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Abstract-The behavior of some biopolymeric metal-alginate
hydrogel spheres of ionotropic nature in aqueous solutions has
been investigated. Cross-linked ionotropic biopolymeric
hydrogels such as Mn", Co"', Ni'!, Ca™, Sr' and Sew-alginate
showed an appreciable tendency for swelling in water, whereas
that of Cu"-, Sn"-, Ba", Pb", Al"', cr'™ and Fe"'-alginates
showed a remarkable tendency for shrinking. The swelling
processes were accompanied by an increase in volume and
transparency; while a decrease in the pore size with a
simultaneous increase in hardness was followed the shrinking
processes. Drying of these metal-alginate ionotropic hydrogel
spheres indicated that the water content exceeds 90% of the gel
weights. The Kinetics of swelling and shrinking processes have
been studied. The factors which affect that behavior were
examined and discussed in terms of the mechanical stability
and the changes in some rheological properties of these
ionotropic hydrogel spheres.
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I. INTRODUCTION

Hydrogels that exhibit volume changes under the
influence of environmental changes are promising materials
in biotechnology owing to its wide applications in
biomedical applications such as in sensors, drug delivery,
tissues engineering, skin grafting, medical adhesive,
dressing in the treatment of thickness wounds and
encapsulation of live-cells "%, Tt also covers targeted drug
delivery to the nervous system, gastrointestinal tract, and
kidneys etc. Again, some cross-linked metal-alginate
ionotropic hydrogels especially calcium-alginate spheres and
beads % are used in immobilization systems as
biocatalysts, separation processes in biotechnology and
processing of agricultural products 7).

Cross-linked metal-alginate ionotropic hydrogels are
usually prepared by sol-gel transformation processes of
addition of sodium-alginate sol to a polyvalent metal ion
electrolyte °7). The kinetics of such gelation processes have
been studied for the first time by us elsewhere 'Y,
Furthermore, the diffusion controls which affected such sol-
gel transformation, has been also examined in more details
and discussed earlier "%,

Torres et al. ! studied the behavior of Ca-alginate

spheres in both pure solvents and other water-solvent
mixtures. They reported that the gel particles were suffered
different changes depending on the nature of the solvents.
Tanaka et al " presented a theory on the kinetics of
swelling of gels. They reported that the characteristic type of
swelling was proportional to the square of linear dimension
of the gel and the diffusion coefficient of the gel network.
Hassan and coworkers " investigated the behavior of
ionotropic alginate complexes in particularly Cu-alginate
membrane hydrogel as a coordination biopolymeric
materials in pure organic solvents and buffer solutions. They
reported that the change in volume and other rheological
properties were mainly dependent on the nature of solvent
and the pHs of the buffer solution used.

Mongar and Wassermann "' investigated the swelling of

alginates in the form of thread fibers and reported that an
axial concentration was followed the swelling process for
calcium alginates. The possibility of application the rubber-
like elasticity theories to the swollen alginate gels has been
examined by Tempel et al '), They explained the observed
Gaussian behavior in terms of strength- distribution of cross-
links. Again, the shrinking kinetics of calcium-alginate
beads in alcoholic soda has been investigated by Ferrero and
coworkers ['*],

In view of the above aspects and our interesting in
physicochemical studies of cross-linked metal-alginate
biomaterials %", the present work aims to shed some
highlights on the behavior of spherical cross-linked metal-
alginate ionotropic hydrogels in aqueous solutions compared
to that investigated in non-aqueous solutions ['*).

II. MATERIALS AND METHODS

A. Material

Sodium alginate (Cica-Reagent Chem. Co) was used.
The degree of substitution was found to be 4.34 mmol g
(0.95 molmol™). The measured viscosities using an
Ubbelhode viscometer for a 4% alginate sol in water (w/w)
were found to be 2.78 and 9.87 dl g' at 25 °C for the
inherent and reduced viscosities, respectively.
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All other chemicals used were of Analar (BHD) grade.
Doubly distilled conductivity water was used in all
preparations.

B. Preparation of Alginate Sols

Sodium alginate sols of different concentrations (2%, 3%
and 4%) in water (w/w) were prepared as described earlier
-1 This process was performed by stepwise addition of the
alginate powder reagent to bidistilled solution whilst rapidly
stirring the water to avoid the formation of lumps, which
swell with difficulty. The prepared alginate sols were left at
room temperature for about 24 h (25 'C) until became air-
bubbles free before used.

C. Preparation of lonotropic Metal-Alginate Spheres

Gels can be prepared by dropping sodium-alginate sols
into electrolyte solutions of polyvalent metal ions using
either a dropper or a syringe.

In our case, we used a special glass syringe for preparing
cross-linked Mn", Co", Ni', Ca", sr'', Cu", Sn', Ba", Pb",
A", ', Fe" and Se'V-alginates of sphere nature as
described earlier '*'>'*? After completion of the sol-gel
transformation, the formed spheres were carefully removed
from the containers of metal ion electrolytes (conical flasks
or beakers) and washed with deionized water several times
until the resultant washings became free from non-chelated
metal ions that surrounding the gel spheres. Then, these
spheres were kept in doubly distilled conductivity water for
use.

For each alginate sol and metal ion electrolyte, the
following precautions were taken into consideration to
maintain the size and shape of all alginate sol droplets
constants as far as possible (a) the volume of the alginate sol
inside the syringe and the distance of the syringe tip from
the surface of the electrolyte were kept constant; (b) the
force exerted upon the piston of the syringe was maintained
fixed; and (c) the same syringe was used as a dropper in all
preparations.

D. Swelling and Shrinking Measurements

This procedure comprised with the measurements of
either the absorbed or released water by some metal-alginate
hydrogel pellets immersed into containers which contained
fixed volumes of bidistilled water maintained at the desired
temperatures within 0.1 "C.

After intervals of time, the swollen or shrunk spheres
were removed from the water containers and blotted quickly
by means of filter paper strips to remove the excess water
adhered on the surfaces. Then the weights or volumes were
determined. The degree of water uptake was calculated from
the relationship

Swelling (%) = (W — W)/Wy) x 100 (1)

where W, and W represent the weight of pellets before and
after immersing, respectively. On the other hand, the rate of
water released can be determined from the equation

Shrinking (%) = (Wo — W)/Wo) x 100 )

In a similar manner, the swelling or shrinking volumes
can be evaluated. The results are shown in Figs. (1-4).
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Fig.2 Change in volume-swelling with aging time at 22 °C
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Fig. 3 Degree of shrinking as a function of time at 22 °C
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Fig.4 Volume shrinkage-weight loss plot after one week at 22 °C
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E. Water-Content Determination

The water content in these gels was determined by
drying the gel pellets in an electric oven at 105 C for about
72 hrs. The water content was calculated as follows,

Water content (%) =100-[(W'/W;) x 100] 3)

where W" denotes the weight of the dryness gel spheres. The
water content and the degree of swelling or shrinking

in metal-alginate hydrogel spheres are summarized in Table
1. Again, some other rheological properties such as the mass
and volume of the droplets as well as the mechanical

properties such as the elasticity and transparency are

summarized in Table 11. All cited data are an average of five
experimental runs.

TABLE I THE DEGREE OF SWELLING AND SHRINKING ([ALG] =2%) AND THE WATER CONTENTS OF SOME CROSS-LINKED METAL-ALGINATE HYDROGEL SPHERES

(2% AND 4%)

Metal ion [S)vevfe:ii/l‘?)fl(g)lf Wateli ‘;:))ntentz Metal ion ShrIi)nekgirnege 1o(f%) Wateli ‘;:))ntentz

2% 4% 2% 4%
Ca" 19.1 97.78 95.12 Ccu" 2.4 97.46 94.56
Mn" 96.4 97.83 94.33 ca" 16.7 97.48 91.33
Co" 106.5 97.85 93.75 Sn" 9.6 97.71 94.31
Ni'! 70.9 97.54 95.25 Ba" 32 96.56 93.04
Sr' 12.2 96.94 92.47 Pb" 6.0 96.33 93.76
Se'v 21.8 98.74 95.89 A" 11.9 97.98 92.15
cr'™ 12.2 98.43 93.62
Fe'" 8.8 98.23 93.40

'[Alg] =2% ; *[Alg] =2 and 4 %; Heating temp. = 105 °C for about72 h.

TABLE I SOME PHYSICAL PROPERTIES, RATE OF GELATION (RG, DM3MOL-1S-1) AND RELAXATION TIME (AT, MIN) OF SOME CROSS-LINKED METAL-ALGINATE
IONOTROPIC HYDROGEL SPHERES. [ALG] =2% AT 25 °C

e s P Tome WRG Wm0
Mn(II) 27.05 spherical elastic transp. - 5.72 4.10 5.41 345 0.581 0.076
Co(II) 30.03 spherical elastic transp. 8.30 8.01 3.72 8.05 3.87 1.254 0.004
Ni(II) 31.52 spherical elastic transp. 4.12 5.50 3.07 5.13 3.55 1.004 0.012
Ca(Il) 33.48 spherical elastic transp. 1.33 3.67 3.26 3.65 2.97 0.23 0.362
Sr(II) 34.01 spherical elastic transp. 2.51 3.20 2.87 2.97 2.70 0.210 0.391
Se(1V) 28.67 spherical elastic transp. - 6.09 5.50 5.92 5.27 - -
Cu(I) 33.11 spherical elastic transp. 3.33 3.33 3.44 3.29 3.55 0.085 0.68
Sn(II) 38.35 spherical brittle not 7.5 5.79 5.90 5.41 5.68 0.096 0.733
Ba(II) 30.48 spherical elastic transp. 3.78 2.45 2.65 3.38 3.46 0.160 0.480
Ph(II) 18.08 spherical elastic transp. 3.35 2.92 3.07 2.70 2.87 0.104 0.627
AI(IIT) 46.50 flat brittle semi 0.7 4.99 5.46 4.73 5.34 - -
Cr(III) >80 flat brittle not - 4.82 5.44 4.54 4.80 - -
Fe(I1I) 58.40 flat brittle not - 5.41 4.99 4.80 547 - -

a. R, is the rate of sol-gel transformation.

b. m; and m, are the masses of the droplet before and after equilibrium

c. v;and v, are the volumes of the droplet before and after equilibrium

F. Gravimetric Analysis

Thermal decomposition technique was used in order to
determine the stoichiometric molar ratio of the (metal:
alginate) in these cross-linked metal-alginate ionotropic
hydrogels. This technique was based on the results
obtained from TGA data that reported earlier *'*.
Therefore, these metal-alginate ionotropic hydrogel
spheres were heated at about 105 for about 5 h until
constant weight in order to evaluate the water contents.
Then, the dried spheres were heated over its corresponding
decomposition temperature (from TGA data) for about 24
h in order to give rise to their corresponding metal oxides
as final products. The stoichiometric molar ratio can be

evaluated from the weights of dried metal-alginate
spheres and the weights of the final metal oxides.

III. RESULTS AND DISCUSSION

A. Stoichiometry

Ton exchange is inherently a stoichiometric process .

This means that, the Na' counter ions which leave the
macromolecular chains of alginate during the gelation
process must be replaced by an equivalent amount of other
metal ions from the electrolyte solutions, i.e. the fluxes of
the two exchanging counter ions should be equal in
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magnitude even the mobilities of the two counter ions may
be different.

The experimental results obtained from the gravimetric
method analysis indicated that one mole of each divalent-,
trivalent and tetravalent metal ions chelates two, three and
four moles of alginate macromolecule monomers, (Alg),
respectively. This result conforms to the following
stoichiometric overall reactions,

Z(Na-Alg),+nM*=M-Alg,),rnZNa’) (4

sol electrolyte gel electrolyte

where Na-Alg and M-Alg, denotes sodium alginate sol
and its corresponding cross-linked metal-alginate gel, M is
the metal ion and Z stands for its valency. The molar
stoichiometry obtained here was found to be in %ood
agreement with that obtained in other kinetic studies ™",
When the metal-alginate ionotropic gels immersed into
aqueous solution, it may to expect an occurrence of either
shrinking or swelling processes. The results are
summarized in Table 1.

B. Gelation Mechanism

As the droplet of alginate sol comes in contact with the
metal ion electrolyte; a primary membrane is rapidly
formed around the alginate sol droplet. This formed
membrane will keep the alginate sol droplet in a spherical
shape as well as prevents the alginate sol inside the droplet
from deterioration or scattering onto the external metal ion
electrolyte. At the beginning, the alginate sol droplet will
float as just below the surface of the electrolyte because its
density is less than that of the metal ion electrolyte. Then,
an exchange process will take place between the Na'
counter ions of the alginate sol macromolecule and the
metal cations of the electrolyte through that formed

primary membrane. When the density of the droplet
exceeds that of the electrolyte, it begins to sink into the
electrolyte bP/ a certain velocity is termed by velocity of
acceleration ['?. The time consumed between the floating
and sinking of the droplet may be called the relaxation
time (AT). It noticed that both relaxation time and velocity
of acceleration are mainly dependent on the nature of the
metal ions (such as its mass, density, radius, concentration
and pH's of both alginate sol and electrolyte solutions) as
well as the temperature !> !, The relaxation times and
gelation rates along with some other reological properties
are summarized in Table 2. The mechanism of such sol-gel
transformation with respect to these cross-linked metal
alginate ionotropic spheres was explained in more details
earlier %",

The replacement of Na' counter ions by the metal ions
leads to the well-known sol-gel transformation
phenomenon with formation of their corresponding
biomaterial hydrogels ionotropic cross-linked metal
alginates. Here, a sort of bridges is formed between the
interdiffused metal ion and the carboxylate and hydroxyl
functional groups present on alginate monomer chain
through formation of partially ionic and partially
coordinate bonds, respectively. In reality, these bonds are
not just simple, but a kind of chelates involves one pair or
more of carboxylate groups and one or more pairs of
hydroxyl groups in an egg-carton like structure is formed
[26.271 depending on the valence of interdiffused metal ion
and its coordination number.

The coordination geometry in these ionotropic gels are
shown in Scheme 1.

Cross linked divalent metal alginate complexes

Intermolecular association

Intramolecular association

Cross linked trivalent & tetravalent metal alginate complexes

l 0o —

| | —
ol T a~l_, & _
° C/ T

Intermolecular association

Scheme I. Types of cross- linking
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The kinetics of swelling or shrinking of divalent metal-
alginate hydrogels were examined according to Peppes
kinetic formula 1%

m,/ m.=kt"

Linearized form of this equation can be rewritten as
follows,

In (m/m,) =Ink +n Int

where m; and m, are the weights of the hydrogels at time t
and at equilibrium, respectively, whereas k and n are
constants. The values of the constants k and n are dependent
on the degrees of swelling or shrinking (in term of
expansion or construction of the matrix network). Plots of
the left-hand side In (m, / m.) against In t gave good straight
lines from whose slopes and intercept the values of n and k
can be evaluated. These values were calculated by the least-
squares method and are summarized in Table 2. It noticed
that n value is a function of the swelling or shrinking
magnitudes. The n value was found to increase with
increasing either the degree of swelling or shrinking which
in turn relates to the degrees of expansion or construction in
the matrix network, respectively. Hence, the values of n may
be considered as an indirect evidence for the ability of those
hydrogels for swelling or shrinking. On the other hand, the
constant k depends on the nature of metal ion such as its
ionic radius, polarizability and the orientation of the solvent
molecules and the macromolecular chains toward the
chelated metal ion.

C. Gel Morphology

These cross-linked metal-alginate hydrogels were
characterized by a distinct morphological structure
depending on the direction of diffusion of the interdiffused
metal cations towards the alginate sol during the
replacement of the leaving Na' counter ions. When the
metal ions are allowed to diffuse upward such as in case of
columns(where one side of the column was previously
closed with a cellophane paper and then filled with the
alginate sol) immersed in electrolyte solutions, non-capillary
structural gels are formed. This method of gel preparation is
called “ascending technique” *'*!. On the other hand, as the
metal ions are diffused downward such as in case of spheres
and membranes, the direction of diffusion becomes
trapping-capillaries that are parallel and symmetrically
identical, and this method is termed by “descending
technique” B* **. When a traverse section is made in the
capillary zone, a porous structure image is obtained. The
pores seem to be identical and symmetrical in size ' **.
This kind of gels has anisotropic properties owing to the
orientation of the solvent molecules and the macromolecular
chains toward the chelated metal ions and such properties
are mainly dependent on the nature of metal ion used P**,

In general, these hydrogel spheres tend to equilibrate
with the external solvent through swelling or shrinking
processes. In case of swelling, the gels are swollen by
uptake some water molecules from the swelling media. As
shown in Fig. 1, the rate of swelling is gradually decreased
with time. When an equilibrium condition is attained, no
change in the swelling rate of the gel is observed. The

equilibrium is established when the chemical potential of the
solvent in the swelling media reaches that of the swollen gel.
It has been found that Mn(II), Co(II), Ni(II), Ca(II), Sr(II),
and Se(IV)- alginates having a greet tendency for swelling in
water. The degree of swelling was increased in the order
Sr(I)- < Ca(Il)- < Se(IV)- < Ni(Il)- < Mn(ID)- < Co (I)-
alginates, where the cross-links did not affect by the solvent
chemical potential in the gel. This property may be
attributed to many factors such as the mixing property of the
free-energies of alginate sol as an anionic polyelectrolyte
and solvent, the extension of the macromolecule network,
and the mixing properties of both solvent and the mobile
ions. Again, the experimental observations indicated that the
volume-swelling is closely related to the weight-swelling
during the swelling process as shown in Fig. 2.

On the other hand, the property of shrinking occurs by
the removal of the liquid from the gel network to the
external media. As shown in Fig. 3, the weight of the gel is
gradually decreased by time. This behavior may be
explained by an alternation of swelling-heat which is caused
by the presence of a large number of segments of adjacent
chains in juxtapositions. These juxtapositions were
prevented from taking up some positions of a relatively high
statistical probability for streochemical reasons. The degree
of shrinking was found to decrease in the order: Cd(II)- >
Cr(I1)- > AI(IID)- > Sn(II)- > Fe(lll- > Pb(1l)- = Ba(ll)- >
Cu(I)-alginates. A plot of volume-shrinking vs. weight-loss
was fairly linear as shown in Fig. 4. This linearity may
indicate that the volume-reduction is closely related to the
weight loss, i.e. to the density of the gel by about 0.95 g/cm’
in a very close value to the density of water as a swelling
media.

It is well known that the metal-alginate ionotropic gels
must possess acceptable properties for their handling in
practical use. The stress strain ) and percent elongation
Y for alginate gels have been examined in details
previously. Therefore, it may be concluded that these
ionotropic  hydrogels may change some of their
physicochemical properties by the shrinking or swelling.
The experimental observations indicated the occurrence of a
remarkable alternation in the macroscopical shape and
optical properties of these gels. The volume and pore size
are increased by swelling of the gel which may be explained
by the increase in the wideness of the network-capillaries.
Again, the increase in the gel-transparency on swelling may
be attributed to the birefringence loss of the gel. As the gel
shrinks, its stiffness increases because the network becomes
more tightly packed. Also, a decrease in the volume, pore
size, chemical potential and the birefringence of the gel
should follow the shrinking process. The latter can be
interpreted by the expulsion of the liquid from the hydrogel
pores to the external media and, hence, a reduction in the
gel/liquid interfacial area is occurred. Again, the decrease in
the birefringence was attributed to the removal of water
molecules from the gel which leads to an increase in the
molecular orientation.

The water content in these gels was found to be more
than 90% (Table 1). The pore size distribution showed a
large tendency to vary with simultaneous contraction of the
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gel during drying. This can be interpreted by the huge
capillary stresses and resistance of the fluid-flow in the
narrow and small pores of the hydrogel network.

The factors which affect the behavior of metal-alginate
gels in aqueous solutions such as temperature, concentration
of alginate sol, width of capillaries and the radii of the metal
ions have been examined. These factors may be explained
by some variations which occur in the chemical potential
between the swelling media and the gel-water content, the
free-energy of the gel stretching of the gel network (the free-
energy of the gel is apart from that of standard free- energy
of components which results from mixing the gel with
water) and the electrostatic free energy *'. This variation
leads to a contraction in the network of the gel. The degree
of swelling or shrinking was found to be largely affected by
the sol concentration. As the alginate sol increases the
swelling or shrinking rate is increased. This fact can be
interpreted by the increase in the bridging bonds which
causes swelling or contraction of the gel network,
respectively. The magnitude of swelling or shrinking was
found to agree with the order of capillary width in these
metal alginates "', As the width of capillaries increases, the
swelling process is also increased whereas that of shrinking
is decreased.

The slope of the curves obtained from swelling (or
shrinking)-time plots may be considered as a determining
factor for the mechanical stability of these metal-alginate
ionotropic  hydrogels. The experimental observations
indicated that the rate of mechanical stability in divalent
metal-alginate hydrogels is decreased in the following order
Cu > Ba > Sr > Ca > Pb > Mn > Co-alginate gels in good
consistent with the stability of these ionotropic gels as was
reported elsewhere [ **. The high mechanical stability of
copper-alginate gel may be attributed to its high degree of
orientation ** as well as to its distorted octahedral structure.
The geometrical configuration for chelation in these metal
alginate hydrogel complexes was described in more details
by Hassan elsewhere ',
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