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Extrus.0.日11aJs weI℃ COnduc(ed wlth varying levels of dlS【111ers dr】ed

gralnS WItll S01ubles (DDGS) a一ong w.th soy flour, corn f一our, flSh meal,

vl(alT)m mix, rnlneral mlx, al-d ne( prote】n con(el-t adjusted lo 28% us】ng

a Wenger TX-52 twln-Screw eXtrL.der The propertleS Of extrudates were

stud】ed In eXperLmenLs conducted uslng a full-factorはl deLSIgn WIth three

levElls of DOGS con(ent, (wo levels of moISture COntent, and two levels of

screw speed lncrenslng the DDGS conten( froITL 20 to 60% resul(ed ln a

367% decrease ln the radla] expan岩.on, 】eadmg tO a 159 and 6t 4%

)ncrease ln the unlt denstLy `lnd bulk denslty Of the extrudates, respec-

tIVely lncreaslng the DDGS content resulted m a sEgnlflCant Increase ln

the water absorpLEon Index (WAL) but a slgnlfjcan( decrease ln (lle Water

solublllty Index (WSl) Of the extrudales Changing the screw speed and

moISture Content had no slgn.f.cant effect on the rad】al expanslOn ratlO

bu( resu】(ed ln a SlgmflCant difference ln the bulk denslly of the extru-

dales, whlCh may be due to the occurrence of lollgltudlnal expanslOn

Even though changlng the moISture COntent and scleW SPeed llad no

slgⅢfican【 effect on the WSI of the extrudales, slgnlficant dEfferences ln

the WAT of the extrudates welt Observed The rngredJent CO】lllX)Rents ln

the blend alld m01sture content had an H-f)uence on the color cha]lgeS Of

the extrtldates, as did (he b10Chem】Calchanges occumng EnSZde the barrel

during Processing Overall, lt Was determined that DDGS cou)a be lnCIu_

ded at a rate of up lo 60% uslng tWln-screw eXtruSl0n, and (hat vlable

pelleted floa【.ng feeds can be produced

DJStLllers drled grains Wlth solubles (DDGS), a coproduct of

ethanol productl011･ COntalnS high amounts of protein and fiber,

and a low amount of starch lt lS mOSdy used as anlmal Feed The

prolem convers10n efrlClenCy Of flSh lS Very hlgll compared wlth
other amrnals Hence DDGS haLq great pOtellt-a] to be used as an

altematlVe PrOte.n Source for aquaculture feed productlOn. Research

by Wu et a川994, 1996).ndlCated that tllapla flSh can be grown

with DDGS, which can lmPIOVe (he economlC Vlablllty Of aqua-

cu]Lul-e farms Because starch lS COnVerted to ethanol during the

･FermentatlOrl pl OCCSS, mZCrOnutrlerltS are availab一e i】l COnCenLLaied

quantltleS COmpared wlth whole com This POtenllally makes DDGS
a better base matErlal for aqtLaCullure feed than whole corn. But

the main problems wlth the productlon of extruded aquaculture

feed wlth DDGS are ∫ts low starch content `lnd hlgh I-1ber content

(Chin et al 1989)Asthe starcll COntenl 1S decreased, expansIOn
obtalned during eXtruSIOn lS reduced, which tlubsequently affects

the physICa】 characterlSt】CS Of the extrudates.Asthe rlber contellt

)s Increased. extrudate mechanlCal sL. en岩(h and durabllLtydecrease

due Lo ltS nOnlntelaCtlng nature Wlth other components m the m-

gledlent mix Whey, a by-product of cheesemaklng, has excellent
blndlng PrOpertleS Whey has actually beel- used as a blnder for

product.on of aquaculture feed by the pelJet】ng plOCeSS (Lovell

1 988) But.nclus10n Of whey dLlrlllg eXLrt･slOn PrOCeSSlng Of cereal

foods has been found to decl･eaSe expansion, ]nCreaSe unlt densJty,

water absorptlOn Index, and breaklng Strength (MaltlneZ-Serna

and Vlllota l992, Matthey and Manna 1997) The exact rnechanlSTTL

of lnteraCt10n Of whey with other components IS not Well under-

stood (CulmTl.ng et a1 1973) We have found that whey ca-I be suc-

cessfully used as a b.nder wlth DDGS-based aquaculture feed

blends (Chevanan et a1 2OO5, 2006)

Tn the aquacu】ture lnduslry, depelldlng On the fish specleS, Lloat-

lng feeds are often preferled to slnklr)g feeds. to prevel-t Over

feed】ng, and to ma川taln the cleanliness ln the pond (Lovell l988,

Cha1-g aTld Wang 1999) Twln-Screw eXtrude】s have varlOuS ad-
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vantages over single-Screw exLruders for production Of floatlng

feeds･ Twln-Screw eXtruders can handle vISCOuS, 01ly, sticky, or

wet lngred]ents with varyJng levels of protein, Starch, fat, and fiber

over a w-de range of partlCle sIZeS and can achleVe Wlde varト

aLIOrlS ln the extrudate propert]es (RlaZ 2000) The man dlfference

between slngle-screw and twin-Screw eXtruders IS the transport

mechamsm (Merc･er et al 1989) Sll.gle-Screw eXtruders transpoll

materlal by frlCtlOn between the screw and the product, as well as

the barrel arid the product Wlth slngle-screw extruders, lt lS Very

dllr]Cult to achieve the requlred operating COndltlOnS for the pro-

ductlOn Of floatlng feeds from lngl･edle..l mlXeS COntalnlng DDGS

due to the low starch content For example, extrudates (col-talnlng

up to 40% DDGS and other "gredlentS lnCludmg soy fIour, corT.

flour, fish meal, mneral mlX, Vltamln mlX, and whey, with a net

pl.OtelTI COntent adjusted to 28Cr/0, db) obta】ned using a Brabender

hboratory-scale slngle-screw extruder d]d riot nOat (Chevanal- et

a1 2006) In twln-SCreW eXtruSIOll, however, mater∫al wILhln the

banel IS transported posltⅣely, 】rrespectlVe Of the frlCtlOn between

the screw･ bar･el surface, and matenal (Zu,).chem and Stolp 1984).

Proper operating COndl(LOnS Can be easily achleVed by varylng

parameters such as screw speed, feedlng rate, 1ngredlent moisture

col)tent, alld temperature Because of dlfferences between the

slng]e-SCreW and twln-screw Processes, 1t may be posslble (o use

twln-SCleW eXtruders for I.lgredJent mlXeS COntalnlng low stalCh

matenals sLtCh as DDGS, to produce rloatlng feeds, although no

studleS have yet been reported that have accompllShed this

Aquacultu】e feeds typICally requlre 26-50% prote.n, depending

on the spec.es to be fed (Lovell 1988), so the formulated lngre-

dlellt mlX Will often contall- a hlgh amount of both starch and pro-

teln Dunng extl-uSIOn PrOCeSSIng Of (he starch-based products, a

relatlVely e】astlC meIt lS formed lrlSJde the barrel whlCh results ln

a lllOre expanded and cnRPy product (Ibanoglu et a1 1996, llo eはl

1996, AIves et al 1999, Thomas et al 1999) Durlng eXtruS】On PrO-

cesslng Of proteln-based products, on the o(hel hand, a p]astlC me)i

JS formed ]nslde the barreJ and a more polOuS ar)d textul･ed pro-

duct lS formed (GwlaZda et aH987, Hams et al 1988, Slngh et al

1 991, Sandla and 一ose I 993) Extruda【e floatablllty Can be achleVed

through expans]oll dur.ng extl･uStOn PrOCeSSlr'g Very llLlle lnfor-

matLOrl lS aVa.]ab】e on the effect of lngredlent mixes COntalnlng

hlgh propor(ュons Of both starch and proteln On eXpanSIOn alld otller

physICal prope.tュes Of extrudates by twJn-Screw eXtruSIOn 'nluS

the objectJVe Of thlS Study was Lo examine the effect of varymg
Jevels of screw speed, blend mo]sture content, and DDGS content



(1n an.ngredlent blend c(mtalnlng soy flour, corn flour, Menhaden
fish meal, mlneral lllIX, Vltamln m･X, ar･d whey) on physJCal prop-

erties Of exlrudates (such as extrudaLe expallSIOn ratlO, moisture

content, durabllJty, Part.Cle dens･Ly, unit density, bulk densJty, Water

absorptlOll Index, water so】ubLllly l･1dex, alld coJol) pl･Oduced by

twln-Screw eXlruslOn

METIIODS AND MATERIALS

Feed Blend Formulation

T1-fee lSOCalol]C Lngredlent blends were formulated to記28% pro-

teln Wlth an ene1-gy COntent Of;3350 kcal/100 g The ]ngredlenls ln

feed blends Included DOGS, soy floul, COrn flour, Menhaden fish

mea】, whey, V･Lamln mlX, and mlneral mlX (Table I) Tlle t)DGS

was provided by Dakota ELha･101 LLC (Wentworth, SD) and was

groulld to a par[lCle size Ofだ10O LLm uSlng a laboratory gllnder

(S500 DISC MlH, Genmlls, CllrtOn, NJ) C(,m flour was provided
by CargJll Dry Ing･edlentS (Paris, IL), and soy tJour was plOV■ded

by Carglll Soy Protein SolutlOnS (Cedar Rap]ds, 1A) The vltam.n

mix, mlneral mlX (V】tapak, Land O'Lakes Feed, St PとIul, MN), fish

mea) (Consumer Supply DIStllbu(.on Company, SIOUX Clty, IA) and

whey (Bongards Cleamer･eS, Perham, MN) were lllCOrPOrated Into

the lngredJel-tS blends at levels of I, 2, 5, and 5%, respecL]vely, on

a wet (as-1S) basls TJ.e lrlgred,el-tS Were mXed ln a laboratory-scale

mixer (N50 MIXer, Hoba】 t CorporatlOn, Troy, OIl) for 30 mln, and

therl Stored at room temperature for two days until the experト

ments commenced

Experimental Design a)ld Extrusion Processmg

Experlmental extrusions Were COnducted uslng a CO-rOtatlng,

fu日y lntem'eShLng, Self-W･p-ng, twln-SCl･eW eXtruder (Wenger TX-

52･ Sabetha, KS), W】th a feed hopper ar･d pl･eCOndlt1011er The

lngl･edlent bier.ds were rTletered frorr)the feed hoppel･ mtO the

precondltlOner, Which was fitted wLth steam lnJeCtlOl"nd wate1
1nJeCtlOn pol一s to condltlOn the lngredlenls to specILIc telTlPeratu-e

and lT"lSture Contents The condltlOned lngredlentS Were dropped

mto tlle eXtruder at a feeder speed of 14 】pm and an average feed

rate of 49 kg/hr The ex亡ruder had 52-1-1m dlameter twin.screws,

and the ballel had a length-to-dlallleter rat】0 0f 25 5 1 The screw

had 25 1mdlVldual sectlOnS and the confLguratlOn (down the length

of the barrel from the feed∫ng SeCtlOn tO the dle Section) used ln

oul. eXPerlmentS COTlSlSled of four conveylng SCreWS, thlee shear

locks, one conveyTng Screw, One COnVeyLT)g SCleW backward, lhl-ee

corrveylllg Screws, One COnVeylng Screw backwards, four cor)veymg
screws, one shear lock, one ln(erlllpted Ll.ght collVeylng screw, One

collVeylllg SCleW, One Interrupted flight conveylng Screw, One Shear

lock, and at the el-d, one flnal (cone) screw The two d】e plates each

had clrCulal Open]ngS Of 3 175 mm dlameter The cutter was pos卜

tlOned off center aHhe end of the dle, had three blades, and the

rota【10r)al speed was adjusted to 750 ll)m tO Pl0duce pelleted ex-

tludates

ExpelllllentS Were COndtlCted uslllg a fuIトfactorlal des.gn, wlth

tllree levels of DDGS (20, 40, and 60%), two leve一s of moIStule

content (15 and 19%, wb) achleVed thl･Ough the pleCOrldltlOner

befole eXtruLqlOn, and two levels of screw speed (350 rpm, 36 7

rュd/see and 420 rpm, 44 0 1-Etdllsec) ar.d was ln.PlenerlLed uslng a

completely randomlZed design

The barlel had SIX temPeJature ZOneLS from the Feedlng Sect-on to

the dle sectlOn, Wh]ch were malntamed at 60, 80, 80, 80, loo, alld

l100C thlOughout the expellmentS

Meastlrement Of Physical Properties

Erpa,7S"TT fTLtL(, Radlal expans】on la-TO Was meaSuled as the

latlO Of dz'lmeteJ Of the extrLt(hteS lo the dla】T)eler of the dJe

(CollWay and AJldeISOn J973) Tlle dlameteI Of the SIX eXtrudates

foュ each ire(ltmel-t Was meLlht･Led usl･1g it dlgltal caIlper (DlglmatlC

Series No 293･ M.(L.tOyO Co , Tokyo, Japan) arld the average of

SIX readings Was used Fol analysts

Moljture Content Of the extrudates, as well as that of the precon-

dltlOned lngledlent blends, was detelmlned followmg Method

S352 2 (ASAB 2004) us.ng a forced-co一-vect10n labolatOry Oven

(TheIco PrecISIOn, Jovan, WlnChester, VA) at I 03oC for 72 hl･
ExtrudaTe durLlbLl,tywas determlned by Method S269 4 (ASAE

20O4) Extrudatets (200 g) were tumbled ms】de zLpellet durabllty

tester for 10 TTllm al-d s]eved through a No 6 (3 4 mm) screen

Durabll]ty was therl Calculated as

Dtlrabll lty(%) -
Mass of pe日ets after tumbltllg

Mass of pellets beflOre tumblltlg
xlOO　(I)

PartlCle de耶Lty of the extrudates was determined wlth a nlUltl_

volume pycnometer (model No 1 305, M･cromerlt]CS, Atlanta, GA)

uslng the volume dlSPhcemerlt method with heIMm gas (Chang

1988) Extnldates were placed Into 150-cm3 cups and the true

volume was detelm"ed The partlC】e densltywas ca】culaled as the

rat.o of the rnass of the extrudates to the true volume (Rahman

]995) CallbratlOn Of the equlPment WiLS perfonned wILh a meta】

ball provlded by (he manufacturer

Umt denslty･ The extrudate samp一es weJ e Cut tO 21cm ]engths,

welshed on an electronlc balance (model A-250, Denver Instl-u_

rnent, Arvada, CO), and measured for dlameter using dlgltal callpe1

(DlglmatlC Senes No 293, MltutOyO, Tokyo, Japan) Unlt denslty
was calculated as tlle ratlO Of the mass of each 2-cm extrudate

pleCe tO the calculared volume of that PIECE (assumng cyllndrlCal
shapes for each extrudaLe sample) (Jarrun and F]ores 1998)

Bulk densltywas measured as the rat10 0f the mass of extru_

dates to (he bulk volume that the extrudates occLlPled ln a grVen

volume, al-d was determl】-ed uL-g a Standard bushel tester (Seed-

buro Equ･pment Company, Chicago, IL) followlng the rrLethod

prescrlbed by USDA ( 1999)
WateJ` ab叩rPt10,1 1nder (WAI) was determlned by the method of

Jones et al (2000) WAF lS deflned as the mass of gel (g) oblalned

per mass (g) of sol･ds To detel,∩,･.e the water absorptlOn Index,

2 5 g offinely grourld sample was suspended ln 30 mL ofdlStlued

water at 30oC 111 a 50-mL tarred centrIfuge tube The content was

stirred lnterrr"ttently over aper]od of 30 mIn and then centr】fuged

at 3,OOO x a fol 10 mln Tlle SuPernatant Water Was (lanSferred

carefully Into tarred alum-nun cups The mass of the l･ema】nlng gel

was weighed and WAY was then calculated as the ratJO Of the mass

ofgel to the mass of the sarnple･

Water soILLbLILly lnder (WSI) was deterlT)1med as the wate1--SOluble

rractlOn m the supernata叫expressed as a pel･Cellt Of dry sample

(Jones et a1 2000) The WSI was determined f】om the amount of

drLed sollds.ecovered by evaporatlng the sLTPemata】一t ln an OVen

at 135oCfor2hr

Color of the whole extrudates was detelmlned uslng a Callbrated

spectrophotometer (portable model CM 2500d, MLnOlta Corpora-

tion, Ramsey･ NJ) uslng tlle Hunterlab colol･ SPaCe Where L* quan-

tlfied bllghtness/dalkness of the extrudates,がquant】f]led redness/

gleenneSS Of the extrLldates, and b 'quantlfled yel】owlleSS/bheness

of the samples

TABLEI

lngredien I Co]nponerLtS ln Experlme-ltal Feed 】31eJlds

Welght ol hgredients (A/100 g)

Feed IJlgredientS Bknd I lllend II Blend Ill

DDGS

S()y rlour

CoL)I flouT

Flゝll mCiL】

Whey

Mll一巳1aT llllX

Vlkullm nlLX
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Nlltrient Allalys15

Extrudates were a=-drled and proteln, fiber, fat, and ash content

were deterlnlned following OfFIClal Methods 990 03, 978 1 0, 920 39,

and 920 48, respect]vely (AOAC 2003) N】trogenJfree extract (NFE)

was determllled after deductlng the moIStule, prOtelrl, fat, fiber, and

ash contents The protein, fat, ash, and NFE were measured ln

duplicate (a = 2) for all raw lngredlent blends

Statistical A na]yses

Three repllCateS Were r..e且sured for all physJCal properl.es studled

except expal-SIOn ratlO, Where s上x meaSulementS Wele taken The

data were then analyzed wl【h the Proc GLM pIOCedure (V 8, SAS

Tns(ltute, Cary, NC) to ldentlfy (he slgnlficant maln and lnterac110n

effects at an α level (Type I error rate) ofO 05 Mean values asso-

C-aもed with slgnlficant effects were compared uslrLg least slgnlfl-

cant d∫fferences (LSD)

RESULTS AND DISCUSSION

Changlng the level of DDGS had slgnlficant effects on all the

parameters stud】ed (Tab】e ll) ChangLng the levels of blend rnols-

ture content also had slg111flCant efFects on the extrudate propertleS

studied, except for expanslOn ratio, unlr denslty, partlCle denslty,

and extrudale brlghtness (L*) Changlng the screw speed llad a

slg1-1ficant eげect only on dulab111ty, Particle denslty, bulk denslty,

and WSI. None of the lnteraCtlOn effleCtS Were Slgnlficant for ex-

pansion ratlO, unLt denslty, Or yellowness of extrudates All the
lnLeract10n effects were slgnlficant for extudate moISture COntent,

durablllty, and bulk denslty The lntelaCtEOn effect of blend moIS-

ture content with screw speed was not slgnlflCant (Table III)

Expansion Ratio

The extent of radial expanslOll attalned durmg ex【rus10n PrOI

cesslng affects thefloatablllty Of extrudates (Ollvelra et al 1 992)

In our experJmentS, the extrudates obtained from the i2 treatment

comblnatlOnS floated for more than 16 hr and rna]nta)Jled cohesIVe

structure durlng thュ.S time Changlr.g the leve】s of DDGS from 20

to 60% had a slgnLficant effect on the expallSIOn ratio 0f the extru-

dates and resulted in a 36 7% 1eductlOn ln (help eXpanSIOn (Table

ll) But changing the moIStuLe COntellt Of the lngledlent mtX from

15 to 19%, and the screw speed from 350 rpnl tO 420 ll)ln, had no

slgnlf]1Cant effects on the exparlsIOn rat]0 0f the extrudates All ex-

trudatesfloated, even though the average radlal expansion latlO

achleVed 111 the extrudilteS COntalnlng 6O% DDGS was only 1 05

TlllS lndlCated that for extrudates contalnlng DDGS,perhaps the

longltudlr)al expansTOn Was greater COmPared with 【lle radlal ex-

pans10n Genel･ally shrlnkage occurs durlngthe dryJtlg Process and
the hlgher the moI.Nure corltent of the blologlealmaterlals before

dLyEng, the more shnnkage typ)cally results PostextruslOn Shrlnk-

age of 20-50% was observed by Park ( I 976) The moIStule COntent

of extrudates lmmedlate】y after extruslOn PrOCeSSlng Was h]ghest

for the extmdates contalmng 60% DDGS The expanslOn ratio Was

llleaSured only for the dr】ed extrudates Hence, the expansIOn

ratio Of the wet extrudates contaJmng 60% DDGS lmmedEately

aftel eXtruSIOl- mlght have beell higher thall 1 05, thus resultlng ln

a more porous structure In twln-screw eXtruS]Orl, SCreW Speed lS

generally belleVed to have llttle effect onthe extrudate expansIOn

(Martュn-CabreJaS et aH999, Dlng et a1 2005) and ln Our eXPerト

menl also we observed that screw speed had no slgmfLCant effect

on the expanslOn Of the extrudates

Moistllre Content

We observed that changlng DDGS content alld molsture contellt

of the lngredlent blends had a slgnlficanl efFect orb the moISture

content of the l･eSultlng eXtrudates lmmedlately after extrusion

The moISture COntent Of extrudates IS a Very Important parameter

that Influences extrudate properties Such as durablJlty, WAl, and

WSI (RoILt et a1 2001)Asexpected, changlrLg the screw speed
had no s】gnlflCant effect on the moISture COntent Of extludaLes

Tncreasmg the DDGS conterlt from 20 to 60%, however, resulted

ln nearly a lOO% Increase Ln the TnOISture COntent Of the extru-

dates (Tab一e II). Ⅰn twllHCreW eXtruderゝ, Lhe leqtllred plOeeSSlllg

telTlpelature Can be ach】eved by three means 1) appltcatl0n Of

heatthroughstream during preCOndltlOnlng and extruslOn, 2) heat

TABLETI

MaJn EITecLs I)ue to DDGS, Screw Speed (SS), alld Moisture ConteJlt (MC) Oll Physjca] PropertleS Oflhtrudatesa

F,叩anS]On Rat]o (･)　MC of Extrudates (% wb)　　Durabll･ty (%)　Partiele Denslty (g/cm3) unit I)enSity (A/cml)

DDGS (鶴)

20

40

60

SS (rpnl)

350

420

MC (%)

15

19

1 66Ll (002)

1 36b(00))

1 05C(OOl)

I 37(OOl)

135OO8

】 35(008)

】 37(007)

1254a(】 28)

】9日b(090)

25 48a (065)

2190(15L)

2285(085)

2079b(0 m)
23 ()7a(I 37)

97 76a (045)

97 60a (() 19)

96 85b (041)

9731 (040)

97 48 (0 36)

98 20a (034)

96 6]b (026)

L 397n (0()03)

L 383b(00Ol)

1 366C (0001)

i 379b (0003)

i 385a (0003)

i 382(O006)
I 382 (0003)

0235C (0 00(1)

0 342b (0 003)

0 6O9a (0 007)

0407 (0001)

0 384 (000])

0389 (0009)

04Dl t0011)

･ Means Wllh different 】etters ln a COlumn, wlthLn each ma川effect, were sLgLILflcantly d】ffelent (P < 0 05) Values ln PalentlleSeS are Stalldard error

TABLE II rconlmued)

Mam Effects Due to DOGS, SL!reW Speed (SS), and MoISture Content (MC) on Physiea】 Properties Of ExtrtJdatesa

Bu)k Density (g/em3)　　wsI (%)

DDGS (%)

2()

40

60

SS (rpm)

350

420

MC (%)
】5

19

0 236C (0 006)

() 3OOb (0 0CI3)

038Ja(0003)

() 309a (0001)

0 302b (00O])

0二10lb (0010)

0 3 loll ((HX)9)

WAI (-)　　　　　　L*　　　　　　　　〟史　　　　　　　　bギ

155lc(051)

16 32b (0 27)

1696a(028)

1620 (0 30)

i() 32 (049)

1660 (0 20)

15 9ユ(0 52)

3 73a (0 06)

3 34b (003)

2 77C (028)

334a(0 】4)

322b(Oil)

335a(0 12)

32]b(013)

48 26a (0 58)

3828b日13)

329lc(059)

3940(2 17)

4024(I 90)

4003(2 16)

3961(193)

1002b(0 】7)

1048b (022)

I?_ 50a (() 33)

日12(043)

1089(037)

lL 27Ll(O48)

lO73b (048)

376】C(045)

46 48b (09())

525la(059)

45 85日90)

4512] (I 97)

4460b(L 82)

4()47a(2 02)

a Me.tllS Wltll JltreLent lelters ‖】 a column, WluLlrL each lⅥ`lJn effect, were slgnlrlC`lntly dlfferenl (P < 0 05) Va一ues 】n pure･ltheses iLre SlnndLlrd eJ ro√
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developed by shearlng aCll0Jl (LrlCLlt)rL), and 3) appllCatlOl1 0f heill

through electr]cal heヱIterS ]n VarlDllS SeCtlOllS Of the barreJ Water

lS held m blOIoglCal materlals by molecular and ctlPHlary乙lbso】p-

t】On corleSPOndlng tO the bound watel and free wntel., re叩eCtlVely

(Mohse】lIn I 986) h extruslOn PIOCeSSlllg, the mECl~OPOre structure

ln the extrudatetHeSLl1ts from the expansIOn OCCumllg due to

flashing Of water because of the sudden drop ln PreSSule at the die

exll, and as sucll, eXPanS10n, teXtLlre, a】ld final lT】01Stule COntellt

wlll depelld on the ablJ】(y of the matJIX tO Lqtlelch a】ld 【O retaln tlle

evaporatlrlg Water At hlgher DDGS conte]-t, the applled enelgy

and expanslOn that occurred may have resLLILed 】n the molecular

and mlCrOPOJe Structural changes ln Such a way that lt retalned

more water and resulted ln a hlghel mOISture com(ent of the extru-

dates The lng1-ed】en( moISture COnLenl at 15乳wb, resulted l】1こI

moisture COlltent Of 20 79%, wb, ln the extrudates, whHe all 111gre-

dlent mOIStLlle C(mlent oH9%, wb, resLllted Jn a】l eXtrudate moIS-

ture content of23 ()7cc/0, wb (Table lT) The LrIOISture COnLerll of the

dry lllgredlenL ITllX COntalnlng 20, 3O, and 40% DDGS before

precondltlOnlng Were ObselVed lo be 7 9, 8 2, and 84%, respec-
tlVely The higher lT10lSttlre COnterLt ObselVed ln the extludates

colnPiu'ed w】th the 1-aW material w`lS due to moJSture added through

steam ln the precondltlOner and extruder barrel Hlgh lemperaturcs,

shear stresses, and shear shalllS Produced durlng eXtrLlSIOn PrOCeS-

slng affect the col叩1ex lr)temCt10nS between water and the Othel

chemlcal constltuentS, and aはer the resulLlllg mte1-1-aJ ceHu)al- StluC-

tures that occur dt]rlng Water eVapOmtlOn upon dle eXlt (Mlller

1 985)- These alLera(]ons are ultlmately 1.eflected ln the expiLnSIOn Of

the materJal as lt Passes 【hfOugh the ex【ruder dle and can be qual1-

tlfied throughtlle eXpanSIOn ratio (Moore et al 】990) Exp【lnS10n

and resultmg eXtludate structure ale hlgHy dependent on tlle COlll-

posltl(-∩ Of the extl uded mateJ lal, especlaHy starch content, whtch

JS key to product expallS10n through starch gelalFnE7atfOn (Nlelsen

1976) Products high ln Starch gelleraJly exhlblt hlgh expansIOn,

those low ln Starch (e g , hJgh ln protein Or rlber) generally exhlblt

ill-ljted expanslOn

Durability

The mechal-LCal slrengn of extludates IS Olten deLSC1-1bed by dura-

blllty, WhlCll lS a VeLy lmPOrtant quallty Of feed malerl乙IIs (Rosen-

Lratel et LL] 2005) Slrel一gtll Of the eXtrudates depends oll SeVel･al

factors Including the extent of heat h-eatment al一(1 l九e leEalrve degree

of stal･Ch transfo]matlOn lnS】de the barre一 If the 1-aW lngredlel-tS

contall- hlgh]y alteled mateJEiLIs that do llOt eaSlly Jnter`lCt, the ex-

trudates become noncohesIVe, reSultlllg 111 Pool dulablllty (Co一on-

na el a1 1989) We obse】ved that cllat一gEr)g the levels ofDDGS and

precondltlOned blel-d 】TIOIS(ul-e COntent dld have slgnlrlCilnt effects

oll dulabl1】ty (P < 0 05), wllereaS CllElnglng the screw speed had

1-0 SlgllLf】callt el lec【 on extrudate durabl]1ty lllCreaSlng the DDGS

c()nLent frorrl 2O to 40% dld not resutL ln SlgnlfECant Changes ln the

du1-ablllty BuHnCleahlng fulthe】 fro1-- 40 to 60% 1eSLFlted 】n a s】g-

nlficanl decrease ln the durablllty Even thoLlgh the durablllty Of

the extl-udates obtalned wl【h twln-SCleW eXtruS101- Was Very hlBll

(95 4ト99 50%), the reduced dul.ablHty Wlth 60% DDGS conLe]lt

w'lS PIObably dLle tO the low starch u】1d hlgh fiber colltentS ln the

lngledJellt blend SlgnFrLCant mCreaSeS ln the mechanlcal stletlgth

of extrudatcs have beell ObselVed by rnarly reSearChel･S Wllen the

moISture COlllel1t Of the lngledlent m]X enterlng the extruder was

mcreased for var∫ous lngred-enLs (13andyopadhyay and Rout 2001 ,

Rolfe et a1 2001, Shlkla et a1 2O()5) 1n our expelJmentS also,

changlng the moTStule Con(ellt Of the lTlgledlentS had a sJgmiic三Lrlt

effect on the durablllty, Llnd LllCteaSlng tlle mOESture COlltent from

l5 to 19% 】esuEted ll- a 1 65% 1rlCreaSe ln eXtrudate durabllJty

Particle Densi ty

P(lrtlCle dellSlty depends to a large extent on physical altlJbutes

of the raw rrltllel.als such as partJCle slze, del-SILy, mechal-1Cal prop-

ertEES, Theology of dl批rent conlPOnelltS (SlngJe or m comblnatJOn),

ln addltlOn (O the process of extltlSIOn Itself (SITllLh 1992) in our

expeTFmelltS, even though the paltJCle deFISlty VaJues of the extru-

dates were >J 0, the ext】udates f一oated wlth the Shape mtaCt fol

>16 hL Tn ex(rus10n PrOCeSSll-g, Closed and ()pen po1-eS ale fornled

]n the extrudates dul 1ng the exp(nsIOn Process The retenLIOn Of the

entrapped alr ln the extrudates depends on the water absorptLOn

characterJSl)CS Of the extruded products When extrudaLes abRO】-b

water, tlle StruCLul.e COll`lPSeS, aLld entrapped alr lS released The

gelaLml/-aL-or) of starch 'lnd denatur`ltlOn Ofproteln occumng durmg

pEOCeSSlng mLgllt have I-e§ulted ln retaLnlng eXtrudaLe structure,

tlnd thus entrapped the air for a longerpellOd and res111ted ln

fk,aiablHty of the ex-uuded plOducis up to 16 inn out eXpcllmc=L

Ch'1)一glng the levels of DDGS had a slgnlficant effect on the par-

tlCle denslty or the extrudates (P < O ()5) and 】ncreaslng the DDGS

content flOm 20 to 60% 11日he mgredlerlt rnlX resulted ln a 2 2%

decleaSe ]n the palllCJe denslty (Table ll) To aLtaln a rlet PrOteLn

c()nLent of 28%, vallOuS raw rnalerlaF combmatJOnS Were used, and

thus the ehemECa】 constItuentS Varied, which ulLlmately Influenced

Llle Changes ll- the particle density Of the extludates lncreaslng

the scl~eW SPeed lrom 350 lPm (367 Fad/see) to 420 I-pm (440

Fad/sec) 1eSuEted Ln a SJgnlficant increase ln the pa】[1Ck densltyor

TAliLE lll

hltCraCtlOn Results for DDGS, MoISttJrC Collte]1t (MC), ･lrtd Screw Speed (SS) oll P]tysLCal Properties t'f ExtruJates (P yiLlues)

Expansit-n Ratio (･)　MC or Extrt･dates (% wbJ I)urabi]･ty (%J PE･rtLCLe DensLty (g/cm-)　Umt 1)ensJty (g/crrrl)

DDGS　　　　　　　　　　　　　<O OOI

MC O 37O

SS 0 jうL)

DDGS*MC O 725

DDGS FSS 0 ()56

MC芯SS 0 i)52

DDGS*MC¥SS 0 222

<0 ()rH

<()りot

<0 332

0 ()05

くO ()Ol

<() 00Ⅰ

くり()(=

<O OOl　　　　　　　　　<O 001

<0001　　　　　　　　　0742

0 295　　　　　　　　　<0 ()() 1

く0 001　　　　　　　　<0 001

<0 ()01　　　　　　　　　0 495

(H)O4　　　　　　　　　　0 ()02

O OO3　　　　　　　　　() OO7

<0 ()()I

0578

O I42

05ll

Ol63

O9fW

0 9F)5

TAI主u王III (coTZtllllled)

lnteraetlOn Results for i)OGS, Moisture ColltCnt LMC), and Screw Speed (SS) orl Physkal Properties I)f Extrudates (P valuesJ

Bulk DeltSlty (A/em3)　　　wsl (･)　　　　wAI (%)　　　　　L L a*

<0日O l　　　　　　　　　<() ()(Jl　　　　　　　　<O I)0 I

<O n() 1　　　　　　　　　0 0(13　　　　　　　　<O OO I

<0 0()J　　　　　　　　　(L536　　　　　　　　<() 00J

<0 0川　　　　　　　　　<0 ()(H O ()5r)

く(∫ ()(日　　　　　　　　　　0川12　　　　　　　　() ()07

く() ()()1　　　　　　　　　0 355　　　　　　　　() 778

<し) ()(‖　　　　　　　　　<() ()川　　　　　　　　<0川日

<O ()Ol　　　　　　　　<() ()O l　　　　　　　　<0 Oof

05L2　　　　　　　　0041　　　　　　　0016

(I 196　　　　　　　　0川2　　　　　　　　() 184

<(H)01　　　　　　　　O pi(13　　　　　　　　　0 3H l

0日)4　　　　　　　　0う(75　　　　　　　　0 2(15

<()ty)J 0 F;23　　　　　　　　　0 721

0OH2　　　　　　　　0 34り　　　　　　　　　0二124
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extrudaLes; thLS mlght be due to struc(ula] changes assoclated wlth

dena【uratlOn Of pro(elm and gelatlmZat】011 0f llmlted starch occur-

rIng ln the JTLelt.nslde the barre】 Changmg the moIStLLre COntent

dld 1-0t Slgnlficantly affect the partlCle dellSlty On the other halld,

slgmficant lnteractlOllS betweerl moisture COntent and DDGS con-

tent, and moEStUre COntent and screw speed (Table llI) were ob-

served These lnteraCtlOnS may have resulted lrL Changes ln llle

parllCle denslty Of extrudates and may have been due, Jn part, tO

slmultaneot-sly changing thernOlSture Content Of the EJlgredlent lTHX,

whICh altel.ed the chemJCal constltueJlls, and thus matrlX behavlor

when subjected to varyll一g I ateS Of sheal

Unit I)ensity

Unlt denslty of ext,udates IS dl.･eC[1y JClated to tlle degree or

expans】On obtalned durlng eXtnLStOn PrOCeSSlrlg (Colonna et a1

1989). The hlghest expanslon ratlO Of l 66 alld the I()west ulll(

denslty Of 0 236 g/clll1 was observed for extru(late§ contalnlllg

20% DDGS (TiLble lI)･ The lowest expansl0r) ratio Of 1 05 was

observed for extrudaLes colltalnlng 60% DDGS, whlCh produced

the h.ghest unlt density Of 0 6O9 g/cm3･ lncl･easlng DDGS content

from 20 to 60% 1eSulted m a l59% il-Crease 】n the Llnll der)slty Of

extrudates Changlng Screw SPeed and molstule COntent, however,

did not result.n slgnlficant changes ln the expansion r'lt10 0f the

extrudates, and conversely resulted Ir"0 SIgnlficant changes lrHlle

unl( densltyof these extrudaLes

Buu'Density

Bulk dens上(y of the extrudates IS affected by the volume of pores

fo1-ned lnSlde the extrudales as expanLSIOn Occurs durl】､g eXtruSl011

processlng･ aS Well as void spaces Formed durlng f111Lng Of the Ir-

regular-shaped extrudates 】n(o 仁or.talners of a speclflC SIZE durlng

testlrLg Bulk denslty lS Ve】y Important because lt determlneS the

space lequlred to s(ore the extruded feed materlals, both at pro-

duction Sites and on farms Al川1ree Independent factors (level of

DDGS, screw speed, and mc"stLlre CO.-〔ent) sIBlllfica1-tly affected

the bulk dens】ty of (he extrudales (P < OO5) (Table m) lncleaS111g

the DDGS content from 20 to 60% resulted ln a 61 46'Yo Increase m

bulk deTIS,ty (Table TI) ThlS Was expected because as the DDGS

corLtent Increased, the eXPanSIOn ratlO decreased and the exlru-

dates beca】TIe llghter lncreaslng the screw speed flOm 350 1P1-1

(36 7 radJsec) to 420 rplll (44 0 lad/sec) restJlted Ln a 2.3% decrease
ln bulk denslty, whlle mcreasmg the molsture content of the

Lngredlent TmXfrom l5 to 19% resulted m a 3% 111CreaSe ]n bulk

density Even though no slgnlflCanl dlfference ln the radlal exparL

s■On of tile eXtrudates was observed by changJrlg elther the m')1Slure

contellt Of the lllgred,ent mlX 01 the screw speed, slgn■fjciult dif-

ferences ln the bulk denslty ､Vere Observed The.e may have been

differences m the longltud.nat expansion ('CCul-rlng, WhlCh 11日urn

may have lnfluenced the bulk dellSIly of the extrudates

WAI and WSI

WAT, a measure of volume occupled by the stal･Ch after swe11-

1ng Ln excess Water, lS a POrtIOn Of the starc1日hat lllalntalned ln-

tegrlty dur川g eX【JuSIO･. PrOCeSSll1g (Mason and Hoser.ey 1986)

WSI, on the other hand, 1S a meaSue Of the degree of starch con-

verslOn durlng extrusion Processing and lS an 】ndlCalOr Of the

deErladat】on of rrlOIecu]al COmPO】lelltS rKlrbv et aH9881 ln

gene】al, an Increase ln WSI corleSPOnds to dec】ease ln the WAI of

exlrudates and llaS been obselVed by lllany authors (K]lby et al

1988, Ng et al 1999) ln our expel.mentS, 1nCreaSmg the DDGS

level produced a hlgherWST and a decl･eaSmg tl-eLld ln WAY of the
e〉こtrudate s

Cllanglng the levels of DDGS, scleW Spec(I, and moIStLlle COn一

〔ent hこLd Ll ngnlficant effect on the WAI of the ext】･LLda【e"s well

(Tilbte u) lllCreaSmg the DDGS corltellt from 20 to 60% restllted
】1日25 7% decleaSe 11日he WAl of tlle eXtrudates lnc)eas】11g the

sc】ew speed flOnl 350 rpm (36 7 md/sec) to 420 rpm (44 O lad/see)

resulted H1 iL 3 6% decrease ln the WAl of the extrudates, wh】le
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1nCreaSlng the moisture COntent Of tlle 】ngledlent lTuX from 15 to

L9% resulted ln a 4 2% decrease ln WAI

The levels of DDGS conter.L resulted 】n A.gnLficant changes t】1

the WSI of the extrudates･ But chang.ng the screw speed and mo】S-

Lure contel-I Of the lngled.ent mix did not result ln Slgnlf'cant

changes tlHhe WSI of the extrudates (TLlble lI) The WSf deper)ds

orL Val10し-S factol･S Fol･ example, starch sources from ce]eal and

potato result ln dlfferent levels ofWSI, dependlng On the amoullt
of amylase and amylopectln PreSellL Jn the starch The extellt Of

dextr)naflOn OCCumng ln the extlLldates due to high shear and high

tempera(ute also Influences the WSl (Mercler and FeLllet l975,

Gomez and Agullela 1984, Gov】ndasamy et al 1995) InteractlOll

between the stalCh and proteln Influences the WSI of the extlしト

dates as weH (Paton and Spratt 1984) In our expe.1Z-lentS, lnCreaSlng

the DDGS content from 20 to 60% l-eSulted ln a 9 3% )ncrease In

the WSl However, there were no stgnlficant changes m WSI due to

changlng tl.e 1-101StL.le COntent Of the mgredlell( mlX a】ld screw

speed (Table II)

Color

lrl eX(rusIOn prOCeSS111g, MaI】】ard reactIOnS Can be a cause of

coloI Changes ln eXtrL.dates Colol, per Se, prObab)y lS not itn Im-

portant factor ln aquaCUltule feed by Itself, but changes ln CO】or

due to hlgh tempera山res and other reactJOnS du】lng plOCeSSlng

cal一 be an lndlCatlOn Of a】terat10n Or 一oss of lys】rLe, wh]ch lS all

Important ammo aCld needed ln aquaculture dlets For example,

Iyslne losHeS -<40% llaVe been observed dullng eXtl-uSIOn PIOCeS-

slng, due prlmarlly to high temperatures (BJOrCk and Asp 1983)

Tn th】s study, as DDGS content Increased from 2O Lo 60%, a slg-

nLEicallt decrease of 31 8% 1n I,-k was observed (Table II)_ DDGS

IS typlCally dark compared wlth soy flour and corn flour. Thus, as

the DDGS content waLHnCreaSed, the feed brlghtness decreased

as welH】lCreaSlng the moISture Col-terlt Of the feed Jngl･edlent mix

rtom 15 to 19% and screw speed fron1 350 to 420 rpm did not

s唱n･f-lCar.t】y change i k value lncreasjrEg LLhe DDGS cot-terlt flOll1

20 to 60% Increased redness of the extludates by 24･8%, whlCh

rrnghl be due, ln Part, tO the dlfference Il一 the co一or of the raw

'ngledlentS used before extrusion Inc】･easmg the moISlure content

from 15 to 19% decreased the redness of the extIIEdates by 5 3%,

but E-0 Slgnlfica】-t changes Ill the a巨value wel･e Observed by

changing the screw speed from 350 Lo 420 rpm Tncreaslng the

DDGS content froll1 20 to 60% resulted ln a 39.6% lnC】eaSe ln

ye‖ow】leSS Or the extrudates ThlS Was expected because DDGS

was yellowlSh ln COlor lncreaslng the DDGS contenHhus resulled

ll- a Slgnlfican( lrlC】eaSe lr) the yeHowr)ess of the resull1ng eXtru-

dates Changing the 一evel of screw speed dld not result ln Slgnlfl-

caJlt Changes日日he yeHowness of the extrudates but changlllg the

moISlLEre COntent from 15 to J9% d】d result 111 a 4 2% 1nCl-ease lll

the yel】owness of the exけudates ThlS lndlCated (llat the color

dlfferences ln the exLrudates were hlgh】y mfluenced by changes =-

the lT)0)Sture COlltent Of the lngredlent blend beFore prDCeSSlnB, aS

weH as blOChemECal changes.nslde the extruderAlthough no( de-
termined, the ovelaIl dlfferences coLlld乙11so be lnHuenced by dlfl

lerer]ces jn the color or the raw Engl-edlent bIends tllemSelves

Treatmen t Combillaliom Effects

The elfect orDDGS on dlffe.ent prDpeltIeS Ofextrudi'teS Can be

well understood throLIgh examlnatlOll Oil the tl-eatrnent COmb111atL()n

effects (F】gs IA) As the level of DDGS cor･[ent was changed,

S唱nlficar)( chLITlgeS ln the expanslon ratEO Were Observed How-

ever, there was no slgnlflcant effect on exp乙lnSIOn ratlO due lo screw

speed and 1-1川Stt.】e COlltent Of the ll一gled)ent blel-d ;lS DDGS

v'lrled ln gelleral, as DDGS content LnCre'lSed, the lrLOHtuJe

collLent of the extruJates lnC】e'tSed The molドLue conte)lt Of the

extrudafes decreased slgnlIIcantly ns the DDGS content lnCl･eased

At specJfic DDGS levels, both scEeW Speed and rnolstLLle COnterlL

of the lngTedlent blelld had sTgnlrlCant effects on vaHous physICul

prope】tleS Mo-stule col-tent aL.d screw speed had nglnllc'111t



effects on extrudate durablllty,川add-LIOn lO the 】evels of DDGS

pI-eSent ln the Lngred】ent mlX (FIE ]) ln generitl, at lowe】 DDGS

levels, bLLlk density `lnd unit denslty Were lower, but par(1CJe de】lSlty

was higher

The hJgher pallTCle denLqlty at lower DOGS leve】川-Lght be due

to the partJCle denslty dlfference betweell the components ‖l the

Jngredlent mlXeS themselves In generitl, WAI was hlgher aHower

DDGS levels, but there was no slgnzftcant effect on WAl due to

TT.0lSture COntent Of the Erlgredlerlt b一end oI screw SPeed itt 20 and

40% DDGS levels

白20% DDGS Ej40% DDGS EZl60% DDGS

1　1　1　1　1　0　hU 0 nV　∩)

(I)olteLuO!Suedx山

(qJVL%))uatu8aJnlSrOm

420/1 9　　　420/1 5　　　350/1 9　　　350/1 5

Screw speed (rpm) / Mo】sture content (%)

420/1 9　　　420/15　　　350/19　　　350/1 5

Screw speed (rpm) / Mo】sture content (%)

l　ハU　9　8　7　6　5　4　3　2.1nU　0　9　9　9　9　9　9　9　9　9

(%)A)IllqE'JnQ

420/1 9　　　420/1 5　　　350/1 9　　　350/1 5

Sc｢ew speed (｢pm) / MoISture COntent (%)

FJg･ I. Eflec【 of DDGS molStule COlllent, Lln(L screw speed on expamlOn

ra【JO, ETIOlmHC CO】lle)lL alld d"nb)Jlty 〔)r extru亡1くlteS (± StandaJd elEOr, bars

wLth A.rlerent lelLe.s were s甘1.f.canfly JJHelenり

However, at the 60% DDGS level, slgmnca】lt effects due to

moISture COlltent Of lhe lngredLent blelld were observed (FL富 3)

The co)or (brlghtness, redness, and yeHowlleSS) of the extrudaLes

was mostly due to color of (he lngred】en( components Ln the blend,

alld there was no effec【 due to eILher nlOISlure content on screw

speed at 20 alld 40% levels But at 60% moIStLlle COTlt叫changlng

the moIStLll･e COntent Of the lllgredlent b一end had a sJgnltjcant eHect

on the co]or of the extrudates (F]g 4)

Correhtions

CoITe]atlOr-nalysIS Of tlle multrvallate data provJdes valuable

lnlormatlOLl about the reLatlOnShlPS between the different proper-

t】es ln eXtruS10n LqtudleS A hlgher correJittlOn between some uJ1-

日20% DDGSロ40% DDGS田60% DDGS

nU 0 0 O　　▲U 040　38.36　訓　32　3

(巾LuO＼6)A)LSuaPe,PELJt2d

(eLuO＼6)]ilSuaP)Tu⊃

420/1 9　　420/1 5　　350/1 9　　350/1 5

Screw speed (rpm) / MoIStUre COntent (%)

420/1 9　　　420/1 5　　　350/1 9　　　350/1 5

Screvv speed (rpm) / MoISture COntent (%)

0　∩V nU 0 O　0　0　05　0　5　∩)　5　0　5　03　3　2　2　1　1　0　00∩)000000

(C⊆o＼6)^tlSuaP善g

420/1 9　　420/1 5　　350/1 9　　350/1 5

Sc｢ew speed (rpm) / Moisture content (%)

Fig･ 2･ Effect of DDGS, molStLIre Col-Le]lL `lJld scrcw叩eeLI oll PaltlCle

dens】亡y, LLmt denslly,くl】-d bu一k densl【y of ex汁udates (± standard e] roI I bars

wllh d】tlelenl 1etLelS Wele S唱･1.fkalltly dLrferenl)
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420/19　　　　　420/15　　　　　350/19　　　　　350/15

ScreW speed (rpm) / MoISture COntent (%)

420/19　　　　420/15　　　　350/19　　　　350/15

Screvv speed (rpm) / M()ESture CC･ntent (%)

Fig･ 3･ Elfec- of DDGS, molstule C(,王1te.1L, I"山CreW Spec° on WSE iuld

WAI ofextrudutes (± sfandald error, ba)s wlth (LけIeren1 letters were ng-

r11FjLLl11tFy LllmerentI

expected vLIrL`1bles alld love. CorrehtlOn between some cxpCCted

varl`lbles can lead to Important lnfe. erlCeS CorrelLltlOn COeftlclentS

between t11｢【erell【 varlabLes stLLdled ln Our eXPerlnlentS ale gLVen

ln Table IV ln thlS httldy. hlgh correlil【10n between expanstotHatlO

ilnd ul-1L denslty, bulk density.之Ind pLut.Cle JellSlty Was expected

But the hlgh colrelatlOl- COeLfiClent between the expansLOrHat10

alld color (blJghtness, redness, and yellown｡ss) was unexpected and

very lntereSt1mg lnfonmltlOn

ln anolhel StLldy uslllg DDGS (data not pubHShed), we obselVed

sLIOllg COrrelatJoll betweel- the del-Slty Of extrudates and color

SITTHILl=eSults were observed by Rosen【riLter et al (2005) durlng

extrusIOn StudleS Wlth corll mLISil by-prodLiL=tS with hlgh coJre-

latlOn COefflCLCnls, Lhele eXIStS乙l SLIOng llneLl王COrrehtlOn between

the v乙tnLlbEes HellCe. tt may be POSSible to develop some lowぺOSt

onlllle PrOductLOn COntl OI Tnetho血for exrruslOll 1)10CeSSlng using

colol nl011■tOrLng The h】gh corTekLt.Ol-OeffiCZent Of WAI with

dlfferent Je)lhllieS an⊂1 i;Olor of ext■Lldates was a王so ur,expcctcd

alld Wamnts luther study WAHs dlreC-Jy 1-eklted to cxtenl ol

prodLlCHlとlnStOrm乙ItLOn OCCLll.111g lllh】し1e the barlel i"A Jntelre1とIted

wLth vISCOS】ty, dcnslty､ etC･ The s(long L川eLu reliltlOnSl叩between

densLty, WAl, arid c｡101 Showed thとlL lt may be posゝ】ble lo (Leve一('p

a betteHml日､e pIOduct morllt｡1-111g SyStClll W,th the c(州bl】1e(1

efrec【 ot coわl al-J vISCOSlty The hLEh coITelatl(m WlLhln the co]ol

COIT-P('nel-tS (brlghtness led】1eSS･ and yeHow】1eSH) oF ext1LLd;Ltc､

wasexpeC-ed NeeiltlVeCOnek山｡】1 OどL win llFal-(日, =ldLCated

thaいlS Ltle brl望11tneSS Ol the exlrudaleゝ LLecleElhed. the redl-e､ゝ and

yeHowl-e" Ol the e九l.し.dil〔cs mC.eLlゝeC1 1-loweverl the pontLVe
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日20% DDGS口40% DDGS E360% DDGS

420/1 9　　　420/1 5　　　350/1 9　　　350/1 5

Screw speed (rpm) / MoIStu｢e COntent (%)

420/1 9　　　420/1 5　　　　350/19　　　350日5

Screwspeed (rpm) / MoIStUre COntent (%)

420/1 9　　　420/15　　　350/1 9　　　350日5

Screw speed (rpm) / MoFSture content (%)

Fig･ 4･ Er(Ccl of Dr)GS,.110.StL-le COntent, and screw speed oL- Color of

eXtrudates (± slLlllLlald elrOl , bars W】th d】汀elent leltel S WeJe hlgrLlftcalllly

dlfferent)

coITehtlOn betweer) a*　and b卜1nd】cLlted that as the redness

lllCreaSed, the yel】owness illso Increased

Ntjtrieilt C(,I-,ter.+._

BecLluSe the bleLlds 仙el-e ba]a】1Ced tor proteln dLlrLng fomlula-

tlOn,川CreLLmg the DDGS colltent from 2O to 60% had no Hlg-

nlficant efkct on ne plOteln COllterll of the extrudates However

lnerea川1g [11e DDGS c｡zltent flOm 20 to 60% dld Jesuit 】n a

69 3lPl, 111CEeLISe m the flber co11【ent (Table V) l】1 the st1111e Way,

LnCleLtHll'l DDGS coTltellt from 20 i() 60% JeSuhed川a 493 0%

lr)CretIトe m the rat contenl of the extludates The nlbe) colltent Llnd

lllL colltellt O川1e DDGS wits h】ghel thnl一me COln tloul lt】1d soy

flour ilnd, llenCe_ lnCleaHlng the DDGS content r)om 2() to 6O%

reullled ln SLglVllcLn1日-cre'tSeS m libel COntellt and fat COL.tent Of



TABLE IV

Correlation C(lerEicit･nts for All Mllltivariate Extrudate Datan

ER ED UD BD TD WAI WSI MCE L串　　　　　a *　　　　　b *

ER 1

PD　　　　　　　() 25()　　　】

UD　　　　　　　-0.899　　　-0 ] 92　　　l

B D　　　　　　　-0.967　　　｣〕 238　　　　0,922　　　1

TD 0.921　　　0 307　　　｣1.877　　　-0.940

WAl　　　　　　(I.922　　　　0 ()70　　　-一心.862　　　｣).941

wSI　　　　　　-0446　　　｣〕 334　　　　0 365　　　　0 3(7

MCE　　　　　｣) 293　　　　0 34J O418　　　　0 36J

L巨　　　　　　　0,粥6　　　　0 236　　　-一心.817　　　｣).898

0司　　　　　　　-0.7 I 7　　　-0 400　　　　0.735　　　　0.743

bd HO.921　　　-0 1 87　　　　0.81 1　　　0.910

7　5　7　57　0　5　′b

-　=　い　日　日4　cc Gb･I Ln
つJ　4　7　∠U QU

l一〇一〇〇.一079　0ノ　cc　7　7　11　3　4　】5　人U　′巾

.JH　､　ヽ　l./.r UB

-I U-山=-T-T

J　208　　　]

0 294　　　Jl.725　　　1

0 309　　　-0.908　　　　0.739

D V.llues ‖1 bold letters had slgmflCant (P < 0 05) corre)at】On coeffblC】entS ER, exparLSZOn ratlO, PD, exLrudtlte durab･llty, UD, unll dellSLly, BD, bulk denslty, TD,

pa'LLCle densLty, WAl, water absorptlO■Hndcx, WSJ, water so】ub-llty lndex, MCE, mo.store content of ex【rudates, L*, br,ghtrtess, a*, redrleSS･ b*, yel】owness

TABLEV

Nutriellt Content (% db) of Extru血tes wltlt D]fferent Levels of I)1Sti)lerS Drled GralnS WLtll So】ubIes (DDGS) (IZ = 2)a

% DDGS ProtelJI F]ber Fat Ash NFEb

20　　　　　　　　3053 (0 15)　　　　　　　3 62C (0 38)　　　　　　1 15C(0 09)　　　　　　5 93C (006)　　　　　　56 7ba (039)

40　　　　　　　　30 85 (0 J4)　　　　　　　450b(027)　　　　　　2 98b (0 17)　　　　　　6()5b (045)　　　　　　55 15b (026)

60　　　　　　　　30 95 (022)　　　　　　　6 13a(0 38)　　　　　　6 82a(0 】5)　　　　　　6 58a (OO7)　　　　　　52 60C (051)

a Means w】th dl#ererlt letters ln a COJumrL Were SLgmficilnt】y dlfferent (P < 0 05) Values ln ParerEtlleSeS are S(and壬lrd e】ror

ら NltrOgen-free extract (NFE)

the extrudates as well Increasing the DDGS content from 20 to

60% resulted ln a 7 3% decrease ln the n】trogen-free extract

(NFE) of the extrudates Dunng ethanol productlOn, most Of the
starch was converted to ethanoI Due to th]S, the Tngredlent lnlX

conta]nlng lower amounts of DOGS had Increased quantlties of

starch ThlS might result lrl a hlgher amount of NFE for the extru-

daLes wifh the !r･_gredlent lTIlX COntalmng 20% I)OGS Changlng

the leveIs of moISLure content and screw speed had no slgnlflCant

effect on lnOSt Ofthe nutrJent COmPOnentS Studled 】n our experl-

melltS

CONCLUSIONS

Thefloatablllty Of the extrudates IS a key factor for aquacu]ture

feeds All extrudates produced wlth experiments COnducted using

a full-factorlal deslgn WJth 【hlee leve)s of DDGS, two levels of

blend moIStule COntent, and two levels of screw speed were ot)-

served to float. Moreover, all extrudates exhJblted excellent floatlng

capabllltLeS Changmg the Jevel of DDGS had slgnlflCatlt effects

on au the properties Studied, such as extrtEdate expanslOll ratlO,

final moISture COntent, durablllty, Particle denslty, urt]t denslly, bulk

denslty, WSI, WAI, and color Changlr.g the moisture COntent Of

the lngredlent m】X had slgnlficant effects on extluda【e moisture

content, durablllty, bulk density, WSI, WAl, and yellowness Chang-

mg the screw speed had a slgnlficant Effect on partlele der)sLty,

bulk denslty, alld WAl of the extrudates Results from thts lndustrlal-

scale twm-screw extruslOll Study lndlCate that floatlng aquaCulture

feeds can be successftlJly plOdLLCed uslng lngredlent rrHXeS COntaln-

1mg ≦60% DDGS for the process condtt】Ons studled･ ThLS level of

DDGS lrlCIus】On has not been achieved m any Prior Studies, and

thus follow-up feedlng tl lab al e Wamlllted to determLne Whether

DDGS aHhLS level can effectlVely be used as a prlmaly alternatlVe

protein SOulCe for aquaculture feeds
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