Rheological, Electrokinetic, and Morphological
Characterization of Alginate-Bentonite Biocomposites

B. Benli,! F. Boylu,1 M. F. Can,? F. Karakas," K. Cinku,’® G. Ersever?

leneml Processing Department, Istanbul Technical University, Ayazaga, Istanbul, Turkey
Mzmng Engineering Department, Engineering Faculty, Afyon Kocate fpe University, Afyon, Turkey
0

Mzmng Engineering Department, Engineering Faculty, University

Istanbul, Istanbul, Turke

*Mining Engineering Department, Engineering Faculty, Dumlupimar University, Kiitahya, Turkey

Received 25 March 2010; accepted 8 October 2010
DOI 10.1002/app.33627

Published online 18 April 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: We prepared biocomposite gel dispersions
involving sodium alginate (Na-Alg) and calcium bentonite
(Ca-B) with various solid concentrations and characterized
their rheological, electrokinetic, and morphological proper-
ties. The flow properties, such as the apparent and plastic
viscosities, shear stress, and yield value point, changed
with increasing clay dosage. The viscosities of the homo-
geneous dispersions were represented by the Herschel-
Bulkley model. The {-potential results were examined in
the light of different characterization methods (X-ray
diffraction, Fourier transform infrared spectroscopy, and

atomic force microscopy) to understand the interactions
between the Na and Ca ions of the alginate biopolymer
and bentonite clay. A plausible structural model for
the alginate-bentonite composite gel, known as the egg-box
model, is proposed. The presence of Ca ions in the
Ca-B partially crosslinked Na-Alg may be regarded as an
excellent example of a self-assembling process. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 122: 19-28, 2011
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INTRODUCTION

Sodium alginate (Na-Alg), in addition to its well-known
features, such as nontoxicity, biocompatibility, biode-
gradability, hydrophilicity, and relatively low cost,'”
has been used extensively because of its unique proper-
ties of gel formation—covalent crosslinking with diva-
lent ions, which forms what is known as an egg-box junc-
tion.*> Therefore, as a biopolymer, it has maintained its
diverse utility for more than a decade, especially in bio-
medical applications, such as wound dressings,® tissue
engineering scaffolds,” drug-delivery carriers® food
applications involving coating materials in improved
encapsulation,” antibacterial ~alginate-based edible
films,'® and biobased packaging materials in various
food categories.!’ Alginate has been of commercial in-
terest in the food industry as an emulsifier, thickener,
and stabilizer since its recognition in the 1930s."?
Bentonite is commercially known as montmorillonite
and is a layer-structured clay in the smectite group of
minerals."® Smectite-group clay minerals have large
adsorption capacities for polymer molecules because of
their unique crystal structure.'* The polymers in the
montmorillonite dispersions interacted with the clay
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particles according to their ionic or nonionic character.
The ionic polymers induced electrostatic interactions,
but the nonionic polymers were adsorbed on the sur-
face of the clay minerals by their steric interactions.
The polymer concentration, molecular weight and
hydrolyzing groups, size and shape of the clay
particles, surface charge, clay concentration in suspen-
sion, pH, and temperature may all affect the clay/poly-
mer interactions. The adsorption of polymers onto the
surfaces of clay particles influences the rheology and
electrokinetic properties of the system. The rheological
behavior of the suspensions is one of the most sensitive
indicators for the determination of particle interactions,
which can drastically change with even small varia-
tions in the composition of the medium.'” Other alter-
natives include the synthesis of biopolymer/inorganic
nanocomposites, which have many advantages over
biocomposites. Recently, biodegradable polysaccha-
ride/layered silica clay nanocomposites have been
investigated because they exhibit markedly improved
mechanical, optical, thermal, and physicochemical
properties and decreased gas/vapor permeability,
reduced flammability, and controlling release proper-
ties compared with pure polysaccharides.'®® Although
the effects of polymers'” and dyes'®'” on montmoril-
lonite dispersions have been studied extensively, the
interaction mechanism between Na ions of alginate
and Na/Ca ions of bentonite has not been understood
well because of the lack of a systematic investigation.
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In this study, the effects of alginate biopolymer
on the rheological and electrokinetic properties of
calcium bentonite (Ca-B) dispersions at various solid
concentrations were investigated. (-potential (zp)
measurements and morphological characterization
by X-ray diffraction (XRD), Fourier transform infra-
red (FTIR) spectroscopy, and atomic force micros-
copy (AFM) were conducted to elucidate the adsorp-
tion mechanism and rheological response of the
dispersions. Possible structural models of the Ca-B/
Na-Alg composite gels are proposed.

EXPERIMENTAL
Materials

Ca-B was obtained from the Enez-Edirne region of
Turkey. The raw bentonite samples were dispersed
in tap water at room temperature for 48 h and were
then subjected to a multistage purification process
with a Mozley 750 C 2 inch separator (Mozley
group, Gluster, UK.)*>** Under optimum conditions,
a concentrate product with a cation exchange
capacity of 89 mequiv/100 g and an average particle
size of 2.5 pm was obtained; this indicated the high
purity of the sample. The bentonite sample was ini-
tially dried at 60°C, gently ground with a homemade
type pestle/mortar machine, and screened to —150
pm for further use. The chemical compositions of the
samples were accomplished with an inductively
coupled plasma spectrometer from the ACME Analyt-
ical Laboratory (Vancouver, BC Canada). Ca-B had
the following chemical composition: SiO,, 54.74 wt %;
Al O, 15.53 wt %; Fe,O3, 5.06 wt %; MgO, 3.11 wt %;
Ca0, 2.51 wt %; NayO, 1.7 wt %; and K;0O, 1.51 wt %.

Na-Alg, purchased from Bio-Chemika (Fluka
Chemicals, Buchs, Switzerland) as an alginic acid of
sodium salt from brown algae, was used in the bio-
composite studies. Its grade was specifically recom-
mended for immobilization applications. Analytical-
grade CaCl, (from Panreac, Quimica SA) was used
in the experiments.

Methods

A rotational disc viscometer (class programmable
Brookfield RVDV-II4+ model, Brookfield Engineering
Laboratories, Massachusetts) was used for the vis-
cosity measurements. The Ca-B was dispersed in
Na-Alg solutions by a laboratory-scale mechanical
disperser (maximum = 12,200 rpm) manufactured
by Arcelik Co. (Istanbul, Turkey) and formed a gel
structure in 5 min. The gel sat overnight and then
was used as a stock suspension for further studies.
The measured viscosity data were collected and
evaluated by Wingather version 1.1 (Brookfield En-
gineering Laboratories) software.
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The electrophoretic mobility of the Ca-B clay particles
in the absence and presence of the polymer (0.5-2 wt %
Na-Alg) was determined with a microelectrophoresis
apparatus (Zeta Meter 3.0+, Zeta-Meter, Inc., Staunton
VA, USA). All dispersions were prepared in double-
distilled water. The pH of the suspension was meas-
ured with a pH meter.

Ca-B/Na-Alg biocomposite films were prepared
by casting and solvent evaporation techniques at
room temperature. The desired quantity of Na-Alg
was hydrated overnight in double-distilled water to
facilitate the dissolution of Na-Alg. Desired amounts
of Ca-B were added to the Na-Alg solution. This
dispersion was directly cast onto a clean glass plate
at room temperature. Then, all of the samples were
soaked in a 20 wt % CaCl, solution bath for 0.5 h.
The films were washed with double-distilled water
to remove the remaining traces of the solvent. The
film was then dried at room temperature for 3 days.

The characterization and morphology of the Ca-B
added Na-Alg biocomposite systems were investi-
gated with XRD, FTIR spectroscopy, and AFM. XRD
measurements of the biocomposite films were per-
formed with a Rigaku Miniflex model X-ray diffrac-
tometer equipped with Cu Ko radiation (Rigaku
Corporation, Texas, USA) at room temperature. All
of the samples were dried in a vacuum oven for
overnight at 50°C to remove excess moisture and
were then analyzed for moisture content by a Pre-
cisa moisture analyzer (model XM60, Dietikon, Swit-
zerland); the nanocomposites showed 6-25% mois-
ture according to the alginate gel content of the
nanocomposites. The samples were scanned up to a
26 of 60° (where 0 is the Bragg angle) in a continu-
ous mode. The FTIR spectra for the alginate films
and alginate biocomposites after the addition of Ca-
B were conducted with a PerkinElmer FTIR spec-
trometer (Massachusetts, USA).

AFM XE 70, Park System, Korea was used to examine
the surface topography of the biocomposite samples.
The AFM measurements were carried out with mois-
ture-controlled medium ambient conditions (22 + 2°C)
with noncontact mode. Cantilevers were exposed to
UV/0O; (UV Cleaner, Bioforce Nanosciences, Ames) for
15 min before each experiment to remove contamination
on each probe. Section analysis, roughness, and power
spectral density measurements were calculated with
SPIP nanoscope image analysis software from Image
Metrology (Lyngby, Denmark). We prepared each thin
slide by cutting the sample perpendicular to the plane.
The images were taken on this perpendicular section of
the samples during AFM measurements.

RESULTS AND DISCUSSION

The rheological characterization of the Ca-B/Na-Alg
biocomposite dispersions composed of 6% solids
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Figure 1 Effect of Na-Alg addition on the rheology of the
Ca-B dispersions.

with 0.5, 1, and 2 wt % Na-Alg is presented in
Figure 1. Increasing the concentration of Na-Alg
caused an obvious change in the flow curve of the
Ca-B/Na-Alg dispersions measured 1 day after the
preparation. A similar change was also observed
between the apparent viscosity and the shear stress
of the dispersions, as given in Figure 2. The appa-
rent viscosity of the dispersions showed a sharp
decrease at small shear rates; this indicated the thix-
otropic nature of the dispersions. Similarly, the
apparent viscosity at a low shear rate was higher
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Figure 2 Shear stress—shear rate profiles for various
Ca-B/Na-Alg biocomposite dispersions.
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Figure 3 Dependence of the percentage of solids on the
apparent viscosity of the Ca-B/Na-Alg biocomposite
dispersions.

than that at a high shear rate when a higher content
of Na-Alg was incorporated into the gel. It is clear
from Figures 1 and 2 that all of the dispersions with
and without alginate exhibited non-Newtonian and
pseudoplastic flow behaviors. The rheological behav-
ior of the dispersions was best fitted to the Hershel
Bulkley model between shear stress, s and velocity
gradient, g [t = 1. + k", where 1. is the yield stress
(Pa), x is the consistency index, and # is the flow
index] like other viscoplastic systems such as raw
cement,? drilling mud, 4 and oil-water emulsions.?®
This rheological model encompasses as limiting
cases the Bingham plastic, power law, and Newto-
nian fluid models. The rheological characteristics of
the dispersions, that is, the apparent viscosity, thix-
otropy, yield stress, and plastic viscosity were deter-
mined according to the Hershel Bulkley model and
are shown in Figures 3-6, respectively. Increasing
the clay concentration in the Ca-B/Na-Alg
dispersions clearly caused a pronounced increase,
especially after the addition of 3% solids. On the
other hand, at concentrations lower than this, the
effect of solid loading on the viscosity could be
ignored. However, above 2 wt % Ca-B, the effect of
the solid concentration was a more predominant
factor in the bentonite/alginate system. Above this
concentration, similar to that reported by Pongjanya-
kul and Puttipipatkhachorn,®® the alginate disper-
sions flocculated and formed a three-dimensional
network structure as gelation. This structure was
supported by the easy gelling ability of alginate with
the Ca-Alg junction zones; this is popularly known
as the egg-box model.* Furthermore, the area of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Thixotropy of different Ca-B/Na-Alg biocompo-
site dispersions as a function of the percentage of solids.

hysteresis loop between the up curve and the down
curve of the flow curve of the composite gels
increased with increasing alginate content. This sug-
gested that Ca-B improved the thixotropic properties
of the Na-Alg gels, although alginate concentrations
above 2% could not be observed because they exhib-
ited a rather high gelation ability**” and made rheo-
logical study difficult.”®

The yield stress data against the percentage clay

addition in Figure 5 indicate that interaction
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Figure 5 Yield stress of various Ca-B/Na-Alg biocompo-
site dispersions at different percentages of solids.
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Figure 6 Plastic viscosity of Ca-B/Na-Alg biocomposite
dispersions at different percentages of solids.

between the clay particles and alginate in the disper-
sion was dependent on the clay concentration; at
solids concentrations below 2%, the yield stress val-
ues were negligible. At low bentonite additions, the
system exhibited features akin to a nanocomposite.
However, an increase in the clay concentration led
to enhanced interactions and resulted in possible
new mechanisms, as ion exchange and encapsulation
became more dominant in the Ca-B/Na-Alg system.

Plastic viscosity reflects an increasing yield stress
value in suspensions and is indicative of a change in
the flow model. As it is known, suspensions gener-
ally exhibit pseudo-plastic flow behavior and are
represented with the shear stress-shear rate curves
starting from the zero point. When the suspension
turns into a plastic form (i.e., Bingham plastic), a cer-
tain shear stress is required to make the suspension
flow, and this point is defined as the yield stress.
Higher yield stress values show the flow transition
from pseudo-plastic to plastic. In this case, the plastic
viscosity is required to characterize the suspension.
As shown in Figure 6, for Na-Alg concentrations
lower than 1%, the plastic viscosities increased with
bentonite concentrations higher than 3%. In case of a
2% Na-Alg concentration, a 2% Ca-B addition was
found to be the critical concentration for making the
suspension more plastic. In addition, dramatic
increases in the plastic viscosities also proved that
the suspension turned into a rigid gel structure.
Figure 6 shows the changes in the plastic viscosities
of the suspensions and reveals that both the Na-Alg
and Ca-B concentrations played significant roles in
keeping the suspension in the gel structure.
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Figure 7 zp versus the percentage of solids for different
Ca-B/Na-Alg biocomposite dispersions.

zp is another important indicator in understand-
ing the stability of dispersions. The electrokinetic
behavior of the Ca-B added Na-Alg dispersions was
measured at natural pH, as shown in Figure 7. The
zp values became more positive with increasing algi-
nate concentration from nearly —10 mV (without algi-
nate) to —40 mV for the 2% Na-Alg dispersion. Simi-
lar behavior was observed with Unye bentonite of
Turkey, with reported zp values of —42.4 mV at a 2
w/w % bentonite addition.'* These results were in
good agreement with the conductivity of the Ca-B
added alginate suspensions presented in Figure 8. Ion
release to the suspension, which was directly related
to the ionic interactions, increased with increasing
alginate concentration and reached a peak value at 2%
bentonite/2% alginate addition. Both the rheology and
the electrokinetic measurements showed that a simple
ion-exchange mechanism possibly controlled the
behavior of the Ca-B/Na-Alg biocomposite system.

We examined the ionic interactions by measuring
the released Na" and Ca”*" ions to the dispersion to
understand the mechanism behind the self-assembly
system. Figure 9(a,b) shows the release of Na* and
Ca”" ions as a function of Ca-B for the 0.5, 1, and 2%
Na-Alg dispersions. Ion releases at three different
concentrations of Na-Alg were measured at 414, 907,
and 1890 ppm for Na*, and 0.21, 0.21, and 042 ppm
for Ca®>". As shown in Figure 9, the released ions
played a significant role, especially at concentrations
below 2%. However, the evidence for incorporating
Ca-B into the alginate system could be realized
through XRD analyses. Toward this aim, the investi-
gation of the macroscopic parameters of the biocom-
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posite dispersions, that is, the rheology, thixotropy,
yield stress, zp, and released ions, were continued
on the biocomposite films. XRD patterns of dried
CaCly-crosslinked alginate/bentonite composites were
prepared with 1% Na-Alg and different percentage
solids of Ca-B, as shown in Figure 10. The calculated
basal spacing values of these composites are illus-
trated in Table I. At solid contents of less than 4% and
at 1% Na-Alg, there was no distinct diffraction peak in
the range 3-9° (20).*>*° According to Zhou et al.,'*(b)
the absence of diffraction peaks could be attributed to
two possible reasons: (1) an exfoliated structure and
(2) a disordered intercalated structure with an average
d-spacing higher than 7 nm. In this region, similar to
the zp and ion-release measurements, the diffraction
peaks were interpreted as higher level interactions
between Ca-B and Na-Alg. On the other hand, the
preparation of denser composites (0.5 wt % Na-Alg
with 1 and 4% Solids Ca-B) were also found to
decrease the diffraction peaks (Fig. 11); this was in
line with the results of Darder et al.>' for chitosan, a
natural biopolymer. At solid contents of both 4 and
1%, the significant diffraction peaks shifted to 20’s of
about 5.83 and 4.99, respectively, from that of bare Ca-
B due to the intercalated and flocculated structures.'”
Possible structural models of the Ca-B/Na-Alg com-
posite gels are illustrated in Figure 12. There were
three different mechanisms, depending on the solid
content variation

1. At low solid contents, bentonite in the alginate
solution was distributed as exfoliated or

disordered.
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Figure 8 Variation of the specific conductivity with the

percentage of solids for different Ca-B/Na-Alg biocompo-
site dispersions.
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Figure 9 Ion release from the Ca-B/Na-Alg biocomposite dispersions versus the percentage of solids for (A) sodium and

(B) calcium.

2. At moderate solid contents, bentonite was
intercalated.

3. At high Ca-B addition, the magnitude of
exchanged ions increased in the solution, and
then, exchangeable ions, mostly divalent Ca’",
Mg”>", and AI’", were exchanged and cross-
linked with Na-Alg followed by encapsulation.

Depending on the slow gelatinization process
between Ca-B and Na-Alg, crystallinity and a more
perfect ordering of the Ca-Alg gel beads were
formed with large pieces, as shown in Figure 12.
Slow gelling processes are expected to provide better
structural information about the junction zones algi-
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Figure 10 XRD data of the Ca-B/Na-Alg biocomposite
solution (1 wt %) with solid concentrations of Ca-B of (a)
0.5, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 6%. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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nate gels.” This result is very important for biocom-
posite, drug delivery, tissue engineering, biomedical,
and encapsulation studies because of the difficulty
in designing selective ionic interactions with Ca'?
ions between the Ca-B and Na-Alg solutions as acti-
vator, modifier, and/or gelling agent. The condition-
ing of Na-Alg with the Ca-B activated the bentonite
structure to the Na form of bentonite with an ion-
exchangeable mechanism. On the other hand, at
higher Ca-B concentrations, more divalent cations, in
our case, Ca™? ions, were released from Ca-B, and
thus, encapsulation may have been a more dominant
mechanism for the Ca-B/Na-Alg system. This sys-
tem may be regarded as an excellent example of a
self-assembling process, which refers to the assembly
of building blocks of various natures, from organic
molecules and polymers to inorganic entities.** After
the partial protonation of carboxylate groups in
the alginate molecules, these partially crosslinked
alginate assemblies are pH-sensitive.”

AFM images of the composite samples further
helped to identify the morphologies of the bentonite
dispersion, as illustrated in Figure 13(a—c).

TABLE 1
20 Values Obtained for the Ca-B/Na-Alg Biocomposites

Bentonite concentration in a

1% Na-Alg solution 20 d-spacing (A)

0.5 No peak

1 1.21 73.11
2 1.59 55.65
2 4.08 21.68
3 1.81 48.78
4 4.99 17.70
6 5.83 15.15
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Figure 11 XRD data of the Ca-B/Na-Alg biocomposite
solution (0.5 wt %). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Individual bentonite particles were found on the
nanocomposite surface with a Phase AFM image in
noncontact mode at 5 pm?*/ scanning area. As encap-
sulated bentonite was observed in Figure 13(c), the

Fresh disordered Ca- crosslinked- alginate/
Ca-bentonite composite
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ion-exchange mechanism was directly confirmed in
the higher Ca-B added Na-Alg structures. According
to Cao et al.,*® at neutral pH values, because of the
ionization of carboxylic acid groups, the hydrogen
bonds between carboxylic groups will be destroyed,
and the structures will be disintegrated. Therefore,
in our case, the increasing bentonite ratio in the
aqueous system was one of the main reasons for the
increase in the pH of the system. At this relatively
high pH, the disintegration of the composite struc-
ture and the encapsulation of disordered bentonite
between the crosslinked alginate molecules was
expected. This proposed structure is presented in
Figure 13(c).

In addition, the possible structures of composite
systems for 1% Na-Alg at different Ca-B solid con-
centrations were confirmed by FTIR spectroscopic
analyses, shown in Figure 14. The assignments of the
functional groups available in the Ca-B/Na-Alg bio-
composite against the absorption band assign-
ments®*® are listed in Table II. The characteristic

band of alginate was observed at 3353 cm ™! for the
hydroxyl groups and at 1611 and 1431 cm™' for the
asymmetric

—COOH  stretching vibrations and

Ca- crosslinked structure
Encapsulation

Dehydrated ordered and/or encapsulated
Ca- crosslinked- alginate/Ca-bentonite composite

Figure 12 Possible interaction mechanisms between the Ca-B and Na-Alg biocomposite systems. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13 AFM images of the Ca-B/Na-Alg biocomposites with (A) a 0.5% solid ratio of Ca-B in 1 wt % alginate, (B) a
1% solid ratio of Ca-B in 1 wt % alginate, and (C) a 6% solid ratio of Ca-B in 1 wt % alginate. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

symmetric —COOH stretching vibrations. On the
other hand, the characteristic bands of clay at 3622,
1033, 914, and 790 cm™! for the AI—O—H stretching,
5i—0O—i, Si—O stretching, AI—O—H, Si—O stretching,
Si—O—Al stretching, and (Al, Mg)— O—H and
S5i—O—(Mg, Al) stretching were not observed at small
bentonite additions because of the composite struc-
ture. Above a 4% solid content of bentonite, these
peaks started to become noticeable.

The OH stretching peak between 3360 and 3352
cm™! became a little bit narrower at 1 wt % Ca-B

Journal of Applied Polymer Science DOI 10.1002/app

addition and, then, remained similar at higher Ca-B
ratios with a lesser intensity. The C—H peak at 2981
cm ™' was also seen at a 6% solid content of Ca-B.
Because the conditioning time of Ca*" ions is very
critical to the composite structure and ion-exchange
mechanism of the sys’cem;34 this was evidence for
the characteristic increase in intramolecular bonding
at smaller ratios and, conversely, a decrease in the
intramolecular bonding at higher solid ratios. The
rheology, ion release, zp, and AFM images also con-
firmed this finding.
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Figure 14 FTIR spectra of the Ca-B/Na-Alg biocomposites with 1 wt % alginate with different solid concentrations of
Ca-B: (a) 0.5, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 6% (from top to bottom). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

The spectra of the Ca-B/Na-Alg biocomposite
films were characterized by the presence of absorp-
tion bands typical of the pure components, with the
intensity roughly proportional to the mixing ratio.
The peak at 1611 cm™' shifted to 1625 and 1626
cm™; this suggested the presence of new hydrogen
bonds between alginate and bentonite. This was
ascribed to the electrostatic interaction between such
groups and the negative sites on the clay structure.*

Furthermore, the peak at 1431 cm ™!, which repre-

sented the stretching vibration of carboxylate
groups, shifted to a lower frequency (1407 cm ') in
the corresponding nanocomposite spectra.®® This
peak was also specific to ionic binding resulting
from the calcium ions” replacement with sodium
ions in the alginate blocks.** However, at higher
bentonite additions, the Si—O stretching peak shifted
and exhibited a maximum at 1041 cm % the
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TABLE II
Assignments of the FTIR Absorption Bands for the
Ca-B/Na-Alg Biocomposites

Wave number
1

(cm Assignment
3622 Al—O—H stretching
3360-3380 O—H stretching
2750 C—H stretching
1608-1611 COO— stretching (asymmetric)
1413-1414 COO— stretching (asymmetric)
1124-1126 C—C stretching
C—O stretching
1087-1088 C—O stretching
C—O—C stretching
1059 O—H bending
1033 S5i—0O—Si, Si—O stretching
947-950 C—O stretching
C—H stretching
914 Al—O—H stretching
790 Si—O stretchingSi—O—Al stretching

(Al, Mg)—O—H stretching
Si—O—(Mg, Al) stretching

structural Al—Q vibration at 914 cm™! also con-

firmed the presence of bentonite in the dispersions.'*
The peaks in the range 1150-1000 cm ' were
assigned to C—C and C—O bonds, most likely
because these bonds were shared with the calcium
ions, namely, Ca crosslinking of alginate as evidence
of the encapsulation of bentonite.

CONCLUSIONS

The flow behavior and electrokinetic properties of
Ca-B/Na-Alg biocomposite systems showed that
the extent of exchangeable cations of bentonite was
very important in the formation of the alginate bio-
composite systems. In the presence of Ca ions,
because of the electrostatic forces and intermolecu-
lar hydrogen bonding between Ca-B and Na-Alg, a
denser matrix structure was formed with increasing
junction zones of the composite gels by the par-
tially crosslinked alginate; this is popularly known
as the egg-box model. The incorporation of Ca-B into
the Na-Alg gels or vice versa provided a higher
viscosity and changed the flow behavior from
Newtonian to pseudo-plastic with thixotropy. Dur-
ing this process, Ca-B was activated by Na ions
released from the Na-Alg. It was confirmed that
the conditioning time of the Ca®" ions in the algi-
nate dispersions was very critical to the structure
of composite formation and ion-exchange mecha-
nism of the system. The variations in pH and the
content of Ca*" ions provided an excellent example
of a self-assembling process.
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