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Abstract—Ca-Alginate-Gel is one of the most widely used carriers for cell entrapment. Since gel
formation can take place under mild conditivns, entrapmert i this matrix is very suitable for inimobilization
of viable cells and it has found most extensive application. Despite of the extended use there have been no
kinetic data related to gel formation of alginate with calcium ion. In the present work (he kinetic study was
accomplished to more fully elucidate the transient structure transformations involved in the gel formation
using shrinking-core model. The proposed kinetic model may be successfully extended to account for the
transient behavior and coniplete gellicg time as well as some useful information of the gelling conditions in

the process of Ca-Alginate-Gel.

INTRODUCTION

Ca-Alginate-Gel is one of the most widely used
carriers for cell entrapnient. Alginate, the major
structural polysaccharide of marine brown algae, con-
tains B-D-mannopyranosyl uronate and e -L-gulopyra-
nosyvl uronate in regular (1-4k-linked sequences [11.
Both, homopolymeric sequences are found togeth-
er, although to different extents, in ell alginate
molecules. Mixed sequences containing both mono-
nmer are usually also present. One of the most impor-
tant and usefel properties of alginates is the abilitv to
form gels in the presence of divalent cations. especial-
Iv calcium. The calcium icns react preferentially with
the polyguluronic sequences before reacting with the
polymannuronic sequences 2], [t is quite likely (hal
the mixed sequences play no direce role in the gela-
tion with calcium except to join the associated se-
quences and hence provide a three-dimensional net-
work of cross-linking in the gel {3]. Since gel formation
can take place under mild conditions, entrapment in
this matrix is very suitable for immobilization of viable
cells and it has found most extensive app:ication [4].
Despite of the extended use there have been no kinetic
data related to gel formation of alginate with calcium
ion. In the present work the kinetic study was acconi-
plished to more fully elucidate the transient structure
transformations involved in the gel formation using
shrinking-core model and the proposed kinetic model

nmay be extended to account for the transient behavioy
and complete gelling time as well as sonie useful infor-
mation of the gelliing conditiors in the process of Ca-
Alginate-Gel.

THEORETICAL BACKGROUND

Alginate gels are heteropolymer carboxylic acids
consisting of #-D-mannuronic and e-L-guluronic units
linked by 1,4-glvcosidic bonds. It is formed by contact-
ing alginate solution with calcium chlonide solution.
The calcium-alginate reaction should be considered as
follows (3]

2 NaAlg+ Ca’ " = CaAlg +2 Na~
Almost inslantly calcium alginate forms on the surface
of the sodium alginate stream, and it maintains the
shape it had when contacted with the calcium chloride
solution. Initially the center is unreacted sodium al-
ginate, but over a period of time the calcium ion will
diffuse into the center and form a complete calcium
alginate structure. During gelling process the boundary
of calcium alginate gel will move toward the center
from the surface while calcium ion penetrates the
porous gelled layer, as shown in Fig. 1. Assuming don-
inant pore-diffusion kinetics and pscudo-steady-state
approximalion in the gelling process, the governing
equations can be presented as follows.
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Fig. 1. Schematic diagram of a gelling bead.
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The concentration distribution of Ca ion in the gelled
layer 1s given such as
Rro 1 1
/Co=1- ot i = &) (3)
C/Co=1 Ror. 7T TR {3
The transter rate of Ca wn at the outer surface is ob-
tained from the flux.
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The transfer rate of Ca ion must be the rate of con-
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the resulting kinetic equation is as follows [5].
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EXPERIMENTAL METHOD

1.75 per cent (W/V) of solution of sodiun alginate
was made by dissolving 10.5¢g of sodium alginate (Kel-
co, Keltone LV, MW = 25,000-50,000) in 600 m/ of
distilled water. The solution was filled into a cylindri-
cal reservoir and compressed 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
droplets at the controlled diameter of 2.42 + 0.01
mm by concentric gas streani. The drop size was deter-
mined from the flowrate of alginate solution based un
the time to fill 10 m/ and the formation rate of alginatce
drop based on the number of drops to be collecled 1y
the calcium chloride sojution during known formation
unie. The 7 or & alginate drops were formed in a few
seconds and contacted during fixed time with calcium
chloride solutions of known constant concenirations
which were gently stirred in the apparatus shown in

Fig. 2. Experimental apparatus for gelling bead.
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Fig. 2. After known contact tinie the calciun ion was
washed off carefully from the formed bead with dis-
tilled water. Instantly the bead size was measured on
the microscope with 45 times magnification. Al ¢x-
periments were five times done repeatedly keeping
canstant all paramieters other than the concentration of
calcium chloride solutions at the room ternperature
{22° £ 1°C). With these procedures the bead size-time
data were obtained for calcium chloride solution of 25
mM. 20 mM, 75 mM, 100 mM and 125 mM.

RESULTS AND DISCUSSION

When the alginate drops were contacting with cal-
clum ions, almost instantly calciun alginate formed on
the surface of the sodium alginate drops and 1t main-
tained the shape 1t had. Even with 3 mM calcium chlo-
ride solution it could be practically possible. Its shape
was probably spherical but sometimes skewed in the
low concentration range less than 1.75% (W/V) so-
dium alginate concentration. More than 50% of the
beads had a perfect spherical shape for 1.75% (W:V)
alginate concentration which was satisfactory for this
work. The concentration of calcium chloride solution
also had some effect on the shape and homogeneity of
beads. The calcium chloride solution higher than 1 M
often made some bulges on the surface of beads during
gel formation of sodium alginate. The bulges seemed
to be formed through a rapid release of the bound
waler driven by the osmotic pressure within alginate
netwerk. The homogeneity of bead structure was also
exanined by an optical microscope. Higher concen-
tration of calcium chloride caused some water cavities
(typically 15 p#m x 40 zm) within the gelled layer of
beads. The water cavities were relatively frequent in
the concentration range of higher than 125 mM cal-
cium chloride. Accordingly, the kinetic study was
done for 1.75% (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 spontaneous
release of bound water with contraction of the gel
volume, indicating that the polyguluronic 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 consicered to be
a progressive indication of gel formation in the Cal-
ciunr-Alginate-Gel system.

Fig. 3 gives the dimensionless radius of alginate

o

Fig. 3. Transient variation of dimensionless bead
radius.

Fig. 4. ¥- vs t plot for alginate gelation with 25 mM
CaCl, solution.

bead as a function of the dimensionless time in the
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 0.815
with the volume contraction coefficient of 0.541. The
time for complete gelling was determined as the time
for the dimensionless radius to be (.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 ¢ versus 8 plot wita the
dimensionless time based on the time for complete
gelling.

In Fig. 4-8 the ¢ versus 1 plots are shown to deter-
mine the effective diffusion coefficients of calciurm ion
in the gel formation process of sodium alginate with 25
mM, 50 mM, 75 mM, 100 mM and 125 mM calcium
chloride. The experimental values of ¥ were correla-
ted linearly well with respect to the time t and the slop-
es of the ¥ versus t plots were found by least-square
method. The values of the slope were 3.34 » 107
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Fig. 5. ¥ vs t plot for alginate gelation with 50 mM
CaCl, solution.

Fig. 6. y» vs t plot for alginate gelation with 75 mM
CaCl, solution.
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Fig. 7. ¥ vs t plot for alginate gelation with 100 mM
CaCl; solution.
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Fig. 8. ¥ vs t plot for alginate gelation with 125 mM
CaCl, solution.

min’’, 6.81 x 10”min~", 1.07 x 10min"", 1.60 x 107
min and 2.37 x 10%min"", giving the time for com-
plete gelling 80.2 min, 39.4 min, 25.0 min, 16.8 min
and 11.3 min, respectively for 25 mM, 50 mM. 75 mM,
100 mM and 125 mM calcium chloride. The slopes
must be 2 C,D./pqr2 according to the proposed theo-
retical equation. The values of pq should be found to
deterniine the effective diffusion coefficient of calcium
ion. The main contribution to structural integrity of
alginate gel comes from a buckled two-fold conforma-
tion of polyguluronate sequences whose the maximum
calcium-binding capacity is known to be 150% of the
stoichiometric equivalent in terms of “half egg-box”
model [6,7]. The value of pq was estimated to be
8.35 % 107 moles Ca/cm® 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 ¥ vs t plots and were
8.17 x 107 cm?/min, 8.33 x 10°cm®/min, 8.87 x 10
cm?/min, 9.94 x 10 cm®/min and 1.16 x 107 cm®/
min respectively for 25 mM, 50 mM, 75 mM, 100 mM
and 125 mM calcium chloride solution.

Fig. 9 shows the 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 1078 em?/min 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-
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Fig. 9. Effect of CaCl; concentration on effective dif-
fusion coefficient of calcium ion.

ride. Between 25 mM and 125 mM, the effective dif-
fusion coefficient increased by about 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 con-
centration of calcium chloride because some water
cavities were observed within the gelled layer by an
optical microscope. The diameter of water cavity was
on the order of 10 zm 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-
tior. of macro-pore volume as follows [9],

2 1 11,

Zkgpd oL
DDy D77 D,7D, 13
P2 Log 1L,

b, p, fp, D,

where D, is the 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 107 em?/min in the pure water
at 25°C [10]. Hence Eqn. (13) approximates to Eqn.
(14

ﬁ[ = ‘1 _F (14)
By :he above equation, 42% enhancemen: of diffusion
rate of calcium fon for 125 mM calcium chioride solu-
tion was estimated to be due to about 12% volume of
macro-pores within the gelled layer. Accordingly, high-
er concentration than 125 mM calcium chloride could
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Fig. 10. Comparison of kinetic model 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 equation (12) was shown
graphically with the fractional gelation x of sodium
alginate bead as a function of dimensionless time (o
examine the validity of the proposed kinetic model.
The fractional gelation was given as follows,

x=1-7’ 15)

and the dimensionless time was based on the theoret-
ical time for complete gelling. Agreement between ex-
perimental data and the theoretical equation was quite
good for all five cases, considering the assumplions of
dominant pore-diffusion kinetics and pseudo-steady-
state approximation.

The kinetic model may be successfully exiended tv
account for the effect of parameters, (C,. R,, p. q, efc.)
on the transient behavior and complete gelling time of
sodium alginate gelation. It also seems to given useful
informations about the intermediate gelation of algi-
nate beads. For example, by the x vs 8 plot, 0.1 dimen-
sionless time gives 53% conversion of alginate bead
and 90% conversion is done during 0.5 dimensionless
time in the Calcium-Alginate-Gel system. Such a useful
information as intermediate gelation may be applica-
ble to liquid-core bead formation for hybridoma cell
entrapment.

CONCLUSION

In conclusion, it seems clear that there is a very
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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-diffusior. kinetics and
pseudo-steady-state approximation. The kinetic maodel
may be successfully extended to account for the tran-
sient behavior and complete gelling time as well as
some useful information of the gelling conditions in
the process of Ca-Alginate-Gel.
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NOMENCLATURE
C : conc. of Caion in the gelled layer, [mol//]

C, : conc. of Caion at the outer surface of the gelled
layer, [mol//]

D, : diffusion coefficient of Ca ion irn the macro-
pores, [em?/min]
D, : effective diffusion coefficient of Ca ion in the

2 .
gelled layer, [cm*“/min]
D. : diffusion coefficient of Ca ion in the micro-
2 .
pores, [cm*/min]

f : volume fraction of the macro-pores in the pore
volume, [dimensioniess]

N : transferred moles of Ca ion, [mol/min]

p : composition of scdium alginate in the solution,
[g/em?]

q : moles of Ca ion required for complete gelation
based un the weight of sodium alginate, [mol/ g]

v radial distance from the center of a bead, [cm]

r. : radial distance of the inner surface of the gelled
layer from the center of a bead, [cm]

R : radius of a spherical bead, [cm]

R, : initial radius of a spherical bead, [¢m]

t ¢ gelling time, [min]

January, 1990

W weight of sodium alginate, [g]
x : fractional gelation defined by Eqn. (15), [dimen-
sionless!

Greek Letters

¥ dimensionless core radius defined by Eqn. (10),
[dimensionless)

e gelled layer shrinkage defined by Eqn. (11), [di-
mensionless}

g : dimensionless time based on complete gelling
time, [dimen.ionless)
¢ . dimensionless bead radius defined by Eqn. (9),

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