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Abstract

This study investigated the effects of reactive extrusion conditions on resistant starch contents and pasting viscosity
profiles of starch citrates prepared at 10% and 40% (dry starch weight basis, s.b) citric acid (CA) using a convection
oven (CVO) and twin-screw extruder (TWE). A TWE without a die was used as a reactor for reactive extrusion
(REX). REX parameters were temperatures (130-190°C), screw speeds (10-50 rpm), and passage numbers (1-7
times). The FT-IR spectra of starch citrates prepared by CVO and TWE revealed the presence of carbonyl groups
of ester compounds. In starch citrates by TWE, the resistant starch (RS) contents increased with increasing tempera-
tures, decreasing screw speeds, and increasing passage numbers. Maximum RS contents were 48.4% and 93.3% for
starch citrates at 10% (190°C, 10 rpm, five passages) and 40% (170°C, 10 rpm, five passages) CA, respectively.
Starch citrates prepared at 10% CA by TWE developed significant levels of pasting viscosities, except for those at
170°C and 190°C. At 40% CA, however, pasting viscosity was significantly developed for only starch citrate (150°C,
50 rpm, five passages) with 58.0% RS. Overall, REX would be a potential way of preparing starch citrate upon
considering RS contents, as well as minimal losses of its physical properties.
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starch)o] Zx3}@ Aol o gk A3die] 7heial A 9
wdasty SHdA 7HE a9l ez dEA Ut

(Englyst et al, 1992). & 2]o]44 = (AOAC, 2000)°]
ogh QIks} Zhw Ao Aakdi S WAt ol <1
(phosphorus) &&o] F7FslHAl 718 tH(Woo & Seib,
2002). 2 o] & FHE Eof EAAA AT F
Englyst et al. (1992)°] 2]3l 222t pancreatic o-amylaseS
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H| 2L E 9] 7t S718ke AAolH(Kim & BeMiller,
2012), A2 852 7Ithslr] sl A =7HA] MAdA
2E Akl 7t d S dAdEel Ha) WE&E Ao v
o|2¥] Hmrt wdA e 5 ATE HEEAAS UE
WHTHWoo & Seib, 2009; Lee et al., 2012). L&Al <14ks}
7tast AEEE AT A, o] AAAQA FAHE
S MASHY, =2 AFAES B /-3 starch citrateZ} 7]
A tHXie & Liu, 2004; Xie et al., 2006). Starch citrate
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HAE BAES 7twslsth(Xie & Liu, 2004). o] ¢} 7+
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Hd Fh(Xie & Liu, 2004; Xie et al., 2006; Ma et al.,
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t 4EAETHRyu et al, 2006; Wang et al., 2007)3}
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AN BFE ARARE FoehS(G0mL)e] & IAHAZIZ 20nm FAZ gold:palladium (60:40)S Z2HA]
ZRAA oA 1087 wnkstal et 2hste] 45°CelA 71 3 AAYEA 2 ) 7 (JISM-6700F, Jeol Ltd., Tokyo,
Azxsle] BXFE =4S 93 ARRE Tt U3 A Japan)S o]&3te] AL SkvolA 600uf o] HiEE &
g AR RS FAEE Y AEZ SUtHLiu et ZEIA

al,, 2012). A" EAAE(1 g, dbE 250 mL H2FEets

Aol A 75% oNere F8NB0mL) EF5te] 50°ColA SHEA

30 T X®EL o= JYzhst & 05N NaOH BE WSS F I B4 HAa 33 o wHEESl A,
(10 mL)S 7}sto] 2ol A 24A17F &< wuketQiTth. 244] =43 EAXNEL one-way ANOVA #2418 F=3)5to] 3
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2% & Fr7IE AAsEET 23t A3 AH|"E 0.1 N EAo SAS Z 2T (version 9.1 for Windows, SAS
HC19] %S 2R H starch citrated| A F-2]8 F+AX ks Institute, Cary, NC, USA)°l 23] =3 =i},
A3tk Starch citrate®] FFREEZO] g FA4ke]
49 HE=Z starch citrate2] =X ¥ (molar degree of A
substitution)& 714+ THMa et al., 2008).
FT-IR AZEZ
FEoff Eigt Mol BT AHEZ(FT-IR) &4 37|24 AEAEAAY 7S o]8-31] starch citrateE
A AR} starch citrate] FT-IR &= EH- Spectrum s W AEEAEH AL ARl ester A9 &
One System (Perkin-Elmer, Waltham, MA, USA)E- ©]&3} AARE Felslr] Y&l AE-FALF TS EEe uf g
o ZALSIATH EESZE(FTIR grade, >99%; Sigma-  WFH2% 150°C, 23F &% 50mpme] FEHUE4F7E
Aldrich Co., St. Louis, MO, USA)Z} A& Al&E 9:19] 53] T3A]A starch citrate (TWE)S A|Z3l2 FT-IR 2%
TSR st B ete] FTIR 48 d3l8 A= E ]
AT FTIR 28 ERS 400-4,000 cm™'9] 3PSl &
4cem™e] SR EASI El
AE9 FTIR 29 EAESS YeUthFig. 1, NST) (Xie
MelMg et
A AR} starch citrate®] A FHE FFES AACCH
(approved method 32-40)° wg} A A ESFEA it
(total resistant starch assay kit, Megazyme Int., Wicklow,
Ireland)E ©]-8-3Fe] w48 ATHAACC, 2000).
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Fig. 1. FT-IR spectra of native starch (NST) and starch citrates
% HE= X%l 540174 (CVO & TWE). CVO indicates starch citrate treated at 150°C for
S| 2= DA B0l 1 h in a convection oven. TWE indicates starch citrate treated with
ATAEE FARLHY S o]&3te] &F1]F stubol a twin-screw extruder operated at 150°C, 50 rpm, and 5 passes.
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et al, 2006; Ma et al., 2008). Wt AWA @ E(Fig. 1,
CVO)# AEAEXRH7(Fig. 1, TWE)E o] &3t A=
starch citrateS 2 ester 2% <2] carbonyl ZH&7]o] <]t
stretching vibration® 2 F-8 A== 1720-1,750 cm™ <]
AMZE H3Z7F A=A THFig. 1, arrow) (Xie et al., 2006;
Ma et al., 2008). Wt AEZUEAHP7IE 712 AHE-
sh= 7ol AEAtel AL Afolo] o 2B siuk-g-o]

HISQIEAE0]| 2|8t starch citrate?| MEHE &h2f
Hlgotz: A g 2ol ez wE starch citrate®] A
FAE FF HstE A ATHEFIE 2). HETOEH
10%2F 40% A4S REGEE-S 150°Ce] A Q&
A 1A17F E<t A g sl A %3 starch citrate® 3+ T
Xie & Liu (2004)9} Xie et al. (2006)= H) AFHE
SHEES A7) 8l 40% TFAA FEe] vkgEF
150°C2] AWMA Q EBo|A 7AI7F F<QF ¥H-8-AlA starch
citrates AZ3AT. £ AFoxM = 2] vESAIHS
N7 2 =, ol HSYEAA T 93 starch
=

citrate®] A2 Al 23F FJHEE 10 rpmol| A

54-56%-°] QAT wEbA] vk
citrate®] REFAIZF o] WHEAIZHS FALSHA &7
Al N2 BHATE 10%9F 40% A4
WA 9 B.L o] g3ale] A %3 starch citrate®] A&
F2 717F 29.3%9}F 79.5%°1 At
W25 150°Cet AE5UE49 7] 43l 532 &
A5 AL (10-50 rppm)ol] 3t starch citrate2] #]
st W32 =AM THFig. 2A). 10% T84 &
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Syl WAl a2 321%9A 194%=2 AT
40% ALt TR = 237 FHAEE7F 10 pmel Al 30
pm o= W HA AR FFEFO] 90.0%004 58.2%=
sk ott 50 rppmolAE 58.0%% 30 rpme] -9 &
o] &l Apols YERNA] Ut T3 23F 3|HEE 10
pmol| A starch citrateE §/J3IRS o BRE A T=
oAl thxwre] A TS ZHSATE Wing (1996)
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Fig. 2. Effects of screw speed (A), passage (B), and temperature
(C) on resistant starch contents of starch citrates prepared with
different concentrations (10 and 40%) of anhydrous citric acid
using a convection oven (CVO) and twin-screw extruder
(TWE). Except for the mentioned parameter, other conditions were
identical: (A) 150°C, and 5 passes, (B) 150°C, and 10 rpm, and (C)
10 rpm and 5 passes.
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Fig. 3. Pasting viscosity profiles of native starch and starch
citrates prepared with different concentrations (10 and 40%) ot
anhydrous citric acid using a convection oven (CVO) and twin-
screw extruder (TWE). Except for the mentioned parameter, other
conditions were identical: (A) 150°C, and 5 passes, (B) 150°C, and
10 rpm, and (C) 10 rpm and 5 passes.
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Fig. 4. Effects of starch citrate concentration on the pasting
viscosity profiles of starch citrates with similar resistant starch
contents. Starch citrates were prepared with the twin-screw
extruder operated with different screw speeds of 30 (A) and 50 (B)
rpm at 150°C and 5 passes.

A3 TWE-303F TWE-500] A& a3 2kt 58.2%
o} 58.0%% oAl AFolE VERA] U THTable 1).
TWE-309] 7% AEALRAA T 78E 3o 809
A 120%% dsstels FolAy ol wad S3] 4
O (Fig. 4A), TWE-502 & stafo] St g4 ¥
o] Ayt F43] TEdsl thFig. 4B). =3 TWE-50°1
o] #H I H =(peak viscosity), & *]5 E(trough viscosity),
53] A &= (breakdown viscosity), %% =(final viscosity)<}
=314 T (setback viscosity)s Fo]AH HE EAXES
HEdAA 5o 1PE 3 ST7MIERT 3439 5
7Fsle 42 JEMIItH(Table 1). 5413 A AR 8

o= E--5}aL TWE-303 TWE-502] #lo]28 Hx=o] 3}
ol o]&59] EXFEe] zto] Wil A PrhXie & Liu,
2004; Xie et al., 2006). kA FALtel] <3l 7tastE
starch citrate®] 73--oll 1o A3 7HAAAS Bfsh7]
A= Hagke] dx g7t FRbEojor & Ao = A7t

o 01
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Table 1. Mean" values for the chemical compositions and pasting viscosity characteristics of yellow-fleshed potato flours

Citricacid  Starch MS? RS? TS? T,” Pasting viscosity (mPa-s)
(%, s.b) citrate (x10?) (%,db) (%, db) 4®) Peak Trough  Breakdown  Final Setback
8 K ; ; ; - -
TWE-30Y 32+03* 58.2+0.2° 10 - 41.5£2.1°  31.5£0.7° 10.0+£2.8° 62.5£2.1° 31.0+£2.8°
40 12 - 120.0£4.29 107.5£2.1¢9 12.5+2.1¢ 224.0+4.2¢ 116.5£2.1¢
8 88.1+£0.9°  708.0+£5.7° 535.0+4.2° 173.0+£9.9° 750.5+£3.5¢ 215.5+7.8°

TWE-50?  2.7+0.1®  58.0£1.0° 10 77.6£0.2° 1441.5£9.2° 977.0£7.1" 464.5+2.1° 1503.0+2.8" 526.0+9.9°
12 76.5+0.5° 2521.0+4.2° 1410.5+£6.4" 1110.5+2.1* 2440.0+4.2° 1029.5+£2.1*

Ccvo? 2.8+£0.1°  29.3+0.2° 12 - - - - - -
10 TWE-5PY  1.1£0.0°  30.6+0.4° 12 75.4+0.0" 2338.0+2.8" 1790.0+2.8" 548.0+0.0" 3218.0+4.2* 1428.0+7.1*
TWE-7P9  1.4+£0.1° 29.9+0.7* 12 75.5£0.1*  635.0+1.4° 302.5+3.5° 350.542.1° 613.0+7.1° 310.5+3.5°

) Mean value of two measurement; values within a column sharing the same lowercase letter are not significantly different in a given concentration of
citric acid (p<0.05).

2 MS; molar degree of substitution, RS; resistant starch content, TS; total solid content, T, Pasting temperature.

) TWE-30 and TWE-50 treated at different screw speeds of 30 and 50 rpm, respectively, under identical REX conditions (150°C and 5 passes).

Y Not detected.

 Treated in a convection oven at 150°C for 1 h.

® TWE-5P and TWE-7P treated at different extruder passages of 5 and 7 passes, respectively, under identical REX conditions (150°C and 10 rpm).

ok TWE309) slo]sg derh wdan) o Aol AR Azkan) 9 8% o] AdRe] sojay e
HREETEC] AEUSAI7E TAEAM A2 AT oF AR o] HolREES Axst7] fASIA = starch
z9] AR A AAANE 2A] ) AWA Qo] citratel= 10-12%2] FEZ AHESI]oF I 202 BrhE,

ol A|ZH starch citrate (CVO), TWE-309} TWE-502] Starch citrate®] A& FFo| wE ko] gk
e ed EAL AALESAREN AL o] &35l FAEY o 2517 98] A AR e SalEEA] AWM 9
thFig. 5). CVO2] A% o] dE9 dA+=7T 5% E(CVO)H AE5U=E4 3 71(TWE-5P, TWE-7P)& o]ﬁo}oq

2753 YA H] HEE AEAAE] FEE Ao o Az starch citrateE°ll k] 12% (wiw) 2P gl
2 GATFERE FAS AATh ol v TWE-303 A Flo|~8 A% EXXES ZASFAtHTable 1). CVO,
TWE-502] A&}l 122 &4 A=E FASIAT  TWE-5P$ TWE-7P2] EX3 w3 zhzt 0.028, 0.0113
CVO<] A ETH A8 TthFig. 5). ol Fﬂ‘“‘z}—ﬂ °|F 00142 {933 AolE YERo Y o]E59] A E
FE9 hdgrEd 3o od] WA sl At o) < SheES 203-30.6%2 HYE BAHOE Fo]2 <] o=

i

s £4% Aog AztEth 2Hoe TWE-302 TWE-50 Holz] ¢FSITHTable 1). CVO= 12% X E oA =
S R AEUAA FHE FASHL A= starch citrate o] 2" HE=S EEATIA XIS TWE-5PSE TWE-7P
Z 750l ATHFig. 5). WEbA TWE-309] so]~8 & = #oZ<Ql so|2=8 HE=E WIAZL TWE-SP7}
T wEEtA] e A AR ] &l ok ¥ TWE-7PRTE %8 39 I E5AS Ve A tk(Table 1).
WA A & JAN TWE309] EX=7t TWE-S0  oleist Axte ALt} AEEAts Abol9] 7has) vk
Hrh frelHom w2 e 2T w(Table 1) 74k A:=e] o] wieql Zom Aetdnt. At #5u4E4
ogt HMEEAE Atole] RIMigh 7kws) whgo] 8 Il AVIE 53] FHAIZ] TWE-5PS| 724 RS thA| st

Fig. 5. FE-SEM images of starch citrates prepared at pH 3.5 and 40% (s.b) anhydrous citric acid using a convection oven (CVO)
and twin-screw extruder (TWE) (scale bar = 10 pm). TWE-30 and TWE-50 treated at different screw speeds of 30 and 50 rpm,
respectively, under identical REX conditions (150°C and 5 passes).
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