Journal of Membrane

Science & Technology

OPEN aACCESS Freely available online

Research Article

Diffusion Control Factors Influenced the Ion Exchange between Sodium
Counter Ions of Alginate and some Trivalent Metal Cations in the Sol-Gel

Transition Process
Refat M Hassan*
Department of Chemistry, Assiut University, Assiut, 71516, Egypt

ABSTRACT

with the experimental results has been discussed.

The influence of diffusion controls on the rate of gel growth forming coordination biopolymer ionotropic spherical
hydrogels resulting from ion exchange process of Na+ counter ions in alginate macromolecular chains by trivalent
metal ions such as lanthanum (IIT)- and cerium (III) electrolyte solutions have been studied. The experimental
observations indicated that the ion exchange processes in such sol-gel transformation were inherently stoichiometric
processes. The influence of the nature of metal ion concentration of both alginate sol and metal ion electrolytes and
temperature as well as the coordination geometry of the complexes formed have been examined. A mathematical
approach of such factors which affect the gelation processes such as the mass, density and the radius of droplets of
both alginate sol and formed metal-alginate hydrogels has been suggested. A tentative gelation mechanism consistent
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INTRODUCTION

In recent years, the hydrogel biomaterials were attracted a
great attention owing to its wide and potential applications in
biomedicine and tissue engineering such as blood anticoagulant,
repairing wound dressing (nerves, cartilage, bones), kidney,
adsorbent diapers, medical adhesive, binder in toothpaste, breast
implant, surgical catheter as well as in sensors, biocatalysts in
immobilization systems ,industrial textile and inhibitors of metal
corrosion [1-3]. These polymeric biomaterials cover the targeted
drug delivery to the gastrointestinal tract [2,3]. Alginate is a
water-soluble anionic polyelectrolyte consists of D-mannuronic
and L-guluronic acid units linked in B (1->4) position in a linear
copolymer structure, bisorbent bones, medical adhesive, binder in
toothpaste [4]. The monomers are arranged in a clockwise fashion
around the macromolecular chains. Alginate shows a high affinity
for chelation with polyvalent metal ions forming its corresponding
coordination biopolymer complexes as well as inhibitors for
metal corrosion [5-7] and protein crystallization screening [8,9].
The exchange process between the sodium counter ions, Na*, of
alginate sol macromolecule and the polyvalent metal cations of the
electrolyte solutions leads to the so-called sol-gel transformation
or gelation process. These ionotropic hydrogels can be obtained
in different shapes such as spheres (pellets), membranes (discs) or

columns with various morphological structures depending on the
apparatus used and the direction of diffusion of the inter diffused
metal ions into the alginate sol for replacing the Na* counter ions

(10-12].

The effects of diffusion control on the sol-gel transformation
processes for some divalent-metal alginate hydrogel complexes
have been investigated earlier [13,14]. However, a lack of
information still remains with respect to the diffusion controls
with respect to that of the gelation processes between alginate sol
and trivalent metal ions. Therefore, the role of diffusion controls
in such a growth process remains unclear, not yet complete and
poor understanding. This fact encouraged us to present the cited
work with the aims of shedding further light on the influence of
such diffusion controls on the sol-gel transformation process for
trivalent-metal alginate coordinated biopolymer hydrogels in an
attempt to compensate such recognized lack of information of the
role of diffusion controls. Some mathematical approaches based
on the physicochemical properties and geometrical configuration
in those formed ionotropic hydrogel complexes were suggested for
supporting the cited interpretations and discussion [15,16].

MATERIALS AND METHODS
All materials used were of Analar (BDH) grade. Doubly distilled
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deionized water was used in all preparations. Sodium alginate
used was Cica reagent (Canto Chem. Co.). Sodium alginate sols
were prepared as described elsewhere by dissolving the requisite
amounts of the alginate powder whilst stirring the solution
vigorously and continuously to avoid the formation of lumps,
which swell with difficulty [17-22]. The solutions were left aside to
rest for 24 h to remove the air bubbles generated during mixing.
The degree of substitution was found to be 4.34 mmolg” (0.95 mol
). The measured viscosities using an Ubbelhode viscometer for
were found to be 2.78 and 9.87 dl g' for the inherent and reduced

viscosities, respectively, for 4% alginate sol in the water at 20°C.

The preparation and standardization of trivalent metal ion
electrolyte solutions of different concentrations were performed
as described elsewhere [23-26]. The temperature was controlled

within + 0.1°C.
Relaxation time measurements

A droplet of sodium alginate sol of known concentration was
allowed to fall from a glass- syringe into a calibrated cylindrical tube
of 2 cm width and 25 cm in length, containing the tested metal ion
electrolyte solution of known concentration which was previously
thermostated in a constant temperature air-path thermostat within
+ 0.1°C. The time interval (A1) between the dropping and the
moment at which the droplet starts to sink into the metal ion
electrolyte solutions is recorded. This time interval denotes the
relaxation time for gelation process between the alginate sol and
the tested trivalent metal ion.

For each alginate sol and metal ion electrolyte, the same syringe
was used as well as the distance from the tip of the syringe to the
surface of electrolyte was kept fixed in order to maintain a nearly
constant sol droplet size.

Surface Active Agents (SAA) were excluded in the cleaning of all
lab-ware glasses, in order to avoid any complexity resulting from

the effects of such SAA.
Acceleration of velocity measurements (dV/dt)

The time (t) for constant distances (Y) covered by the droplet
while sinking into the electrolyte solution under the influence
of the gravitational acceleration was recorded. The Y-t relations
were plotted. From the obtained curves and by using the known
graphical methods, the V-t (V=dY/dt) and (dV/dt)-V relations can
be simply evaluated (where V is the velocity of the sinking of the
droplet).

Unfortunately, the experimental runs using Al (IIT), Fe (III)
and Cr (III) as trivalent metal ions in the droplet forms could
not be controlled since the droplets obtained during the sol-gel
transformation showed some flatness of the formed hydrogels, as
well as the gels, were brittle in nature [27-34].

All experiments were prepared with different concentrations of the
alginates sols and the metal ion electrolytes at various temperatures.
The results used were an average of at least five experimental runs.

RESULTS AND DISCUSSION

It was reported that the change of the droplet density dp/dt can be
taken as a measure of the rate constant of the gel-growth [23-34].
Therefore, the value (p, p,)/ At can be considered as a measure of
this rate. Thus,

Rate = Lpz) (1)
AT
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Where p, denotes the density of electrolyte, p, is the density of the
alginate sol, and At is the relaxation time.

When an alginate sol droplet comes in contact with a solution of
metal ion electrolyte, a thin primary gel membrane is immediately
formed around the surface of sol droplet [18,19]. This primary
membrane will separate the sol droplet from the surrounding
electrolyte which in turn prevents the alginate sol from dispersion
outside. Since the density of droplet is smaller than that of the
metal ion electrolyte, the droplet floats just below the surface of
the electrolyte solution. A certain period of time is required for
rearrangement of the internal structure of alginate macromolecular
chains to a state nearly corresponds to the gel formation.

The macromolecular chains start to distribute themselves statically
downward along the already formed membrane. When a steady
state is established the sodium counter ions resulting from the
dissociation of alginate sol start to migrate outward into the
electrolyte solution. Simultaneously, a stoichiometric equivalent
amount of the metal ions must go inward to occupy the places left
by the sodium counter ions even though the counter ion mobilities
and valencies of the two exchangeable ions are quite different
[28,29]. The exchange process will finally lead to the sol-gel
transformation phenomenon which takes place stoichiometrically

as follows [30,31].
3 (Na-Alg)n + nM,+ = (M—Alg3)n +3 (Na+)n (2)
sol electrolyte gel electrolyte

Where Na-Alg is the sodium alginate substrate, M-Alg, is the
formed coordination biopolymer hydrogel and M is the metal ion.

As the exchange process proceeded, the density of the sol droplet is
gradually increased. The increment in density is mainly due to the
metal ion diffusion inside the sol droplet rather than the diffusion
of the Na+ counter ions out toward the electrolyte solution.
Therefore, Equation (1) may be simplified to the following
relationship

dp

Rate = Rg = E (3)

By plotting p, versus At for different electrolyte concentrations,
straight lines were obtained as shown in Figures 1 and 2. The
slopes of these lines are taken as a measure of the rate constants
of gel growth (Rg). The values of Rg were calculated by the least-
squares method and are summarized in Table 1.

The magnitude of the rate constants of gel-growth obtained in
the present study was found to be in good agreement with that
determined kinetically [34]. This result may confirm the validity of
the suggested rate-law expression defined by Equation (3).

The rate of formation of the primary membrane was found to affect
the rate constant of the gel-growth depending on the concentration
of both alginate sol and the metal ion electrolyte. Such a rate is high
in metal ion electrolyte solutions of lower concentrations rather
than in higher ones due to the high mobility of metal ions in the
former case. On the contrary, these rates are high in sols of higher
concentrations rather than in lower ones owing to the presence
of many exchange sites within the alginate macromolecular chains
in the former sols in comparison to that in the latter ones [23,24]
(Figures 2 and 3).

The pH of the electrolyte solution is known to affect the width of
capillaries formed in these ionotropic gels. Increasing the pH of the
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Figure 1: Plots of p, versus At of La (Ill)}alginate ionotropic hydrogel
complex. [Alg.]=0.01 mol dm? (2%).
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Figure 2: Plots of p, versus At of Ce (Ill)-alginate ionotropic hydrogel
complex. [Alg.]=0.01 mol dm? (2%).

Table 1: The relaxation time (A1) and rate of gel growth of some trivalent
metal alginate hydrogel complexes. [Alg.]=0.01 mol dm? (2%).

La(I1I) Ce(11D)
35°C 45°C 55°C 35°C 45°C 55°C
945 740 612 919 745 625
10°R, gem’s' 2.8 3.95 4.18 2.58 3.17 3.76

Dt, sec

electrolyte will increase the capillary width and, hence, increases
the rate of exchange between the exchanging counter ions [10-
13,23,24]. The net result is a decrease in the relaxation time period.

The formed coordination biopolymer metal-alginates of colloidal
hydrogel forms were characterized with elastic modulus, clarity and
fine network structure [34,32-39]. The geometrical configuration
of these formed metal-complexes hydrogels may be represented
by Scheme 1 [34,40]. These gels are ionotropic in nature as a
result of the orientation of both the solvent molecules and the
macromolecular chains of the alginate toward the interdiffused
metal ions.

The kinetic parameters of gelation were calculated from the
temperature dependence of the rate of gel-growth. Plots of In Rg
versus 1/T of Arrhenius equation gave good straight lines from
whose slopes, the activation energies were obtained (E#). Again,

h
plots of -In ﬁRg against 1/T of Eyring equation were found
B
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to be linear from whose slopes and intercepts the enthalpies and
entropies of activation were obtained. These kinetic parameters
were calculated using the least- squares method and are summarized
in Table 2. The magnitude of Ea# may reflect the stability of these
metal alginate ionotropic gel complexes. The values of activation
energies observed in Table 3 indicated that the stability decreases
in the order Ce(IlI)- > La(IlT)}-alginate complex in good agreement
with that stated previously [34,41]. Moreover, the large negative
values for the entropy of activations observed are not surprising.
This may be attributed to the necessity of the small metal ions used
to penetrate the spaces between the large carboxylate groups in
order to bring them together through an egg-carton like structure
via sort of bridge formation [13,40-45].

After the relaxation time interval has elapsed, i.e. the density of
the droplet exceeds that of the surrounding electrolyte, the droplet
starts to sink into the electrolyte solution with an appreciable

velocity (V).

In sol-gel transformation processes, the structural peculiarities and
the hindrance results from the relative movements of the particles
owing to the various interchain linkages may cause some shifts to
take place very slowly [42]. Hence, the time necessary for the droplet
to have surface properties distinctly different from those of the sol
and its density will exceed that of the surrounding electrolyte may
be termed as the relaxation time.

dv/dt
e

b
A

Figure 3: The acceleration-velocity relationship for a falling droplet (case

I, Il and IID).

Table 2: The values of V at 2gr2(p2’-p1)/9n of some trivalent metal
alginate hydrogel complexes. [Alg.]=0.01 mol dm? (2%).

v La(IID) Ce(I1I)
0.32 0.31
2gr2 (p,-p,)/IM 0.47 0.42

Table 3: Some physical properties of some trivalent metal alginate hydrogel

complexes. [Alg.]=0.01 mol dm? (2%).

La(III) Ce(III)
Weight of droplet, g
2.82 x 107 2.81 x 107
Volume of droplet, cm? 2.50 x 107 2.50 x 10”?
Density, g cm? 1.13 1.12
Radius, cm 0.17 0.16
% of water content >97 >97
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The nature of the metal ions; radius, volume and density of the
droplet; concentration and pH of the electrolyte as well as the
concentration and viscosity of the alginate sol were found to play
an important role in the magnitude of At [14-16,34]. Each metal
alginate complex has a characteristic At value. This value was
found to decrease with increasing the concentration of alginate sol,
whereas it increased with increasing the metal ion concentration.
Again, the change of At with changing the radius of metal ion
(t") can be explained by the change in mass, size and radius (r)
of the gel droplet depending on the tendency of the gel droplet
for swelling or shrinking in aqueous solutions [14-16]. Since the
physical properties such as the mass, density and ionic radius of
both Ce (III) and La (III) are nearly equal [24], the relaxation time
in these two hydrogel complexes is expected to be the same as was
experimentally observed (Table 3). In addition, the values of At
were found to decrease with increasing temperature as shown in

Table 1.

Moreover, the relaxation time can also be explained by the
remarkable dependence of the velocity of acceleration upon the
alginate sol concentrations which increase with increasing the
concentration of the sol and vice versa.

It is believed that the densities of both the sol droplet and electrolyte
are the only determining factors for the magnitude of the velocity of
acceleration of sinking for the droplet into the electrolyte solution
after the relaxation time has been elapsed [22]. The radius, mass,
and gravitational forces play a role in such a sinking (Table 3).
Therefore, a mathematical treatment involving all these factors has
been developed. Let us, suggested that there are three forces acting
on such spherically shaped alginate sol droplet. The first one being
the weight of the droplet (F1{)

F=impgd @

Where 1 is the radius of the droplet that depends on the radius of

the metal ion (') and g is the gravitational force. The second force
is the Archimedean force (F27), thus,

4
F2:§m3p1gT 6)

The third one is the dragging force (F3T) which depends on the
velocity of the falling droplet, i.e.,

F3=A mV7T (6)

where m is the mass of the droplet and A is the proportional
constant which depends on the viscosity of the medium and the
radius of the falling droplet,

4071 )
m
Where 1 denotes the viscosity of the electrolyte solution.

As the sol droplet gets in contact with the metal electrolyte solution,
the droplet velocity is equal to zero and, hence, the dragging force
(F3) can be omitted, i.e.,

4 4 ,
5727”3,02g> gﬂT3p2g ®)

Therefore, the droplet floats just below the surface of electrolyte at
the beginning.

When the density of thedroplet(p, ) exceeds that of the surrounding
metal ion electrolyte as a result of the exchanging process between
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the two different metal counterions (i.e. >At), the droplets start to
sink into the electrolyte solution with an appreciable velocity. The
behavior of sinking is controlled by the conditions

4 , 4

§W3P2g>(§773,01g+6ﬂ”7V) 9
Equation (9) requires that the velocity of the droplet (V) should be
less than the factor 2gr2 (p’-p,)/9n, as is experimentally observed
(Table 4).

In order to account for the effect of the diffusion controls on
the acceleration of velocity, the following equation of motion is
suggested

)y amy (10)
dt dt

where U is the velocity of the reduced mass just after leaving the
droplet to the electrolyte surface and B is constantly equal to [ g

PV p,

Assuming that the reduced mass becomes immediately at rest after
droplet leaving (U=0), hence Eq. (10) reduces to

dl:B_(A+dm/dz
dt

The analysis of Eq. (11) can be completely understood if we
considered the following assumptions:

Case 1l

W (11)

Assuming that both the mass and density of the droplet are
constants during the gelation process (dm/dt=0), Eq. (11) leads to

d—V:B—AV (12)
dt

Where V=A/B(1-e-Bt) .

Equation (12) requires that the plots of dV/dt against V should be
linear with a slope to (-A) and intercept on dV/dt axis equal to (B).
This straight line may be represented by (a-b) line on the theoretical
curve shown in Figure 3.

Casell

Assuming that the mass of the droplet remains constant while its
density is subjected to change as a result of cross-linking results
from the inter diffused metal ions as well as the orientation of the
macromolecules and solvent molecules toward the chelated metal
ion, then Equation (11) leads to Equation (12), with variables A
and B. The term B increases by increasing p,” due to the decrease
in r, while the term A is consequently decreased. The values of dV/
dt are increased when compared with that obtained in Case 1.

On the other hand, if the droplet radius decreases with a continuous
increase in its density, a behavior similar to that illustrated by the

Table 4: The values of the activation parameters of some trivalent-metal
alginate hydrogel complexes. [Alg.]=0.01 mol dm? (2%). The values
between brackets were obtained kinetically [24].

La(III) Ce(I1D)
E*, KJ mol!
: 17.95 (17.65) 15.91
A, mol s 0.31 () 0.13
AH?, KJ mol! 15.31 (9.98) 13.28
AS?, ] mol'K*! -263.41 (-282.64) -270.73
A G* KJ ] mol” 93.80 (94.21) 93.96
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line (IT) in Figure 3 is obtained. Moreover, if the decrease in the
radius of the droplet occurs in a rhythmic manner, i.e. in a pulsed
way then we will obtain the line (III), which coincides with the line
(D) for the same interval time.

Case II1

If the mass of the droplet decreases while its radius remains constant
owing to the outward flux of water (dehydration), then the B term
increases while the A term is decreased. Therefore, the term B-AV
yields a decrease in dV/dt in Eq.(11). At the same time, the term
dm/dt will increase in magnitude and possesses a negative sign.

The resultant of dV/dt will depend on whether or not the rate of
(A-BV) decrease is greater than the rate of dm/dt increase. If dV/

dt<émr, then dm/dt

may even assume to be a negative value.

m
The acceleration of velocity can be determined from Y-t plots. Then
the term dV/dt can be evaluated using the well-known graphical
methods [32,35]. The results are summarized in Table 5.

The plots of dV/dt versus V gave pulsed behavior as shown in
Figures 4 and 5. The parts of (i) on the curves represent the sudden
increase in acceleration of the velocity of the falling droplet due
to a decrease in r with a corresponding increase in p, without
considerable change in m (Case II). This behavior can be attributed
to the orientation of the solvent molecules and macromolecular
chains toward the metal ions resulting from cross-linking.

Table 5: The values of V and dV/Dt of some trivalent metal alginate
hydrogel complexes. [Alg]=0.01 mol dm? at 45°C.

La (I11) Ce(II1)
10°V cm s 10° (dV/d1) 10°V cm s? 10° (dV/d1)
0.27 4.4 0.27 2.6
0.4 6.6 0.4 3.15
0.53 6.55 0.52 3.25
0.66 13.2 0.65 6.4
0.79 6.45 0.78 423
0.92 6.5 0.91 6.3
1.05 6.4 1.03 6.3
1.18 6.35 1.16 6.3
T T T T
[ ]
\
12 -
l i \ iii
8- .
=, i \
4 [
0 T T T T
0.0 05 10
-1
10° V,cms

Figure 4: A typical plot of dV/dt versus V of La (Ill)-alginate ionotropic
hydrogel complex. [Alg.]=0.01 mol dm? (2%) at 45°C.
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The parts (ii) on the curves correspond to a simultaneous effect
of the radius contraction, mass decrease and falling according to
Stokes law (case I).

The parts (iii) on the curves represent the sudden decrease in
acceleration of the velocity of the droplets. These parts represent
the decrease in mass as discussed in case Il with almost constant r
and decrease of the p, values.

In view of these interpretations and the experimental results, the
gel growth is a rhythmic process in nature and this agreed very well
with the behavior for other metal alginate gel complexes observed

previously (Figures 3-6) [46-47].
CONCLUSION

When a sodium alginate sol is dropped into an electrolyte solution
of polyvalent metal ion, a primary membrane is simultaneously
formed around the droplet to give it a symmetrical spherical
shape. The droplet will float just below the surface of electrolyte
for a certain period of time (At) for replacing the sodium counter
ions of the alginate macromolecule by the polyvalent metal ion.
This exchange process is called the sol-gel transformation. After
a certain period of time (>At), the droplet starts to sink into the

8 T T T T T T T T
i
o i
//// \\ //. - -
\\iii //i
/
) i
- 1 W
E 47 1
>
= i e— ° 4
./
0 T T T T
0.0 05 1.0
2 -1
10°V, cms

Figure 5: A typical plot of dV/dt versus V of Ce (Ill)-alginate ionotropic
hydrogel complex. [Alg.]=0.01 mol dm? (2%) at 45°C.

Figure 6: Intermolecular Association; Scheme I: Chelation in trivalent
metal ion-alginate hydrogel complexes.
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electrolyte solution with appreciable velocity. Several factors were
found to affect the rate of gel-growth in these droplets such as the
relaxation time and velocity of acceleration under the influence of
gravitational force. The experimental results reveal that the stability
of the metal alginate complexes studied increases in the order La
(IIN)<Ce (IlI)-alginates. A mathematical approach for examining
the affecting factors have been presented and discussed.
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