck and Morgensten, 200I8) addition Sliwinske et al(2004 concludedhat
during proofing ad baking, dough deformatianvolves both uniaxial and biaxiaxtensiorand

thatstrain hardening in uniaxial and biaxedtension are natirectly correlated

2.6.2 Measuring rheological propertieis dough

Many food andbreadmakingprocesses operate under large deformation extengiowal
(e.g. proofing, bakingput most rheologicalests on foods are performbg small deformation
sheatin oscillation(Dobraszczyk and Moenstern2003. Thereforepbothsmadl and large
deformatiormeasuremerdf dough iscritical and essential tdetermining andinderstanding
doughrheology As describeckarlier dough rheology measurement carchgegorizedy two
parametes; empiical descriptivanethods, and fundamental meteg¢@iable1.1). Empirical
descriptivemethods are easy to ysavehightolerancan industial environmens. Theyhave
usedfor along timein thecereal industryMuller, 1975 Sheuy 1975) They arebetter accepted
thanasfundamental method$Veipert(1990 obseved that fundamentahethodsoften do not
provide good correlations with final bregdality. However,DobraszczykandMorgenstern

(2003) explainedhatthe sample geometof empiricaldescriptivemethod is variable and not
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well defined Also, stress and strain states are uncontrolled, complex ardmifmmm. It is;
thereforejmpossible to measuany rheological parameters such as stress, strain, strain rate,
modulus or viscosity

Becauseinderstandinglough properésand interactiog anddefining all rheological
parameterareusefu| fundamental methods are appliedite measurement dbughrheobgy.
Of thefundamental methoddynamic oscillatiormeasuremeris one of the most popular and
widely usedechniques for measuring dough and batteplogy(Newberry et al 2002).
Because/eastieavenedioughis difficult to study withfundamental rheological testingpn-

yeaseddoughis oftenemployedo improvethe reproducibility

2.6.2.1 Dynamicoscillatory measurements

Dynamic oscillatory measurement is adapted from techniques developed for measuring
viscoelastic properties @olymer melts and coeatrated solutions (Ferry, 198Barnes et al.,
1989).This methodhas beemxtensivelyusedto determindundamental mechanical
charateristicsof wheat flour dougtiFaubion and Fadi, 1986;Faubion and Hoseng¥990;
Amemiya and Majivar, 1992).This test appliesinusoidlly oscillating strairor stresgo
samples, and meassitheresponséWeipert 1990 andSteffe 1996) As a resit, rheological
properties such as elastic and viscous modulkiarerminedDynamic oscillatoryheometecan
be aone of thecontrolledstress or straimstrumens. Oscillatory testing hathefollowing
advantages: WVell-developedheoreticabackgroung?2) Readilyavailable instrumentation; 3)
Simultaneousmeasurement of elastic and viscous oipdvhile the nordestructive nature of the
test enables multiple measurements to be performed as temperature, strain or freyaecy is
(Debraszyk and Mgenstern, 2003)

On the other hand)ebraszyk and Mgenstern (2003) pointed otltis methochas
disadvantage®Oscillatorytests must be performed thema t e dinear Vistaelastic rangef
frequencies in order to be accurate and reproducildesequently, that range must be
determined firstThe magnitude of strain used in the test is &enall, usually on the order of
0.1-2%, where the material is in the linear viscoelastic rahlis.linearviscoelastic range not
particularlysensitive to the molecular structures responsible for baliafity (Dobraszczyk and

Morgenstern2003).In addition,Dobraszczyk and Morgenstef2003 contendd that he strain
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rates and frequencies by amplitude oscillatory measurement are not relevant to jraetccal
makingprocess conditions such as dough mixing, proofing, and ba&ioksma(1990
reportedthatcommercialproofing and overspringextensional rates aseveral orders of
magnitude different athe rates utilized iosadllatory testing Amemiya and Menjivaf1992)
reported he magnitude aftrain applied to the measurement is inrdrege of 0.12 % because it
is within the linear viscoelastic rangdowever, they showetthe strains in gas cell expansion
during proof isknown to be in the region of several hundred percent

Though thedynamicoscillationtestappearso havedisadvantges Dobraszczyk and
Morgenster2003 mentionedhatit might be a very usel technique if applied undgroper
conditiors. Identification and characterization of dough as well as wheat flour component at the
molecular level is possibley applyingdynamic oscillation methods (Tronsmo et,&003,
Connelly and Mcintier2008).A lot of researchers conclude tligtnamicoscillationtesing will
be a usefuimethodin the future as well ggresen{Weipert 1990;Steffe 1996;Salvador et aJ
2006).

2.6.2.1.10scillatorystress andstrain

In oscillatory test, materials are subjected deformation or stress which varies
harmonically with timeSteffe (1996 explainedthatapplication inoscillatorytesting. e
parameter and equations are shown bekawthis sheaor stressa simplesinusoidalsine
wave with frequency €) is typically usedStreso f t he si nusoi dal (sine w
is applied to the material and the oscillating strain response is measured along with the phase
differencebetveen the oscillating stragnd stressThe input strain varies with timesshown
Eqgn.1

9=9% Sln(Wt) [Eqnl]

Where(9g) is theamplitude of the strairFor sinusoidally varying strajm periodic sheaate is

shownin Egn.2 and Eqn.2
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dg _ d(g, sin(wt))
dt dt Ean2]

.&: gOWCOth) [Eqna

When the materidiehavsin a linear viscoelasitic manner with small strain amplitude, the shear

stress is pduced by the strain inpukhe corresponding stress) (vasrepresented asgn.3.
s =5, sin(ut +d) [Eqn.3]

Where(llp) is the amplitude of the shear stress @ids the phase lag or phadsfsrelative to
the strain. e shift angle(l) is dependon material propeigs (Steffe, 1996)Darby (1976)
showed input and response functions differing phase by the @pgkeg. 2.9).

Figure 2.9 Input and response function differing in phase by the anglé
(Source: Darby, 1976)

U =0 is a Hooken solidj = 90°is aNwetonian fluid, and < 11 <90°is a viscoelastic material.
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Dividing both side ofEqn.3]b y yields.

o

gi = 2@‘; gsm(wt + a’) [Egn.4]

The complete result of small amplitude oscillatory tests can be described by pihesabib
(/) and the phase shift ( UTheshearsfresseogtpue ncy depe

produced by a sinusoidal strain input is generally writtgiiegs.5].
5 =G'g+(G"/w)g [Eqn.5]
G06(called thedynamicshear storage modulus) and @alled thedynamicshear loss modulus)

are both functionsf frequency and can be expressed in terms of the amplitude and the phase
shift.

G'= % gcos@’) [Eqn.6]
and
as, 0 .
G'=&° Eqn.7
é%jgsm(d) [Eqn.7]

Additional frequency dependent material functions include the complex modulus (G*), complex
viscosity (d*), ,addtheatofpltasesompmoment sfithe gompledsdopity
(9.0

\/ [Egn.8]

7 =S =T 0T Ean)
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n=C [Eqn.10]
w

=% [Egn.11]
w

Anotherparameteused to describe viscoelastiehavioris the tangent of the phase slaift

phase angle (called ta) which is alsdunctionof frequencyThe equation i€qn.12.

tar(d) = g— [Egn.12]

2.6.2.1.2Application ofdynamicoscillation measurementto dough

Dynamic oscillatory datan doughshould be obtainedithin thed o u glihears
viscoelastic regiorNumerougesearcherbavetried to relatetheserheologicaldatato baking
performancer final quality, butinterpretatiorhas beeulifficult and often showedaontradicory
results. One reasomaybethatproofing and overspringextensional rates atifferenttherates
utilized inosdllatory testing(Bloksma, 199Q)In addition, strain range is applieétweerD.1-

2 % in osdllatory testing butstrains in gas cell expansidaring proof isknown to be in the
region of several hundred percéAmemiya and Menjivarl992) Furthermorethelinear
viscoelastic angein small amplitude oscillatory testirghhowlow sensitivity to polymer
molecular weight differencdgrotein interaction), sit may not be suitable forpredictingbread
making performancéDobraszczyk and Morgenste2003) Althoughthe lreadmaking
performance and dougtheology cannot be related directlyneasurement data amaterpretation
of dynamic oscillatory testare very useful Most researchasfocusedon how dough
rheological properties were affect by major componentsuch agyluten, starch, and water
(Faubion et al., 198®reese et al., 198&ndflour cultivar (Faubion and Hoseney990).

More recentlyfundamentatheology measurement suchdgmamicoscillation tesng
began to be used in the amdrozen dough rheologfAutio and Sinda, 1992Numerous
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studies hae been conductedn ingredients angrocesqeg. freezing ad frozen storage), and
how they affect frozen doughKenny et al(1999) applied gnamicoscillation testing omn-
yeased,frozen dough with variouadditives(e.g. &corbic acidDATEM, andSSL). They
reportedthatall additivesadditionimproved frozen dougpropertiesand baking qualityKenny
et al., 1999)In their researchlgverextended frozen storage tinieozendough thatontained
the additve maintaned ahighercomplex modulushandid controlwhich contairing no
additives (Kenny et al., 1999)he phase angle vérequencymeasuremendvereight weeks
frozen storagéoundtheascorbic aciccontainng doughvaluewas lower tharthat ofcontrol.
This researcleoncluded frozen doughs that performed best in baking had adsighanceo
extensiona high complex modulus, amdow phase angléenny et al., 1999Newberryet al.
(2002) comparedyhamic elastic modulus @of fresh douglandfreezethaw treated dough
The d/namic elastienodulus GO 9f freezethaw treated dough was lower tithat of thefresh.
Similar changes wenmeported by other oscillatory shear studigstio and Sindal992 Kenny
et al, 1999. In addition,Newberryet al. (2002) reportefleezethawed doughbadlower
elongational viscositiethandid fresh doughs, and hatimilar decreases in the extensigraph
properties (Inoue and Bushuk 19%&nny et al, 1999).Berglund et al(1990, 199) assumed
thesefreezethawinduced change® be aresult ofphysical interruptiorof the dough gluten
matrix by ice crystals Newberryet al. (2002) concludetthatrelative dough rheological
properties are change¢hile freezingand thawingandthat thisis clearly show during
fermentation(proofing) Mezianiet al. (2012agonfirmedthatincreased/east amount
compensatefor the loss ofyeast activity during freezindrurthermorerapid freezingverall
gavebetter results in terms édrmentative activity, rheology and sensory propertidsozen
sweet doughin addition,Mezianiet al. (2012b) reporteithatdoughrheological parameters were
not influenced by yeast levéflowever,doughhardnessvasincreased andoughspringiness
ard tan(l) ( G 6 dpwasilécreased ovdour weeks of frozen storagelezianiet al. (2012hb)
explained hese modifications the rheologial propertieto be due to ice crystgrowthwhich
induced a water redistribution causing mechanical damage to thenghetwork of frozen sweet
doughg(Berglund et al 1990, 199). Thus, fundamental rheologgeasuremergud as dynamic
oscillation testan beauseful and powerful tool for understanding ah@racterizinglough

propertes
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2.6.2.1.3Dough preparation

The preparationf dough fordynamicoscillatory testings importantfor the
reproducibility of the resudt Generally, dough is prepareding themixograph Rasanen, et al
1997;Miller and Hoseney1999;Uthayakumarapet al., 2000Wang and Sum2002; Newberry,
et al., 2002Tronsmgq et al., 2003Puppo, et al, 20Q%r farinograph Campos, 1997Rasanen,
et al., 1997;Miller and Hoseneyl1999;Lee, et al., 2001\Wang and Surni2002;Puppo, et aj
2005 until fully developed. Dougtevelopment affestdough rheadgy aswell as final product
guality (Campos et al.1997).Campos et al. (1997) reporteddeveloped and developed wheat
doughs exhibitlifferent andunique rheological behavierUndeveloped wheat dough is a
viscoelastic raterial which exhibits linear behavior at low levels of stress (up to 50 Pa),
corresponding to low strain levels (up to @2 The complex moduli (G*) of undeveloped
wheat doughs are strong functions of frequency in dynamic oscillatorylteatidition,
developed doughas a higher complex moduk (G*) thandoesthat ofundevelopediough.
Thereforefully developed dough was suitable for ghghamic oscillatorydsing.

Immediately after mixindully developed doughasstrongmixing-generated stresses,
water redistribution, enzymatic modification déitgn and starch, and sulfhydigisulfide
interchangalecreasdaverage gluten molecular weight (Dong and Hoseh@95).Numerous
researchesreportedthatstorage modulus (@ and loss modulus @alecease as the water
content of doughs imeaseshowing thabscillatory measurements are very sensitive to water
content (Hibberd 1970; Hibberd and Parkie75ab; Navickis et al, 1982; Dreese et all988).
This mixing-generated stressekearly affected dugh rheology, and tesesultreproducibility.
Consequentlyfully developed dougls allowedrest forspecifictimes beforetesting Dong and
Hoseney1995 reportedthatrested douglised to tesshowslower G' and largeloss tangent
thandoughimmediately after mimg. Researchers conailed doughs had to restleast 15 or 20
minutes resbefore teshg, andthatless time mighnhot besufficient to obtain reproducible data
(Dong and Hoseney9B5; PharThien and SafariArdi 1998; Newberret al, 2002).
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2.6.2.1.4Linear visceelasticregion

It is necessary to determitigelinear viscelastic regiorof the sample before
measirement ofheologicalpropertiesof the sampleéWhen working within the linear
viscoelastic range, data analys@an be conducted with the mathematical theory of linear
viscoelasticity.To dgerminethelinear viscoelastic regioof a specific sample, thatrain sweep
techniquas useal. A specific range of strains are applied with a constant frequency (usually 1
Hz), and the resulting stresses are meas@ednd G" moduli are constant witlthre linear
vi scoel asti c r e gdecoease sigBificantynedthe hear visooelasticiregion

Typical flourwater dough strain sweep tessultis shown in Fig. 2.10.

100 000,

Strain sweep

100+ e
0001 001 0l ! 10100

strain (%)

Flour and wateddoughwas showrtircle ofsolid colored
Figure 2.10 Typical strain sweep test
(SourceMariotti andAlamprese 2012

According toMariotti andAlampresg2012), he linearviscoelastiaegion determined
from the strain sweegest, was @5 % strain for all thee samplesThe linear viscoelastic region

within less of 0.2%6 strain is generally used for oscillatory meamgptsof wheat flour dough

rheology studyWeipert 199Q Tanner et aJ 2000).
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2.6.2.1.5rrequency sweep

Frequency sweefess measurdiow the viscous and elastic behavjgscoelastisity)pf
the material changes with the rate of application ofrstastressit is a welkknownmode of
oscillatory testingSteffe, 1996)Generally materialshavemore solid like characteristics at
higher frequenciessteffe (1996) explainethatfrequency sweeps are very useful in comparing
different food productsspeciallyeffects of various ingredients and processingtinents on
viscoelasticity In afrequencysweep test, dough testecatfrequencesof 0.1 to 10 Hz witha
specific strain. The strain is determined by strain sweepvitsh thelinear viscoelastic range.
Researcherapplied0.05% (Mariotti andAlamprese 2012, 0.1% (Clarke, et b, 2002), 0.2%6
(Dus andKokini, 199Q Angioloni and DallaRosa 2007; @nnelly and Mcintier2008, 0.22%
(Hibberd and Wallagel 966), 0.23%6 (Weipert 1990),0.5% (Amemiya and Menjivarl992),
0.2% to 0.8% (Campos et 311997) and0.8 % (Lindahl ancEliasson1992) Song and Zheng
(2007 concludedfequency sweefess under small deformations avery useful to clarify the

structure of wekatflour componentnteractionin wheat flour dough.

Frequency sweep

100 4ty

0.1 I 10
frequency (Hz)

Flour and wateddoughwas showrtircle ofsolid colored
Figure 2.11 Typical frequency sweep test
(SourceMariotti andAlamprese 2012
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CHAPTER3-Mat e&i Met hods

3.1 Materials

The followingingredientsvereused in tis study.Hard wheat bead flouw was supplied
by General Mills, Carlisle, 1A, USAt hadno treatment ther than enrichment, and malt
According tothe companypecification sheet, the flooontained 12.86 protein and 76%
ash(14 % m.b.) Flour moisture wasneasured by air ovgAACC approvednethod 4415A)
before each experimennstant dry yeast was usedah studes It was suppliedy Lesaffre
YeastCorporation, Milwaukee, WI, and AB Mau~ood Inc, Chesterfield, MO he enulsifier
sodium stearoy®-lactylate (SSLwas povidedby CaravanngredientsLenexa KS. Potassium
bromateand ascorbic acidixidants were supj@d by ResearchiProducs Co., Salina, KS
Enzymes (fungal endoxylanase, bactenamicellubse ard lipase) were obtained froBSM
FoodSpecialtiedJSA, Inc, Parsippany, NAIl -purpose shorteningugar, salt, and pan spray
werepurchasedrom a localcommercial market.

Dough was mixed i\-200 Hobart mixerThe Hobart MFG, CoTroy, OH) equipped
with a McDuffee Bowl (water jacketed) and twpin fork (Total Manufacturing Cg Lincoln,
NE). The mixeddough was sheeted and uaed bya sheeter/molder (Oshikiri Machinery Ltd,
Fujisawa, Kanagawa, Jap).For thefrozendough studieghewater jacleted mixing bowl was
connectedo acirculating refrigerated water bafRrisher Seentific, Inc. Pittsburgh, PA)The
water bath temperature was 5 fouldeddoudgh was frozen bwnair blastfreezing systerm21
°C (-5°F) (Enersyst Development Co., Dallas TiK)freezer-18 °C to-23 °C (0 °F to-10 °F)
Moulded or thawed dough was proofedaiproofer (Adamatic Inc., Eatontown, Ndjaintained
at 406 °C (104°F) andrelative humidity85-90 % for fresh dough, and maintainéd.6°C (104
°F), and 40.6°C (104 °F) and relative humidi#g-75 % for thaweddough Proofeddough was
baked in agas reel oven (Reed Oven,.(¢ansascity, MO). Baking temperature wad5 °C
(420 °F), andbaketime was 22 minutes.

The followinginstrumens wereusedfor product and data analysi$olume measurement
used rapeseed displacemgratal Manufacturing Co., Lincoln, NELoaf crumb structure was
evaluatedby C-Cell (Calibre Controlnternational Ltd. Warrington WA4 4ST, UKpough
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rheological testsall of bake test data were performediuplicate or typlicate. Thedata was
analyzedoy SAS computer software

A temperaturestress controlled rheomet@tress Tech HR, A$ Rheosystems,
Bordentown, NJ)equipped with a 25mm serratedrallel plate system was usedassess

rheological properties

3.2 Flour moisture determination

Flour was storedh bulk in aretarderat 3-4 °C (37-39°F) during this study Beforea
bakingtest,oneexperimentvorth of flour wasscaled andtemperedo room temperature
Temperedlour was usedor moisture determination and baking g3te moisturecontent was
measured bgir oven(Approvedmethod44-15A, AACC 2000Q.

72



3.3Dough formulation

All baking tess used thébaseformulashown below100% flour (12.8 % protein),59 %
water, 4% sugar3 % all-purposeshortening, 26 salt,2 % instant dry yeast, and 0%
sodiumstearoy®-lactylate (SSL)This formula was basezh pgeviousstudy (Lin, 2008)
However, modications had to be made beca@$% non-fat dry milk, 0.5% vital wheat gluten
were removedWater absorption was modified as wékidanttypesandquantityexperimen,
variousppmlevelsof potassium bromatgased on flour weightandascorbic acidbased on
flour weight) wereadded to the dougin enzymetype and amount studigsariouslevelsof
hemicellulaseendoxylanase, arlgpbase(based on flour weightyereadded tothedough
formulasindividually. The amounts of oxidants and enzyweredeterminedased omlough
handling propertieandbaked product quality arutoducedusingfresh netime doughmethod
Table 31 shows the baslough formula.

Table 3.1 Base dough formula

Ingredients Bakers %

Flour (12.8% protein) 100
Water 59
Instantdry yeast 2

All -purpose shortening 3
Sugar 4
Salt 2
SSL 0.5
Total 170.5
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3.4 Fresh no-time dough production

All of thebaking testin this studyuseda no-time dough method with delagisugar and
saltaddition This was done before proceeding to frozen dough studies, deteopiirasm
levels of oxidants and enzymes, dougimdlingpropertes, andbaked product qualityThis
definesthefresh netime dough method.

In the method, ladry ingredients, except yeast, salt, and sugae scaled together &
metal bowl The excluded ingrediets were scaledeparatelyFlour etc. vasplacedin the mixing
bowl and mixed 15 secon@dspeedl. Then yeastand watefvereadded and mixed for another
15 secondsNext, the doughwas mixedor 3.5 minutesat speed. Afterwards salt and sugar
were addedo the dough and medfor 30 secondat speedl. Thatdough was mixetb
optimumat speed. Optimumfinal mixing time wasbased omlough sizeand a k er 6 s
observationlin this study, optimum final mixing time was 9 minutes and 30 secome batch
of doughwas 2301.75 grams.

Dough temperatureras measuretinmediatelyafter mixing.Thedesired finadough
temperaturavas27°C = 1°C B1°F £ 2°F). Inmediately after temperatuneeasurementiough
was divided intcb40 + 1 gampiecesand manually rounde@®ne batch produceddbugh pieces.
After manually roundig, the dough balls weadlowed5 minutes of reshtroom tenperatire
coveredwith aplastic bagafterwhich each dough ball waasdividually sheeted mouldedby
sheeter/ malderoperatedat thefollowing settingstop roller 11.5pbottom roller 35/16 length
23.2cm, spring pressure 2, apdessure board height 4The daigh pieces were placed ame
side greasegars (25.4cm Lx10cm W), and immediatelynovedinto a proofermaintainedat
40.6 °C (104°F) and85-90 % relativehumidity. They wereproofeduntil 2 cm abovehetop of
the pan Proofing timerequired 50 to 60 minutes.The core temperature ohe dough piecérom
each batchivascheckedafter proofing The target rangtr proofeddoughcentertemperature
was35-36 °C (9597 °F). Fully proofed abughs were &ked for 22 minutes &5 °C (420 °F)in a
gas fired reel overandcooledatroomtemperaturdor 24 hours After cooling the lod weight
andvolume (AACC methodl0.05, 2000yveremeasuredAfterwards, thdoavesweresliced
with anelectricknife at 20mm gaps(according to the templgteSliced loaves werplacedin

plastic bags prioto image analysi¢C-Cell). Fig. 3.1shows the fresh neime dough flow chart.
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Add all ingredients, except yeast, salt and sugar

Mix 15 sec. at speed 1

Add yeast

Mix 15 sec. at speed 1
&
Mix 3°30” at speed 2

Add sugar & salt

Mix 30 sec. at speed 1
&
Mix until optimum (9°30”) at speed 2

Finish dough mixing

Dividing, (540g £1g)

Rounding (manually)

Rest Smin. at room temperature

Sheeting, moulding, and pannning

Proofing (40°C (104°F), 85-90% R.H)

Baking (215.6°C (420°F), 22min)

Cooling 24 hours at room temperature

Measurering weight & volume

Sileing & packaging

C-Cell analyses

Figure 3.1 Process flow chart for fresh netime dough
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3.5Frozendough procedure

The fozen dough cesswasthe sameasthe aboveftesh netime dough methgdup to
moulding. Subsequenthangs areasfollows. The nixing bowl was connecte a circulating
water batimaintainedat5 °C (41 °F), andthe mixing bowlwas maintaineat 6 °C (43F).

Added water temperature waslOC (32-34°F). The csired final dough temperatunas 19+ 1
°C (66x 2°F) After maulding, dough pieces wenglaced on gerforated sheet paand moved
into ablastfreezingsystemin freezerat-21 °C (-5 °F). Dough pieces were placed in the air blast
until the dhedyhv-d°€ (18to2FE), @5 miautes exposure). Aftdreezing,

the dough pieces were packatb plastic bagsandwere stored atl8 t0-20°C (-4 to 0°F) for
specificperiods of time before thawingBefore baking, the dagh pieces were thawed b8

hours in a retardemaintainedat 3 to 4 °C (37 to 39F) with 90% reldive humidity Thethawed
doughpiecesveremovedto room tenperature conditions untiore temperatureeachedl9°C

(66 °F), approximatelyi50-180 minutes dependingon ambient conditionn Onedoughwasused

to checkcoretemperaturelt was not used fdvakingdata analysisifter the desired temperature
wasreached,lte doughs were moved into a preoProofingwas40.6 °C (105 °F) with 70-75%
relative humidity Proofing time wasapproximately\80 minutes Later processeaking, cooling,
etc) and conditions wersame asibove fresh netime dough methodFig. 4.2 showshefrozen

doughprocedure
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Add all ingredients, except yeast, salt and sugar

Mix 15 sec. speed 1

Add yeast

Mix 15 sec. at speed 1
&
Mix 3°30” at speed 2

Add sugar & salt

Mix 30 sec. at speed 1
&
Mix until optimum (9°30”) at speed 2

Finish dough mixing

Final dough temperature (19°C £ 1°C, 66°F % 2°F)

Dividing, (540gt1g)

Rounding (manually)

Rest Smin. at room temperature

Sheeting, moulding, and pannning

I Freezing (35min) |

| Packing & Storaging |

Frozen storage

I Thawing in retarder at 16 hours |

Thawing in room temperature (core reached 19°C £ 1°C, 66°F £ 2°F)

| Proofing (40°c (104°F), 70% R E) |

| Baking (215.6°C (420°F) 22min) |

Cooling 24 hours at room temperature

Measurering weight & volume

Silcing & packing

C-Cell analysis

Figure 3.2 Process flow chart for frozen dough
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3.6 Specific loaf volumemeasurement

Loaf weightand loaf volume were measur2d hours after baking.oaf weight was
measured by electrongcaks+ 0.1g, and loaf volume was determined with a rapeseed
displacemenvolume meter Approved Method 105, AACC 2000. Specific volume vas
calculated as follows

Specific Volume (SV) =

3.7Image analysis

Loafcrumb structure wasvaluatedy imageanalysisusingC-Cell. The instrument was
connected to a P@nd used-Cell software version.2 programFor sample prepaian with
weight and the volume measunentfinished, thebread waslicedby an electric knife usg the

template. Mddle top ofthesliced part was used as tlsample.

3.8 Statistical analysis

Data at the mtical pointsin dough rheological testandthe frozen dougbakeprocedure
were collected itriplicate. The data was analyZagSAS (Cary, NC).

Error bars or fresh and frozen dough/breddta werecalculated usinghe standard
deviations (STDEV) of tplicateloaf volumedeterminationAll loaf volumedatafor frozen
breadwasanalyzedoy Tukey (-Kramer)'s statistito detect significant differenc&rror barsor
dough rheology data at 1.1k#ere calculateds thegrand coefficient variance (C.V. %). Grand
coefficient variance was calculated as total average of coefficient variance (C.V.&bgfdire
experimendl condition.The calculatedaverageof redicates for every frequency and
corresponds t€.V. %. Calulate the average of C.V. % over finequency range between 0.1

Hz and 9.1 Havas calculated. This calculation ussbprocessed and treatment dough rheology
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data (totally 18 times, 6 press points with 3 treatments). All processed and treatment frozen

dough rheology data analyzbg Tukey (-Kramer)'s adjustment to detect significant difference

79



3.9 Measurementof doughrheologicalproperties

A temperaturestress controlled rheomet&tress Tech HR, ATS Rheosystems,
Bordentown, NJ)equipped witha parallel plate measuring systemsetrated5 mm diameter
corn and stagegap 2.0mm) and plate temperature held constant at 30 °C, was used to measure
the small deformatiorheology of dogh.

3.9.1 Sample peparationat after mixing

Post mixng dough wasproducedollowing thefresh/frozen dough makingrocedure
Immediately after temperatuneeasuremeruf the fully developgeddough it wasdividedinto
approximately 1@rampiecesand manually roundedrfter manually rounding, the dough balls
wereallowed5 minutesrestatroom temperaitre coveredby plastic After 5 minutes resting
each dough ball wasdividually sheeted4.0 mm thickness4™ level from right of gap
adjustment dialpy a pastasheetefimperia’, TIPO LUSSO, SP150The sheetingvas two
directionsat the same settirfgr biaxial extension oflough.The sheeted dough wpkced ora
baking sheetzutto 2.5 mm diameter bya handnadeplasticdoughcutter, and covered by
aluminum panThe dough piece wgsdacedon the bottonserrateglate of rheometeansing a
gpatulato avoid excess deformatiohhe rheometer was lowered to a gapetting of2.5 mm,
and the excesdoughwastrimmed.Trimming was done with amallsharpspatulan a
downward motion to avoid excedsformation of the dough while cutting it even with the edge
of the top plateMineral oil wasused to keep the edges of the dough from drying. After trimming,
sampés were allowed to re&ir 20 mirutes After 20minutesresting, the rheoeter was
lowered to a gap of 2/hm (0.1 mm above from target gamnd the excestoughwas trimmed.
After the2nd trimming the rheometer was lowered to tiaegetgapof 2.0 mm,andsample vas
allowed to resfor 10 minutes After the 10 minutes rest, dough rheologyasmeasured by strain

sweep and frequency sweep itegt
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3.9.2 Sample preparationfeer thawing

fiPost thaw dough was produced bfollowing frozen dough ptocol. When the dugh
core temperatureeachedl9°C (66°F), thedough was taken owtf thepan and placed on a
baking sheefThe center othaweddough wassliced approximatelytO0 cm wide by a bread knife
The edge of this sampleas cut, and theore ¢ente) of doughwasobtained.The dough ore
wasdivided into @proximatelyl0g. Thisdough was sheeted liye pasta sheetet thesame
setting athe post mix doughAfter sheeting, the process followed the same proceduhe as

samplepreparatiorfor the post mix dough procedure

3.9.3 Sample preparationféer proofing

Post proof dugh was produced bghefresh/frozen dougprotocol Doughwasproofed
until it reached cm abovedop of thepan Fully proofeddough wagemovedrom the pan and
placed on daking sheetThe center oproofeddough wasliced approximatelO cmin width
with bread knife After slicing, the process followed the same proceduthessample

preparatiorfor the post thawed doughs.

3.9.4 Strain sweep (Linear viscoastic region)

Strain sweeps were performed to determine the Ivisaoelastic region afougtts
responseStrain sweepwererun onpost mixed, post fresh proof, post thawed 27 weeks frozen
storage, and post proofed 28 weeksgfedcontrol (noadditives)dough In addition, strain
swee were run on pst mix, and post fresh proodntainng 50 ppm KBrG;, andcontairing a
combination o200ppm ascorbic acidnd100ppm endoxianaseThis instrumentoperated
with a2.0mm gapat 30 °Cwith thesample loading methoéiTo gam. Themaximum loading
forcewas 8.149E+4 Pa. Thesting proceededhen residualforce wasbelow 4.074E+4 Pa or
afterwaiting more than 1.000E+3 Bhefinal equilibrium timewas10 minutes and all setting
for number ofmeasuremeri, measuremerintervalat 2.000E+1 sconstant frequencgt 1.0 Hz
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Delay time 10second integration period..00, FFT sizeat512,andstrain raagebetweer0.01%
and10 %.

3.9.5 Frequency sveep

Frequency sweepsstingwasperformed at frequencidsetweer0.1 t0100 Hz with a
constant sessof 15 Paat 30 °C final equilibrium time 1Gninutes number oimeasuremert,
measuremerihterval 2.000E+1 s, Delay time 8condsintegration periods 1.0GFT sizeat
512,and leasthree replicates (separate dough batches) were performeddaprocessand
eachingredientvariety. Data for elastic modulus §Gviscous modulus (&, complex modulus
(G*), shear stress, phase angle, and complex viscosity were collected and usecdhte toenp

processand ingredienteffects
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4.1 Determination of optimumamount of basic ingredients oxidant and

oxidants-enzymereplaceand process condition irfresh no-time dough

Much research haoncludedhat theno-time dough process with cold temperature

mixing and delayed salt incorporation is most&hili¢é for frozen dough (Cathcat949; Merritt,
1960;Fuhrmann 1985; Dubois and Blockcolsk$98@). This protocolis the mosipopular
methodfor frozen dough mduction.In this work, hebasicingredientscombination oxidants

and oxidantsenzyme and the process condition were optimitedsubsequerftesh netime

doughstarting from the method dfin (2008) The optimized control formula was presented in

Table 3.1 and optimized process was shown in Fig. Zide@ornTable 3.1 and Fig. 3,1the

optimumcombination obxidants and oxidansnzymewasdetermined.

4.1.1 Water absorption

Using the nodified Lin (2008) formuladetermination obptimumwater absorption was

carried out usinghe followingformulation inTable4.1.

Table 4.1 Dough formula used tooptimize water absorption

Ingredients Bakers %
Flour (12.8% protein) 100
Water Variable
Instantdry yeast 1.5
All-purpose shortening
Sugar 4
Salt
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The final speed 2 mixing time wa€800. Water absorptionwere testedrom 55 % to
67 %. Absorptiors of 55 %, 57 %, 63%, 65 % weretestedn 2 batches (6 loaves) eaend
59%, 61% weretestedn 4 batches (12 loaw} each , and 6% was testethl batch (3 loaves)
Thoseresultsare presented ifiable4.2., and Fig.4.1

Table 4.2 Crumb structure (C-Cell) and specific volume at varying levelsof formula water

Figure 4.1 Averagevolumes at varying levelsof formula water
Low absorptim dough was relatively stifbutdough texturencreasedvith increasing

water absorptiortligh water absorption dougle5 and 66 absorption) weresticky and
difficult to handk. Based on theesuls (Table 42 and Fig 4.1), 59% waterabsorption
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