
K.Peun ,/ , t  (Twin &lg., 7(1 ) (19901 I-6 

A KINETIC STUDY ON CALCIUM ALGINATE 
BEAD FORMATION 

Hae-Sung KIM 

Dellarlnient of ChCqllical EnQ.ll>'u~t~-:. Myong-Ji Um',.ersity, 

Sudae[lttunlku, So'Hill 12i!-728. Kt,ea 

(Reeeil 'ed 16 N . + e m b e r  l.g&~, ' * (l( { ,7)ted 16 ()Ctol)e# 1,989) 

Abstract--Ca-Alginale-Gel is one of Ihe must widely used carriers fur cell entrapnieul. Since gel 
furn/ation can take place under mild conditions, entrapn~eut in this matrix is ve~, suitable for immobilizaliun 
of viable cells and it has found most extensive applicatior~ Despite of the extended use there have been I]() 
kinetic data relaled to gel f,.:,rmation ot alginate with cahium iun. In the present work Ihe kinelic' study was 
accomplished to nlore fully elucidate lhe transienl slruclulu transformations involved in the gel fornlaliun 
using shrinking-core modeh The proposed kinetic model iuay be successfully exlended tu acr fur the 
I~'ansieut behavior and cllntplele gellir ~ time as well as s~mi,., useful inf~rnlation of Ihe gelhnf4 conditions in 
lhe [)rucPss of Ca-Alginate-Gel. 

INTRODUCTION 

Ca-Alginate-Gel is one  of the nlost widely used 
carriers for cell entrapmertt. Alginate, the nlaj<u 
smictural p,Jlysaccharide of niarine brown algae, con- 
tams ,8-D-niannol.)yranosyt uronate  and a-I ,-gulopy~a- 
i,~,s'+l unma le  in regular (1-4)-linked sequences  i l l .  

B,.~tl, bumopulylnerk;  sequences ale fouud to~'elll- 
er. although t,~ different extents,  in all algi[late 
n[olecules. Mixed sequences  cuutahfing both nltmu- 
mer  arc' usual]} also pres,'.'~t ()tie of the [3/os1 illl[)l)r + 
rant aud IlSefl! I pr(,l.,erties of alginates is tl-e al)ilil',: tu 

fl>nn Eels, in the presence of divalent catiol s. especial+ 
Iv calciun[. The calcium ions react prefereritially wilt[ 
the i),alyguluronic sequences before reacting with tile 
po lymannuronic  sequences !2]. It is quite l ikely Ihal 
the mixed sequences play mJ direce role n the gela- 
l ion with calciuru except to join the asst:,ciated :se- 
quences am] hence provide a three-dime[mional net- 
work of cruss-liuking in the ge] [3]. Since gel forniatiuu 
can take place under  mild conditions,  enh-apmeul  m 
this n[atrix is ve~ '  suitable for irnnlobilizati. ~n of viahie 

cells and it has found most extensive app icatio, n [ I ] .  
Despite of the extended use there have beet~ no kinetic 
data related to gel forniat ion of alginate with calcium 
ion. I .  tile presenl work the kinetic study was acconl- 
plished to more fully elucidate the t ransient  slructtn,., 
t ransfumlat ions  involved in the gel forniation using 
shrinking-cure model and the proposed ki ietic nuJdc, l 

may be extended to account  for the Iransienl  behavior  
and  coniplete gelling time as well as sunie useful iufur- 
mat ion of the geliing conditio[:s iu the process r Ca- 
Algii~ale-Oel, 

THEORETICAL BACKGROUND 

Alginate Eels are heteropolynler  carboxylic acids 
cr . f  # - D - m a n n u r o n i c  and a-L-guluronic units 
l inked by ],4-glyc:osidic honds.  It is formed by contact- 
lug alginate solution with caMuni  chloride sr 
The  calcium-alginate reaction should be considered as 
follows [3] 

2 N a A l g + C a ' *  CaAlg e 2  Na- 
Almost inslantly calcium alginate fomis on the surface 
of the sodium alginate stream, and  it main ta ins  tile 
shape  it had wheu  contacted with the calcium chloride 
solution. Initially the center  is unreacted  sodium al 
ginate, but over  a period of time the calciunl ion will 
diffuse into the ~enter and form a complete  calcimn 
alginate structure. During gelling process the b o u n d a o  
of calcium alginate gel will move toward the cenler  
fnmi the surface while  calciurn ion penetra tes  the 
porous gelled layer, as shown in Fig. 1. Assumin~ dun ~- 
inant  pore~diffusion kinetics and pseudu-steady-state 
approximat ion  in the gelling prucess, the governing 
equat ions  can be presented as follows. 

O 0C 1 ,::3 ~ zcgC 
= a ~  = r  ~ o r  (U~r Or l ",1) 
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Fig. !. Schematic diagram of a gell ing bead. 

[-3 C 

C=C{, at r = R  

C=i)  at : : : ~ c  ,2) 

The col~cenlrathm distribuduli of ('a ion in the gelk'd 
layer is given such as 

R r c  I 1 
C / C ~  R- r~  r R ;' i3/ 

The transfer rate of Ca ion at the {,uter surface is {}1> 
rained front the flux. 

dN z dC Co 
ctT =47rR D e ~ r  } ,-=R=4~D~ 1)rT_~ 7 ~ 

The rate of consumption of sodium algmate is gjvell 
from the volume change of the gelled layer 

d W _  d __ ~ 4 2dr. 
dt dt I P 3  ~ r r~) :  

The transfer rate of Ca ion must be the rate of oon-  

s u m p t i o n  of sodium alginate 

dN dVr 

C~ ~,drc 
4~rD~ 1 / r ~ -  1/R -- 4,rpqr~ dT" (7) 

So that, 

f f ~ _  i t  1 . , ,  D~Co f t  

For a gelling bead, defining 

R 
r Ro (9) 

r ~ (l#, 
7=R~ 

R' - r ~' (11) g : =  a a 

~ o  -- f c  

the resulting kinetic equation is as follows [5]. 

pqR/, t - r 
{12; 

EXPERIMENTAL METHOD 

1.75 per cent (W/V) of solution of sodium algiuaie 
was made by dissolving ]0.5g of sodium alginaw (Kel- 
co, Keltone LV, MW 25J)00-50,000) in 600 m/ uf 
dislilled water. The solution was filled into a ,:ylindri- 
ual reservoir and co, repressed air was used to force the 
solution through 20G hypodermic needle mounted 
coaxially inside a 4.76 mm tube for concentric gas 

flow. The coaxial tube was used to blow off the alginate 

dr,upiets at the conIr(;lted diameter of 2.42 • 00t 
mm by' c,.;nceutm gas stream. The drop size was dele> 
mined from the fMwrate of alginate solution based un 
the time lu fill 10 m / a u d  the formation rate of alginale 
drop based on the number of drops to be collecled m 
the calcium chl,:;,ride soJutkm during known fornmtion 
unle. The 7 or 8 algmate drops were formed in a few 
seconds and cot/tatted during fixed time with calcium 
chh.,ride solutions of known cortstant concenlratinns 
which were gently stirred in the apparatus sht.,v,,u m 

needle pressure 
valve gauge 

ventneedle rotanleter ? s;O2a4e needler 

air 
o 

/ ~  ~ 1 7 6  / 
l O O O _J- ~' magnetic bar 
~ ' ~  ~ ~ . . ~  filter 

f o ? 
i magnetic stirrer } 

Fig. 2. Experimental apparatus for gel l ing bead. 
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Fig. 2. After known contact lh;~c lhe calcium ion was 

washed off carehttly from the fnrnled bead with dis- 
tilled water. Inslanllv the bead size was measured un 
the microscope with 45 tunes magnificatioJi. All ex- 
perJnlenls ,,,.'err five times (h,r.c repuatedly keepmf4 
ccmstant aH parameters other than the c,..mcentrati,.m .of 
calcium chloride solutions at the room temperature 
{22 ~ * I~C). With these pro(edures the bead size-hnw 
ddta were ~4_qainr d for calcium chloride soluti(m ,.~f 25 
[] ~ NI, ~ l ( ) [ ] l k I ,  75 [~[k~, 100 mM and 125 mM 

R E S U L T S  A N D  D I S C U S S I O N  

When the alginate drops were conlacting with ,.al- 
cium ions, ahnost instantly calciLli]l alginate furnted un 
the surface r the, sodium alginate drops and it main- 
rained the shape it bad. Even with 3 mM cakmm chlo- 
ride solution it cr be practically possible. Its sha F, 
was probably spherical but son,crimes skewed in the 
low concentration range less than 175% iW/'v'] su- 
dium alginate concentration. More than 50% uf the 
beads had a perfect spherical shape f,Jr 1.75% (W V) 
alginate concenl~ation which ,,,,as satisfactory for if, is 
work. The coilceiltration of calcium chlorid,.' SolUtion 
also had some effect on the shape and humoqeneily uf 
beads. The calcium chloride solution higher thai] 1 M 
often made some bulges on the surface of beads during 
gel formation of sodiuru alginate. The bulges seemed 
to be formed through a rapid release of the bound 
water driven by the osmotic pressure within a]ginate 
network. The homogeneity of bead structun ~ was also 
exam ned by an optical microscope. Higher concen- 
tration of calcium chloride caused some water cavities 
(typically 15 ,urn x 40 ,~m) within the gelled layer of 
beads. The water cavities were relatively frequent in 
the concentration: range of higher than 125 mM ca{- 
cium cffloride. Accordingly, the kinetic study was 
done for ].75% (W/V) alginate drops in the concen- 
tration range of 25-125 mM calcium chloride. 

Calcium alginate gel exhibites the phenomenon of 
syneresis, or loss of bound water. It is the sp, mtaneous 
release of bound water with contraction of the gel 
volume, indicating that the t::,olyguluronic sequences 
of alginate are making the junction zones in the gel 
network with calcium ions. Since the junction zones 
form the frame work of alginate gel, the number of 
junction zones can be interpreted as being progressive 
indication of the gel formation. The change of bead 
volume must be corresponding to the rumber  of 
junction zones and the bead size was considered t~.~ be 
a progressive indication of gel formatkm ill the Cal- 
cium-Alginate-Gel system. 

Fig. 3 gives the dimensionless radius ,of alginate 
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Fig. 3. Trans ient  variat ion of d i m e n s i o n l e s s  bead 
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Fig. 4. ~" vs t plot  for  a lg inate  ge lat ion  with  25 mM 
CaCI z so lut ion.  

bead as a function of the dimensionless time in tile 
gel formation process of Calcium-Alginate-Gel. The 

radius change of alginate bead appeared to indicate 
the transient process of gel formation and the gelation 
was completed at the dimensionless radius of (!.815 
with the volume contraction coefficient of 0.,541. The 
time for complete gelling was determined as the time 
for the dimensionless radius to be 0.815. As shown in 
Fig. 3 the result shows that the transient behavior of 
gel formation can be shown well regardless of calcium 
chloride concentration, on the r versus 0 plot with the 
dimensionless time based on the time for complete 
gelling. 

In Fig. 4-8 the ~ versus t plots are shown to deter- 
mine the effective diffusion coefficients of calcium ion 
in the gel formation process of sodium alginate with 25 
raM, 50 raM, 75 rnM, 100 mM and 125 mM calciun~ 
chloride. The experimental values of I/" were correla- 
ted linearly well with respect to the lime t and the slop- 
es of the ~ versus t plots were found by least-square 
method. The vahJes of the slope were 3.34 ~.: 10 -:* 

Korean  J. Ch. E. (Vol. 7, No. 1) 
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rain ~, 6.81 • 10 3rain i, 1.07 • 10 2rain-I, 1.60 • 10 2 
rain 1 and 2.37 • 10 2rain 7, giving the time for cum- 
plete gelling 80.2 rain, 139.4 rain, 25.0 rain, 16.8 rain 
and ] 1.3 rain, respectively for 25 raM, 50 m M  75 mM 
100 mM and 125 mM calcium chloride. The slopes 
nlusl be 2 C,DH'pqr~, according to the proposed Hleu- 
retical equation. The wdues of pq should be found tu 
determine the effective diffusion coefficient of calcium 
ion. The main contribution to structural integrity of 
alginale gel conies from a buckled two-fold conforma- 
tion of polyguluronate sequences whose the maxinmm 
calcium-binding capacity is known to be 150% of [he 
stoichiometric equivalent m terms of "half egg-box" 
model [6,7]. The value of pq was estimated to be 
8.35 • 10 ~ moles Ca/cnl 3 alginate solution for 1.75% 
(W/V) sodium alginate solution with 17.7% guluronic 
units since stoichiometrically 7.2 % calcium is required 
based on the weight of sodium alginate for complete 

substitution [3]. With the above value of pq the effec- 
tive diffusion coefficients of calcium ion were deter- 
mined from the slopes of the g," vs t plots and were 
8.17 x 10 -6 cn~2/min, 8.33 x 10 6cm2/min, 8.87 • 10 ~; 
cm2/min, 9.94 x 10 -6 cm2/min and 1.16 x 10 -5 cm:~/ 
rain respectively for 25 raM, 50 raM, 75 raM, 100 mM 
and 125 mM calcium chloride solution. 

Fig. 9 shows Ihe effect of calcium chloride concen- 
tration on the effective diffusion coefficient of calcium 
ion within the calcium alginate layer during the gel 
formation process of sodium alginate. The effective dif- 
fusion coefficient appears to increase with increasing 
concentration of calcium chloride from the value of 
8.17 x 10 -6 cm2/rnin at 25 mM calcium chloride solu- 
tion. The effective diffusion coefficient at 25 mM cal- 
cium chloride solution is likely to be the effective dif- 
fusion coefficient at infinite dilution of calcium chlo- 

January ,  1990 



A Kmelit Sludv (1[t Calciunl Al~il]au, Bead F~rrnatior~ 5 

1.5 �84 

E E 1.2 

K 

'5 0.9 
• 

"-" 0.6 

01 

I I I I i 

I I I I 

25 50 75 i00 125 

Co. mM 

Fig. 9. Effect of CaCI z concentrat ion on effect ive dif- 
fusion coeff ic ient  of calc ium ion. 

ride.. Between 25 mM and 125 raM, the effective dif- 
fusion coefficient increased by aboul 42% compared to 
that at infinite dilution of calcium chloride. The in- 
creasing diffusion rate of calcium ion seemed to be 
probably due to macro-pore formation at higher cc2n- 
centration of calcium chloride because some wate~ 
cavities were obse~'ed within the gelled layer by an 
optical microscope. The diameter of water cavity was 
on the order of 10,urn and three orders of magnitude 
larger than the maximal pore size of alginate gels mea- 
sured by Klein et al. [8]. The macro-pore gave calcium 
ions freely-diffusing spaces and was believed to cause 
enhancement  of diffusion rate of the calcium ions. The 
enhancement  could be interpreted in terms of the frac- 
tion of macro-pore volume as follows [9], 

~ - F  1 (1  1 ,  

D, 2 + L _ f  , 1 1 

where D o is ~he diffusion coefficient in the macro- 
pores, D~ is the diffusion coefficient in the micro-pores, 
f is the volume fraction of the macro-pores. The diffu- 
sion coefficient of calcium ion is probably two orders 
of magnitude smaller in the gelled layer than that in 
the water cavities, considering that the diffusivity of 
calcium ion is 8.04 x 10 -4 cm2fmin in the pure water 

at '25~ [10]. Hence Eqn. (13) approximates to Eqn. 
(1411. 

D~_  1 - 2f {14t 
D, 1 - f  

By :he above equation, 42 % enhancemen:  of diffusion 
rate of calcium ion for 125 mM calcium chIoride soLu- 
tion was estimated to be due to abom 12% volume of 
macro*pores within the gelled layer. Accordingly, high- 
er concentration than 125 mM calcium chloride could 
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Fig. I0. Comparison of kinetic  mode l  to experimen-  
tal data. 

cause the inhomogeneity of discontinuous structure 
due to water cavities in the gel formation of sodium 
alginate. 

in Fig. 10 the theoretical equalion (12) was shown 
graphically with the fractional getation x of sodium 
alginate bead as a function of dimensionless lime Io 
examine tile validity of the proposed kinetic :nodel. 
The fractional gelation was given as follows, 

x =  1 -  ya I15~ 

and the dimensionless time was based on the Iheorel- 
ical time for complete gelling. Agreement between ex- 
perimental data and the theoretical equation was qmte 
good for all five cases, considering the assumplions of 

dominant  pore-diffusion kinetics and pseudo-steady- 
state approximation. 

The kinetic model may be successfully extended to 
account for the effect of parameters, (C o, R~,, p, q, etc.) 
on the transient behavior and complete gelling time of 
sodium algmate gelation. It also seems to given useful 
informations about the intermediate gelation of algi- 
hate beads. For example, by the x vs 0 plot, 0.1 dimen- 
sionless time gives 53% conversion of alginate bead 
and 90% conversion is done during 0.5 dimensionless 
tune in the Calcium-Alginate-Gel system. Such a useful 

information as intermediate gelation may be appliea- 
Me to liquid-cote bead formation for bybridorna cell 
entrapment.  

C O N C L U S I O N  

In conclusion, it seems clear that there is a yew 

Korean J. Ch. E. (Vol. 7, No. 1) 
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reasonable agreement between the gelation process of 
sodium alginate with calcium ion and the proposed 
kinetic equation based on shrinking-core model with 
assumptions of dominant pore-diffusioc kineli,.s and 
pseudo-steady-state approximation. The kinetic model 
may be successfully extended to account for the tran- 
sient behavior and complete gelling time as ,,*,'ell as 
some useful information of the gelling conditions in 
the process of Ca-Alginate-Gel. 
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NOMENCLATURE 

C 
C~ 

D~ 

D, 

f 

N 

P 

q 

r 

re 

R 
R~ 
t 

cone. of Ca ion in the gelled layer, [moll/] 
conc. of Ca ion at the ouler surface of the gelded 
layer, [mol/~ 
diffusion coefficient of Ca ion il, the macro- 
pores, [Cnl2/min] 
effective diffusion coefficient of Ca ion in the 
gelled layer, [cm2/min] 
diffusion coefficient of Ca ion in the micro- 
pores, [cnl+~ nun] 
volume fraction of the macro-pores in the pore 
volume, [dimensionless] 
transferred moles of Ca ion, {tool/mini 
composition of sodium alginate in the :;olution, 
[g/cm 3] 
moles of Ca ion required for complete gelation 
based on the weight of sodium a]gi~ate, [tool/g] 
radial distance from the center of a bead, [cml 
radial distance of the inner surface of the gelled 
layer from the center of a bead, [cm] 
radius of a spherical bead, [cm] 
initial radius of a spherical bead, {cml 
gelling time, {min] 

W : weight of sodium alginale, [g] 
x : fractional gelation defined by Eqn. (15), [dinwn- 

sionless! 

Greek Letters 

7 : dimensiouless core radius defined by Eqn. (10), 
[dimensionless] 

: gelled layer shrinkage defined by Eqn. (11), [di- 
mension less] 

t~ : dimensionless time based ot~ complete gelling 
time, [dimen+ionless] 

: dimensionless bead radius defined by Eqn. (9), 
{dimensionless] 

9" : dimensionless variable defined by Eqn. (12), 
[dimensionless] 

REFERENCES 

1. Haug, A., Larsen, B. and Smidsr~d, O.: Acta 
Chem Scund., 21, 691 (1967). 

2. Kohn, R. and Furda, 1.: Acta Chem. Stand, 22, 
3O98 (1968). 

3. Kelco Technical Bulletin: "Algin/Hydrophilic De- 
rivatives ~:,f Alginic Acid", 2nd ed., Kelco, San 
Diego, Cal., 25 (1979). 

4. Scott,  C.D.: Enzyme Microb. Technol.. 9, 66 
(1987). 

5. CarberD', J.J.: "Chemical & Catalytic Reaction 
Engineering", Prentice-Hail, Englewood Cliffs, 
N J, 3t9 (1976). 

6. Rees, D.A.: Advan. Curbohydrate Chem. Bio- 
chem., 24+ 267 (1969). 

7. Morris, E.R., Rees, D.A. arid Thorn, D.: Carbo- 
hydrate Research, 66, 145 (1978). 

8. Klein, J., Stock. J. and Vorlop, K.D. : Eur. J. Appl. 
Mic~obiol. Biotechnol., 18, 86 (1983). 

9. Cussler, E+L.: "Diffusion", Cambridge University 
Press, Cambridge, NY, 186 (1984). 

10. Anghileri, L.J. and Anghileri, A.M.T.: "The Role 
of Calcium in Biological Systems", Vol. 1, CRC 
Press, Boca Raton, Fla., t7 (1980). 

January, 1990 


