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Sphericity Optimization of Calcium Alginate Gel
Beads and Their Physical Properties

Hye-Jin Roh

Department of Food Science and Technology, Graduate School,
Pukyong National University

A bstract

Calcium alginate gel beads processed with sedigmate and calcium
chloride were experimentally: optimized wusing res®on surface
methodology. The effects of process conditions loyszal properties were
also investigated. The optimum conditions for thead sphericity were
2.24% sodium alginate concentratiofil{ %), 0.059 mL/sec flow rate for
the sodium alginate solutioiXZ, mL/sec), and 459 rpm rotation speed for
the calcium chloride solutionX8, rpm). Under optimum conditions, the
predicted bead sphericity’,(%) was 94.5%. A 96.7+2.7% sphericity was
obtained experimentally using the optimal condsgiowhich was in close

agreement to the predicted value. The size andumaipgtrength of the



optimized beads were 3.6+0.14 mm and 520.96+29F8 kespectively.
Immersion in 90°C hot water slightly decreasedssiaed rupture strengths
of the beads. The size of the beads treated wi@l Blalution was increased
and the rupture strength of the beads was decre@msdll after NaCl
treatment for 2 hours. Treatment in different pHuBons had little effect
on the sphericity. The size and rupture strengthewadfected more by
acidic pH and basic pH, respectively. The beadsecbaith pectin and
glucomannan showed no significant changes in spherbut the size did
decrease with time. The rupture strengths of tteezbbeads were higher

than those of the uncoated beads.



Alginater= ZZFo] &A= 44 S92 polysaccharide
2 A D-mannuronic acid®} L-guluronic acid”} 1,4-glycosicde 2
oz AAx gt (Cosby, 19905 Go et al., 1999). L4
sHASet WHIE dstal 5 <te TS A, FuAE, H

’

—

S aPn wsoAEd 2L deld aRe AXn glev,
e SR _Qd olokE, #HAE, AF T @M

(Mcowell et al., 1970) 5 &2 Eofollxl && - AFE A},
Grant et al. (1973)= A 3t R Zkuwdd S S ofEsto =4
= WA A agars WAL + U= gelling agentsel T
dl A5 Fsilew, o dedE HBe =z IEAZE (Guilbert
et al., 1995) 2 capsule #|Z (Reicneccius, 1991)l Tt AT
T BaE

Alginate= bead®l JE|Z Ho] o|&FH=H, ol AW
st Azzo] wafAl EQEG T Edo] AxAA Fo v
g Aol A Aol A dAl Fafsty AHstEwE A A
QI WA FF Fokal do] oA AF7E A 9l
Salib et al. (1978)3} Chowdary et al. (1984)+ alginate”’} 27}
Folol YA gelst H= dEES ol&ste] °FES alginate
beado] BEUAZl nHAXTZHe| A3 AFE 51931 Bang et al.
(2002)2 ZEEIAE beadE ol &ste] HEY FHAEAES HAH.
gk Hvang et al. (1993)2 <714t beadE o] &gk 11 E 2 oF

I
=
Aol WEW FerEAd BE AFE s, ols BE 97

o]

_\:

o



T3] alginate bead® HAZ 3to] thker AAL Pkt w
2}A alginate bead?] #A|Zol UM FHA T 7P 7] EF719]

H Fag SAdolgt & ¢ ded, FEAAEoIT AxH bead’t
Quh} o) Fejol AeItE Vel AEZH beado] 373
7o) HlE&S YeRW Folth. Alginate beadE o8¢k Aol U
oA bead®] Az &4 FIS dFLE st Ao] o]

O} (Bang et al., 2002; Hwang et al., 1993; Salib et al.,

1978) A A A O 2 bead AR Al THY AL "Wal= dA4= A
o] ZholE + §lAUT).
Algiante bead A ZF Al T T HY S Lol 7] H3f

response surface methodology (RSM, Box et al., 1951)& o] &3}
Aot. RO Yl A3 AS independent variableo] Z#Hol A
olo] w2 dependent variable¥e] As 28-S el Aol
(Edwards et al., 1997). RSM= ©]&% F4HS HAsIst= A2
33 a8 %<l Ao|tk. Cho et al. (2005)% yellowfin tunaZs
o] &3} gelatin F= FHAZHAL, Ormenese and Chang (2004)+=
rice pastagE ©o| &3 AE4Ql pasta AZFTAHLE U= 5 &
oA A7 et

2 A= RME o]&ste] &XIAE bead Al Al 7EA S
o FHA =dg wow, FHH oA Axg beadd] 7FHEAA
S Yotry] fa @, €% B UIH Agste] TE45,

a
FAFE 183 beadd A7E ZHE T

rlo

i



1. 44A =

1.1 A8

Calcum alginate gel beads #AZE {3t gelst Ag=E L7114
UE%E (Katayama Chemical Co., Ltd., Japan)¥} A3t 7)A|=
4 A4 (Yakuri Pure Chemicals Co., Ltd., Japan)2& A}&3}
o EE IHE] EYH-54E goly] fet] AREE NaCle
Sigma Chemical Co. Z&E TFUsISIT}.

—d

o X2

1.2 38§ 4 A
FEY AR o] 8H pectin} glucomannans &) MSC AL A &=L A&

g
o
-
>
-
ofo
of

Folom ~E oo AlR-H RE AJSEL analytical grade

o,
s

2. Ay

2.1 HlE9] A=

Sodium alginate®] X, peristaltic pump? <3 {do]
F7 wkgxo] wuk £ 2o mE TP 5ol HA QI beads
o] Az F=ALS Lol gktt. Sodium alginated =5 Z+7z; 1.0,

1.6 2 220 wivZ =83 madsgy. o TFLANS



peristaltic pump (Cassette tube pump SMP-23, Eyela, Japan)&
o] g3te] Zk7b 0.03, 0.06 ¥ 0.09 mL/sec®] F&oZ AT F
Hol dAH e =& ol&sto] dxkzds 2% (w/v) A3
ol Aztatlon, dsbda st &oAo] #HI W n

AA
HhE T = 7hzF 300, 400 @ 500 rpmC. 2 beadsS A|Z3FTH. o]
[e]

HESAIZES 20 £o2 ettt o) AlE ol&ste] S

2RE beadsE £ @ H, AAFE LA A& AHlA A
Aotith, =20 1.94 m, 97 2.40 me] AL A8
 HEAYE RZ2ERE 9824 45 89 guAAY A

al
g24 8 emZ 1A 3AT (Fig. 1),

2.2 ¥|=9] pHA 7

HAZANA =R beadsE ol 85t pH 3, 5, 7, 9 B 11
o FREel A 2020 1202 7hA] 209 Ao E At W=
S

=4 Sd& SHSAL. ol B 7R pll AA 2=
= A% &4L0.1 N9 HCIF 0.1 N

23429 ¢ 2 Ed3H%

Beads?] 9A8l= AZH beadsE 2.0% (w/v) FIIHEEF &d9
o) xzﬂ/] /\]—EHE x}z}w}oq 1 Eg]x% ._/Hg OE]'O]'E_}/\jl Oad%‘r
Ao A TEE FHEHoE AZH beadsE 95T o] ol A

dF AT F A7), 7848T ®H dEAdE 5o 24 Sde &
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X

L
L

Fig. 1. Simple schematic diagram for preparing calcium
alginate gel beads with a siggle nozzle.

D sodium alginate solution, @ peristaltic pump, @ nozzle,
@ calcium alginate gel beads, ® magnetic bar, ®magnetic

stirrer, @ calcium chloride solution.



o} HQkt}.

2.4 ¥M|=9 37 39

2 Ao = gdIdF=2 pectin glucomannan< ©]-&38lo] 1
545 dotidn. Ui IEWNoEs 798 HH
AZH beadsE Ao Ay T8t 72 AAGS T F
33 2717} AAD beadsE 247 1% (w/v) & AFH 90T o)A+

EN

E

9] pectin solution®} glucemannan-solution®] 1% HXE X

% Az s2de A1gaaT

2.5 495 28 H =9 €34T

AZE beadsE ¥ ZHLE HIF I8 F 95T o9 2.0%

(w/v) fstdEw &g A ste] &

Aot 27], TEE T R AGEHE
J

Ao Eeld B4 et

o
|\
o
ol
¥
o

2.6 371 A

AFE 9 A4dd FAr 4 (BX-50, Olympus, Japan)< ©]&3}
of 40ufe] H]E&E= HFZESHA  Image-Pro programs ©]-835}o]
beads9] FA7E %@’E}Jﬂr oluf beads® Z7|= $19 ZHE=R
AZH beadsE 27 5714 FALAE =l = AAH dAHES =
Aot 1 HJH o= Y.
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2.7 794% 54
Beadse] Z718 4% o dold 74 W@ ©Ael gL

MEgE EASAT.

2.8 3ER= 4

Zy7kol AW RE AlZE beadsE 57/MY =2 ©] Rheometer
(Model CR-100D, Sun Scientific Co., Ltd., Japan)E& A}-&3}]
=435t oju) AF&3F plungere= A7 10 mol dHH S ALE
AT

2.9 Response surface methodology

Sodium alginateE ©] &% bead AE A T+ HAxEA
S ol 7] Y3 response surface methodology (RSM)S o] &3}
Ay, A3 =@ oejadsle] A3E e O R alginate beadse] Al
% A] sodium alginate] - F% (X;, %), peristaltic pump® =
(X2, mL/sec)? &Ho] T whgx9 ik &%= (X3, rpm)9 37}
A F82 29% independent variable® A3} t}d. Experimental
designe Table 1°] YeElW oW, Z+ZFocoded FLe] rangeset
levels 3709 F3F (-1, 0 DOE YA,

Dependent variableZ+ beads® TdHT5oZE AU, E
AT 16 7oA 2ol Feilon Zzke] dAF3ke Table
2o ey, BE A3 datai= SAS software (Version 8.01,
SAS Institute Inc., USA.) ©] RSREG procedureE ©o]&3sto] &7
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=As3laL, wkeRERd e @ s wEoR 99 o FoF

S
oA AHgtsl wheEH el 2 (response surface model)S

Y 2180+ilg|xi +i18|ixi2+i ilgljxixj

i =i (D

Y+ dependent variable = beads® T+HE& (sphericity, %)=
Uetd Aol , By v BF, B Li, Bi T regression
coefficients, L83l X;, X; © independent variable 2] level
= UE Aol

Response surface plots= Maple software (Maple 7. Waterloo
Maple Inc., Canada)E ©]&3lo 3z == el eoy,
F709] independent variables®] functione ERE wo= o2
3} 9] independent. variablet™ optimal condition®. = #X*]3F A

ol A e 5 el A
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Table 1. Experimental ranges and values of the independent

variables in the central

manufacturing process.

composite design for the bead

Ranges and levels

I iabl |
ndependent variable Symbo 3 0 1
Sodium alginate
concentration (%, w/v) A 1.0 1.6 2.3
Flow rate of alginate
solution (mL/sec) A2 0.03 0.06 0.09
Rotation speed of calcium e 200 400 =00

chloride solution (rpm)
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Table 2. Central composite design and responses of the

dependent variables for bead processing to the independent

variables.
Ru No. Coded level of variables Response

A7 Xo Xs Y
1 -1 -1 0 84.0
2 +1 -1 0 94.2
3 -1 +1 0 67.0
4 +1 +1 0 94.9
5) -3 0 AL 77.1
6 +1 0 -1 94.3
7 -1 0 +1 58.0
8 +1 0 +1 94.7
9 0 -1 y 95.9
10 0 +1 Fl 88.3
11 0 -1 £, 93.2
12 0 +1 +1 93.0
13 0 0 0 88.8
14 0 0 0 90.2
15 0 0 0 88.9

V (Sphericity, %), X; (Sodium alginate concentration, %), X
(Flow rate of alginate solution, mL/sec), X3 (Rotation speed

of calcium chloride solution, rpm)
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3.1 BEEEHEN S o] &3 H|=9 TP H A3
E AFE sodium alginateE ©] 83} beadE A|ZF 3F3T).
Response surface methodologyES ©| 833 2™, bead®] & =
4 T7E4SY H4 205wy, 79 A45& AEH bead’t
driy 7o FHjol| 7T HE YElE AoEAM, Aao A
I A dolo v &S YE Aot A 5 (1995)2 Tl

He 713y 23148 2E Aol w52 ka5 of H] A
S E& F+dAS (Y, sphericity (%))o] F873F FaFS v X =
Q9le ¥y o, central composite design (CCD, Box, &

Wilson, 1951)° 2]al] center point 2 rangeS A3} Tl. Bead
A FHA  independent variable = A%k sodium
alginate® 5% 1.6 % (w/v), peristaltic punpE &3] =7 H
W+ sodium alginate solution®] < 0.06-mL/sec Z} goMo] ot
Rhg o] Wk £ 400 rpm 37HAE- A3 (Table 1). 15
ol A Aol el Hom, Az F3bolA A xHE bead®] T
&S Table 20l YERSITE. Table 29 ZA#E AojXl datad
S software®] RSREG procedureE ©]§3lo] whgxHEA g 4
HFEFO 2 linear (X7, Xo, X3), quadratic (X7, X, Xz) L
interaction?} #HH EEI FYAHES t-statisticH 7t
model 9] = = A4 9 analysis of variance (ANOVA) <]
of o 2z v Ed Ao FAF FodE Frisidt
(Table 3). Linear coefficient+= X; (2 =0.0001), X> (P =0.0111)

S

-

oo
SR ST

U
1%
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Table 3. Estimated coefficients of the fitted quadratic
polynomial equation for different responses based on

t-statistic.

V (sphericity, %)

Coefficient P-value

Intercept 89.3000 <.0001
Xi 11.5000 0.0001
Xo -4.2625 0.0111
X3 L) S8l 3 0.0275
X7 606750 0.0086
XiXo 4.4250 0.0343
XXz 4,350 0.0246
XoXo 2.4000 0.1929
XoXs -0.6500 0.6892
XoXs -1.6000 0.3621

X; (Sodium alginate concentration, %), X> (Flow rate of
alginate solution, mL/sec), X3 (Rotation speed of calcium

chloride solution, rpm)
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9 (P =0.0275)% UJERY % P <0.05 £3dA oL 1}
EFU T, Quadratic coefficient= Xz (2=0.3621)2 #|9] 3+ Xy
(P =0.0086), X (P =0.0246)% P <0.059] FFolA fFolde v
B}, Interaction coefficient®] A XXz (P =0.1929)<}
XXz (P =6892)%= P <0.059] FFollA Fo4dS YepdA Xt qt
A XA (P =0.0343)8 P <0.059] FFAA Fo4E LR
Response surface model equation< 95% probability levelol]X]
ToAdol AA-AFHA &2 3709 termES A Llste] T okl (2)
2 YEIAH.

89.3000+11.5000 X1 —4.2625 X=3.3375 X3 — 6.6750 X;*+4.4250 X1X2—4.8750 X1Xs (2)

0.9726°. & et OoH, 2 ¢ P
T R ool YEE AL, o
A= 43 designe 7] W Ao=® oAZH.
Z WMo whE Analysis of variance (ANOVA) 415 &8 1
(sphericity, %)9 ¥r& RHES FHsion, 23 ot 24 2
o TAA FY8e Wrrstel HERAATE. ANOVAS] Z 3} linear
term¥} quadratic termolA &= 99%°]de] L FFoA
probability7} 218 %A}, Total regression modele /&0.0001=
99% ©] &< leveld probabilityollA ool VeSS lack
of fite Z¥ (/~0.0033)% dependent variable ¥V = 99%
probability levelo] A Ed219] f-o]4]o] e (Table 4).
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Table 4. Analysis of variance (ANOVA) for response of
dependent variables (V, sphericity, %).

Res—

Sources DF SS MS F-value P-value
ponses
)4 Model 9 1821.6615 202 .4068 232.23 <.0001
Linear 3 1559.6425 519.8808 338.95 <.0001

Quadratic 3 155.3765 51.7922  350.90 <.0001

Cross product 3 106.6425 355475 6.84 0.0321

Residual S 58.0225 11.8485 - -
Lack of fit =~ 3 58.0225 19.3408 ~  302.08 0.0033
Pure error 2 1.2200 0.6100 a -
Total 14 1880.9040 134.3503 A -
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W g™ 24 A3k el optimal conditiono]A12] coded #k
I} uncoded FtLS Table 59 YWEFWHATE. RSREG procedure®] 23}
of o]8tH, eigenvalue #FEOl ¥ =57F &7 HEh saddle
pointE YEMSI T, Sodium aginateE ©] &3+ beadd] A|F oA
HA ZHoNA coded S sodium alginated HF% X, = 1.07,
sodium alginate solution® <& X, = -0.02 18]1 sodium
chloride solution® WHFEE X; = 0.59%2 YEY O™, uncoded
7S sodium alginated] &%= X, =.2.24 (%, w/v), sodium
alginate solution® < X. = 0.059 (mL/see¢) 1¥]3l sodium
chloride solution® WHFEE X, = 459 rpm o2 YEST.
Optimal condition®l] 4] ‘dependent variable(V, sphericity) <%
He 7EES 9.502 JEReH | AAE HAH =M 73
& 95.2%% predicted value} £ zFo]E H.o|A] &Qkt} (Table
5).

_19_



Table 5. Optimal conditions for the bead manufacturing process

from sodium alginate.

Dependent Independent Critical value Stationary Predicted Experimental

variablr variable Coded  Uncoded point value value
Xi 1.07 2.24
r Saddle
(Sphericity, X -0.02 0059 , M5 96.7
%) point
© X 0.59 459

X7 (Sodium alginate concentration, %), X (Flow rate of sodium
alginate solution, mL/sec), X; (Rotation speed of calcium

chloride solution, rpm)

Table 6. Physical properties of beads manufactured using the

optimal processing condition.

Sphericity (%)  Diameter (mm)  Rupture strength (kPa)
Bead 96.7+£2.7 3.6+£0.14 520.96+£29.98

_20_



3.2 Response surface plots

Fig. 2+ independent variable (X;, Xo, X3 7} dependent
variable (ol v X+ <3S Maple software (Maple 7.
Waterloo Maple Inc., Canada)E ©|&3}oI32Y graph® YERA
Aolth. Beads AXFAHANM FEE IS vA= T &
dore 98 7HAE & F Aed ¥ dAFelAME= sodium

alginate ¢ &% (X;, %), sodium alginate solution® <

i

il

(X2, mL/sec) 1¥]3l sodium-chloride solution® ¥k &% (X3,

rpm) 7} bead®] Fa &l VX G dsir] Lolr T, wet

X response surface plot+ sodium alginate® &%, sodium
AL

alginate solution® < 18]3l sodium chloride solution xl

W EdA A e el (Fig. 2). WSEW 2445

Eeld optimal condition®l 4] 9] uncoded #=S vlE O R HAX
Ao A AZ3 beadd ETVZH SAS A¥E Ay FIAHFT

96.7t 2.7 %, A7]+= 3.6 0.14 mm, TFEFE== 520.96+ 29.98
kPaz® YE}sETF (Table .6). Response - surface plotolA sodium

b

alginated HEE =S+= sodium-alginate solutiond %
2 sodium chloride solution® IWHELEE G422 o 1y
T2 Holg FHAo=E YElWom | X (concentration of sodium
alginate, %)©] bead A ZF Al +3& V (sphericity, %)ol 7}&
2% 9SS v A= factor® YEFST. A9 Hwang et al.
(1993)9] H.a1o] 93t 3% (w/v) ILFFE°S sodium alginateol
A beadZ A Z e ¢ tailing Tl YElUE Aoz ¥y o

, AA AF AT sodium alginated &% (%, w/v)7F 2.4%

_21_



Ty vy Ny,

e
l""‘
LA

Sphericity (%)

Sphericity (%o)

Sphericity (%o)

Fig. 2. Response surface plots for bead manufacturing process
from sodium alginate. X; (Concentration of alginate, %), X
(Flow rate of alginate solution, mL/sec), X3 (Rotation of

speed of calcium chloride solution), ¥V (Sphericity, %).
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(w/v)7} dow  tailing @Ato] e
alginateE o] €3l bead AFE T+HEL

257

-
ke

559 sodium

fe Aoz 4

i)

o]

A

3.3 pH A& W3lo] W& vz EF 54
HAZHANA A|Z3+ calcium alginate gel beadE pH 3
7, 9 and 11 €N o]&3lo] 20%olA 1208714 208 A=
84 54 SAste] Uehlie Hl=o FEAASS EE pH
TRl A A A 7ol ok WA Fa 95% o] 2 7T
= Blon Pojup dEA et virvtAl = A ARt ©E &
e AFE YERA = % (Fig. 3). Hl=9 A7) pH A g
Al AJZbol Aol wEp ZolA|= Ak YERSIT (Fig. 4). A
= 208 AHAlol Mg §4¢ AAE silen, oF M= 7]
A Faeste ddes HEYE. 28l pH7F S
Ao vl A7) FAaeS ot pH 114 v »j=9] =717 7}
e H 3 wo] vz =77 718 J& Ao=
UEbstth. 202 HE SEdES GotE gt (Fig. 5). HE=
A= 78 P7HAI R pHE N o] A ARt whel Zhas
st Aae Bolon, HA Tkl Hlsg AEs HERSL
o ey =9 7|9 R E pHVF Y E sdAd R 3
Zgo] Aotxl= Aoz YEHT. Go et al. (1999)9] Halof u}
2} pH7} AHd A o sodium alginate’} AL dAsHA =4 o
o= Ao Aslsol Hoju fEAE Al gy B
A B =4 e o2 oA

1

!

kv
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—o— pH 3
—O— pH5
—v— pH7
—v— pH9
—&— pH 11
o
S 100 F
2
S
o)
3
95k
0/( 1 [l | | | | /(
20 40 60 80 100 120

Time (min)

Fig. 3. Changes of calcium alginate gel bead sphericity by

different pH and reaction time.
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Beads diameter (mm)
w
N

w
w

3.2

0 20 40 60 80 100 120

Time (min)

Fig. 4. Changes of calcium alginate gel bead diameter by

different pH and reaction time.
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600

—— pH3
—O— pH5
—v— pH7

< 290F —v— pH9

ol

<

N

S

2

%)

2

2

o

S

4

1 1 1 1 1 1

0 20 40 60 80 100 120

Time (min)

Fig. 5. Changes of calcium alginate gel bead rupture
strength by different pH and reaction time.
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AxH o W= pE e we =24 54L& FEdTd=
Y= A9 mAA gor, e A7) 2 3dAdEE 7 pld
of WAE = A7kl oS sopx= Aoz yeiyt. I

1= A7) AN AL GAPEE BYY A4S 9T

A W= Ao 7 e

tjo

3.4 § R d2AY HE HE=9 EIFH 54
Bead®] A3 &= Sk 54 oz d®AYE 30&0A 34
7kA] 308 G E A2 ko] beadsd AL Lol T, Beads

o] 2813 EXo=E FIdAMT, wEAE a3 beadse AVE

2 zolA AFEH beadsE ol&ste] EF A AjFte] w
2 79 A<= 574sto] Fig. 69 HERldt. HF 7oA A
T2 96.7% 2.7% 7ol 7Hhe FElE JERRL

g A TS AAZH R HHZNA
AzxF beadBth 5 E2 A UEHWAT. EF A2 A F
PG5S AT AR TR A e {§-o 4R Afeol &
Uetsloy, 545 S BolA= FAdT. 2% A Al A
2iE beadd THATS 92-96%% UElGTr. FEA SOl ol
3 zpolE YERE sty & AfolE HolA @gow, AEl Azt
of ot AgFE HolA= AT,

A z70M AZH bead? A7]= 3.6+ 0.14 mE LEGEO
™ (Table 6), €% Ao WE beadd] Z7|WM3E LolH Qhtt
(Fig. 7). 30 €% #g& sd& 4%, 3.32 m= FA2 g

BN
e
o
@

V]

[N
1o
ot
ox,
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—e— Hot water (90TC)
—0— 2% NaCl

Sphericity (%)

0.0 0.5 1.0 15 20 25 30
Treatment time(hrs)

Fig. 6. Changes of calcium alginate gel bead sphericity by

different treatment time.
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Fig. 7. Changes of calcium alginate gel bead diameter by

different treatment time.
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Fig. 8. Changes of calcium alginate gel beads rupture
strength by different treatment time.
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Fig. 9. Changes of calcium alginate gel bead sphericity by
different treatment time.
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Fig. 10. Changes of calcium alginate gel bead diameter by

different treatment time.
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Fig. 11. Changes of calcium alginate gel bead rupture
strength by different treatment time.
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