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Abstract

The surface chemical characteristics of SiC suspension were examined in the presence of chitosan, a cationic polymer. The adsorption
density of chitosan onto SiC showed a distinct maximum around pH 7, and the isotherms exhibited Langmuirian behaviour. The isoelectric
point (i.e.p.) of SiC was located at pH 3 and the presence of chitosan shifted the i.e.p. values towards the alkaline pH region in proportion with
the amount of polymer added. Consequent to the addition of chitosan, the zeta potential value of SiC surface was increased to +30 mV in the
pH range of 2-5, while it was >—40 mV between pH 9.5 and 11.5. The favourable pH regimes for the stability of SiC dispersions were found
to be between pH 2—-6 and 9-11, with the optimum concentration of chitosan. The FTIR spectral measurements provided evidence in support

of hydrogen bonding forces between chitosan and SiC surface.
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1. Introduction

Silicon carbide (SiC) is a non-oxide covalent ceramic
material that has gained importance in a wide range of
industrial applications. The superior mechanical, chemical
and thermal properties of SiC, have increased its usage in
applications such as abrasives, refractories, sand blast
nozzles, mechanical seal valve, friction and wear resistance
components, heat engine parts, diesel and gas turbines and
high temperature energy conversion systems [1-8]. Apart
from these applications, SiC is finding its place increasingly
in electronic industries [9]. The quality of the ceramic
materials is of great concern when they are used in these
types of extreme conditions. There are many novel colloidal
ceramic processing methods that have been developed to
obtain high quality, defectless products [10,11]. The
preparation of stable and homogeneous colloidal slurry is
the first important step to get ceramic products with a high
degree of quality through these processes. There are two
ways to stabilize the slurry; one is through increasing the
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surface charge by adjusting the pH (electrostatic), and the
other is through the addition of polymers (steric).
Polyelectrolytes are widely used in ceramic processing to
electrosterically stabilize the slurries [12]. Polyacrylic acids
and their derivatives are commonly used polyelectrolytes for
the stabilization process of both oxide [13-17] and non-
oxide [18-20] ceramic slurries.

Poly(ethylene imine), a cationic polyelectrolyte has been
used to stabilize SiC suspensions [21]. Chitosan, a cationic
bio-polymer, is a biodegradable, non-toxic, copolymer of
poly [B(1-4)-2-acetamido-2-deoxy-D-glucopyranose] and
poly [B(1-4)-2-amino-2-deoxy-D-glucopyranose], derived
from partial deacetylation of chitin [22]. There has been
an increased research interest on chitosan properties in the
application areas such as pharmaceuticals, biomaterials,
cosmetics, food processing and chelation of heavy metals
[23]. Recently, it has been tried as a dispersant for tin oxide
(SnO,) ceramic suspensions [24], while many of the earlier
research findings were concentrated on the flocculation of
particles and cells using chitosan [25,26]. Needless to
emphasize, surface chemical studies at the solid/liquid
interface have an important role in understanding the nature
of the suspension. In the present investigation, with the
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above objectives in mind, surface chemical studies have
been carried out on SiC suspensions using chitosan. Detailed
adsorption, desorption, electrokinetic and dispersion tests
have been performed to delineate the mechanisms of
interaction between chitosan and SiC. FT-IR spectral studies
have been carried out to characterize the adsorbed species.

2. Experimental materials

Silicon carbide (a-SiC) was obtained from Aldrich, USA.
The mean particle size (ds) of the sample was determined to
be 8.43 pwm, using a Malvern Mastersizer S, UK. The BET
nitrogen surface area of the sample was found to be 0.26 m?/
g using a Quantasorb Analyzer, USA.

The cationic polysaccharide used in this study was
chitosan, which was derived through the following
procedure. Shrimp chitin, procured from CFTRI regional
center at Mangalore, India was subjected to heterogeneous
N-deacylation to produce native chitosan. Then the
depolymerization of the native chitosan was carried out
by incubating it with pronase for a specified time. Low
molecular weight chitosan (LMWC) was one of the fractions
obtained from the depolymerization reaction and was used
in this study. The molecular weight of the LMWC was
deduced as 8.5 KDa, by viscosimetric measurements and the
degree of deacetylation was determined to be 14% by IR and
solid state '>*C NMR. The detailed procedures for synthesis
and characterization are reported elsewhere [27]. The
chitosan mentioned throughout this paper is the LMWC
obtained as described above. The chitosan stock solutions
were prepared using 1 M acetic acid solutions. Cibacron
brilliant red 3B-A (also named as Reactive Red 4, C.I.
18105) was procured from Aldrich, USA and used for the
analysis of chitosan in solution. Potassium nitrate was used
as a background electrolyte. Nitric acid and potassium
hydroxide were used as pH modifiers. All the reagents were
of analytical grade. Deionised, double distilled water of
conductivity <1.5 wQ ' was used for all the experiments.

3. Experimental methods
3.1. Adsorption studies

For each experiment, 1 g of SiC was taken in a 250 ml
Erlenmeyer flask and mixed with 50 ml of 107* M KNO;
electrolyte solution. The pH of the prepared suspension was
adjusted to a desired value, using either nitric acid or
potassium hydroxide. The suspension was then equilibrated
in a Remi orbital shaking incubator at 180 rpm for 3 h at
28 °C. Fifty milliliters polymer solution of desired
concentration and pH, equivalent to the corresponding
suspension pH value, was prepared and mixed with the
suspension. The background electrolyte concentration was
kept at 10> M KNOs;. The SiC suspension containing the

polymer solution was equilibrated in the orbital shaking
incubator for a specified time. It was then centrifuged in a
Remi centrifuge at 5000 rpm for 45 min. The supernatant
was then analysed for the chitosan polymer concentration
following the colorimetric method of Muzzarelli [28].
Cibacron brilliant red 3B-A dye solution was prepared as per
the specified procedure [28]. For each test, 5 ml of the
polymer sample was vigorously mixed with 3 ml dye
solution, using a Remi vortex mixer. The absorbance was
measured in a Shimadzu UV-260 spectrophotometer at a
wavelength of 575 nm, against a reagent blank. The residual
concentration of the polymer was determined from the
calibration curve. From the supernatant concentration, the
adsorbed amount was arrived at by difference between the
initial and final polymer concentrations and expressed in
mg/mz.

3.2. Desorption tests

Desorption of the adsorbed chitosan from SiC, has been
assessed at different pH values to evaluate the reversibility of
the adsorption process. Each of the residues obtained after
centrifuging the suspension of different pH values, contain-
ing the adsorbed chitosan, was mixed with 20 ml of distilled
water of corresponding pH and reagitated in the orbital
shaker for 1h at 180 rpm and 28 °C. Subsequently, the
suspension was centrifuged and the supernatant was
analysed for the desorbed chitosan concentration. The
percentage desorption was calculated.

3.3. Electrokinetic measurements

Electrokinetic experiments were carried out using a
Malvern 3000 model zetasizer, UK. The zeta potential
values of dilute SiC suspensions (10 mg in 100 ml) with the
background electrolyte concentration kept constant at
107*M KNOj;, were measured at different pH values. To
find out the effect of chitosan on the electrokinetic behaviour
of SiC suspension, initially 10 mg of SiC in 50 ml deionised,
double distilled water was prepared and the pH was adjusted
to a desired value. Then 50 ml of chitosan solution of desired
concentration, whose pH was preadjusted to the suspension
pH value, was added to the SiC suspension and allowed to
equilibrate for 5 h in a Remi orbital shaker at 180 rpm and
28 °C. The zeta potential values were measured as a function
of pH and polymer concentration.

3.4. Dispersion studies

For these tests, 100 mg of SiC powder was taken in a
100 ml measuring cylinder and mixed with deionised,
double distilled water and the pH of the suspension was
adjusted to a desired value. The required amount of polymer
solution, with the pH preadjusted to the corresponding value,
was mixed with the suspension such that the total suspension
volume was 100 ml. Then the measuring cylinder was
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tumbled 30 times by gentle inversion and allowed to
equilibrate for 1 h. The suspension was again tumbled 30
times by gentle inversion and left without disturbance for
1 h. At the end of the period, the top 25 ml of the suspension
was siphoned out and made upto 50 ml. The turbidity of the
diluted suspension was directly measured in a Systronics
Nephelo Turbidity Meter 132, which was calibrated with
Formazine standard and expressed in Nephelometric
Turbidity Units (NTU).

3.5. FT-IR studies

FT-IR spectra of SiC before and after interaction with
chitosan were recorded using a JASCO-410 FT-IR spectro-
meter, UK, in the wavenumber range 4000-400 cm_l,

adopting the KBr pellet technique.

4. Results and discussion
4.1. Adsorption studies

4.1.1. Effect of time

The kinetics of adsorption of chitosan onto SiC is shown
in Fig. 1, for two different concentrations, namely 50 and
100 ppm. In both the cases, the adsorption density steeply
increases with increase in time upto 5h and thereafter
saturation coverage is attained. The maximum adsorption
density for 100 ppm chitosan concentration is about two
times that for the 50 ppm concentration. In all subsequent
experiments, the equilibration time was maintained at 5 h.

4.1.2. Effect of pH

Fig. 2 portrays the adsorption density of chitosan onto
SiC as a function of pH for three different concentrations
namely 25, 50 and 100 ppm of chitosan. In all cases, a
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Fig. 1. Adsorption density of chitosan for SiC as a function of time.
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Fig. 2. Adsorption density of chitosan for SiC as a function of pH.

gradual increase in the adsorption density is observed upto pH
6, followed by a rapid increase upto pH 7-7.2, wherein a
maximum is reached. The adsorption density drastically
decreases in the pH range from 7.5 to 11.3. It has been
reported that the dissociation constant of the glucosamine
monomer present in the cationic chitosan polymer is between
pH 6.3 and 7.5 [24,29]. Thus, below pH 7.5 chitosan is
positively charged due to ionization of the amino group. It is
well documented that the surface of SiC has a layer of silica
due to natural oxidation [20,30-32], which results in the
formation of surface silanol (Si-OH) groups. Electrokinetic
studies have indicated that the isoelectric point of SiC is
located at pH 3 (Fig. 5). The electrostatic interaction between
the positively charged chitosan and negatively charged SiC
surface in the pH range 3-7, results in the higher adsorption
density of chitosan onto SiC. Additionally, hydrogen bonding
between the surface Si—~OH groups of SiC and the -OH and —
NH, groups of chitosan enhances the adsorption density, in
this pH range. Furthermore, in the areas where the silica
surface is hydrophobic, there is a possibility of hydrophobic
bonding with the glucopyranose ring of chitosan. It has been
reported that the pK, value of surface Si—-OH groups varies
from 6.5 at 0% neutralization to about 9.2 at 50%
neutralization [33]. The ionization of the Si-OH groups to
siloxane (Si—O-Si) in the alkaline pH range reduces the
affinity of SiC with chitosan.

Taking into consideration the cumulative effect of the
interaction forces namely, hydrogen bonding, electrostatic
attraction and hydrophobic bonding, the observed maximum
in the adsorption density of chitosan onto SiC, around pH 7
is expected. The role of electrostatic forces as the major
interaction mechanism for the adsorption of other cationic
polymers with silica and SiC has been widely implicated
[5,21,34,35]. Domard et al. [36] have postulated electro-
static attraction as the dominant interaction mechanism
between chitosan and kaolin surfaces. On the other hand, the



640 L. Saravanan et al./Ceramics International 32 (2006) 637—-646

SiC + Chitosan

e o —m pH55t05.7
e | — O pH7.0t07.2
> 30 /¢ @ pH7.8t08.1
E : — 0 pH9.41t09.7
C

B 254 |

e 7

s |

w5 20 ;JJ

R

g 154 |

° t: /0///0

5 |

:5_ ul

[e]

[2]

©

< . - B e —

T T T T T T
40 60 80 100

Eqilibrium concentrantion (mg/l)

Fig. 3. Adsorption isotherms of chitosan for SiC.

interaction between SiC and poly(ethylene imine) has been
explained in terms of hydrogen bonding with free surface
Si—OH groups [21].

4.1.3. Effect of polymer concentration

The adsorption isotherms of chitosan onto SiC, at four
different pH values are depicted in Fig. 3. The adsorption
densities as a function of equilibrium concentration are
comparatively higher for the pH values around 7 and 8 and
are lower for the pH values around 5.5 and 9.5. These results
are in agreement with the pH trends of adsorption observed
earlier (Fig. 2). The isotherms at the pH values around 5.5
and 9.5, follow the low affinity type Langmuirian behaviour.
The isotherm at pH 5.5 attains a saturation level of
adsorption beyond 40 mg/1 equilibrium concentration, while
that at pH 9.5 tends towards a plateau region of adsorption
beyond 50 mg/l concentration. On the other hand, the
isotherms obtained for the pH values around 7 and 8, exhibit
a steep continuous rise in the adsorption density. The
saturation level in adsorption density is not observed for
these two isotherms in the concentration range investigated.
The adsorption isotherms for chitosan onto kaolin, showed a
similar trend [36]. Domard et al. [36], found that there was
no adsorption plateau for the isotherm at pH 6, but at pH 4,
the adsorption density reached a saturation value beyond a
certain concentration of the polymer. More importantly,
from the trends of the adsorption isotherms of chitosan onto
SiC, it is evident that the amount of unadsorbed free polymer
concentration is higher for the isotherms at pH values around
5.5 and 9.5, when compared to those for the pH values
around 7 and 8, which presumably results in the enhanced
stability of the suspension.

4.2. Desorption studies

The adsorption density of chitosan for 100 ppm initial
concentration onto SiC and the corresponding percentage
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Fig. 4. Percentage desorption of chitosan from SiC as a function of pH.

desorption as a function of pH are shown in Fig. 4. The
percentage desorption is higher in the pH regions of 2—6 and
9-11 (~90-97%). Interestingly, the percentage desorption
attains a minimum value of about 60% at pH ~ 7. It is
readily apparent that the reversibility of chitosan adsorption
is higher, when the adsorption density is low, whereas in the
pH range of higher adsorption density, the amount desorbed
is comparatively low. This can be attributed to differences in
the adsorption mechanisms operating at different pH values.
At around pH 7, the combination of electrostatic attraction,
hydrophobic and hydrogen bonding results in enhanced
adsorption density, and in turn the observed lower
reversibility of adsorption. On the other hand, in pH region
of 2-6 and 9-11, wherein there is a reduction in the number
of favourable sites for hydrogen bonding, a higher
percentage of desorption is facilitated.

4.3. Electrokinetic studies

The electrokinetic behaviour of the SiC suspension in the
absence and presence of different concentrations of chitosan
is shown in Fig. 5. In the absence of the polymer, the
negative zeta potential values of the SiC surface increase as
the pH is increased from 3 to 10. Below pH 3, the surface
becomes positively charged. The isoelectric point (i.e.p.) of
SiC suspension is observed to be located at pH 3. This is in
good agreement with the values reported in the literature,
which vary from pH 2 to 3.5 [5,14,21,37-43]. Addition of
different concentrations of cationic chitosan polymer shifts
the i.e.p. of the system towards the alkaline pH region, in
proportion with the added concentration of chitosan. For
example, the i.e.p. is shifted from pH 3 in the absence of
chitosan to pH 7.5 after 100 ppm chitosan addition. It is
noteworthy that the negative SiC surface becomes increas-
ingly positively charged (or less electronegative) as the
chitosan concentration is increased. Even at pH 3, SiC
surface acquires a positive charge, consequent to the
addition of chitosan. The zeta potential attains a value of
about +30 mV, between pH 2 and 4.5, and in the chitosan
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Fig. 5. Zeta potential values of SiC suspension as a function of pH, before
and after interaction with chitosan.

concentration range of 10-100 ppm. In an analogous
manner, the zeta potential values are highly electronegative
(>—40 mV), in the pH range of 9.5-11.5 for the different
concentrations of chitosan. Shifts in the i.e.p. of SiC have
been similarly reported after addition of cationic poly-
ethylene imine and dodecyl amine [5,21].

4.4. Dispersion studies

Fig. 6 illustrates the dispersion behaviour of SiC
suspension in the absence and presence of different
concentrations of chitosan as a function of pH. In the
absence of chitosan, the turbidity of the suspension increases
steeply from 190 NTU at pH 2 to 300 NTU at pH 4. Beyond
pH 4, the turbidity gradually increases and attains a value of
350 NTU around pH 11. A comparison of Figs. 5 and 6

400
380 NQ
360 ) i
340 ] . ?§
320
2 3004
Z J
> 280 ]
2 260+ SiC + chitosan
2 1 o X
S 2404 -0 ppm ch!tosan
[ J ——1  ppm chitosan
2201 —&—10 ppm chitosan
200 ] —0O—20 ppm chitosan
1 —&—30 ppm chitosan
1807 —A—50 ppm chitosan
160 & 100 ppm chitosan
140 ; , : . . . . ) . . ,
2 4 6 8 10 12
pH

Fig. 6. Turbidity of SiC suspension as a function of pH, before and after
interaction with chitosan.

reveals that the dispersion behaviour of SiC in the absence of
chitosan complements its electrokinetic characteristics. As
can be expected, the turbidity of the dispersion is lower at the
i.e.p. of SiC namely pH 3, while in the alkaline pH region,
the turbidity is significantly higher, as also the zeta potential
values. The results obtained consequent to the addition of
different concentrations of chitosan to the SiC suspension,
are also depicted in Fig. 6. The following observations are
noteworthy from this figure:

(1) In the pH range of 2-6, a steady increase in the turbidity
values is observed, when the chitosan concentration is
increased from 1 to 30 ppm. This is indicative of
enhanced stability of SiC dispersion in this pH range. It
is pertinent to recall that the zeta potentials are about
+30 mV in this pH range in the presence of different
concentrations of chitosan, corroborating the higher
turbidity values (Fig. 5). Domard et al. [36] also
observed stabilization of kaolin suspension at pH 4 to be
due to an increase in the zeta potential value with the
addition of chitosan. Further, it may be recalled that less
than pH 5.5, the adsorption density of chitosan onto SiC
was relatively very low (Fig. 3). Thus the amount of free
polymer in the bulk solution is comparatively higher.
The free chitosan present in the bulk solution would be
ionized at this pH region. Plausibly, this also can be
attributed to the enhancement of suspension stability
through “depletion stabilization™ in this pH region. It
can be expected that the depletion stabilization effect
would get enhanced, when the free polymer present in
the bulk solution is completely ionized, due to the
increased inter-polymer repulsion. The theory of
depletion effects on the suspension stability has been
well explained [44-46]. Sato and Kohnosu [47], have
found that the increase in the amount of unadsorbed free
PVP, increased the titanium dioxide suspension stability.
In another study, the enhanced suspension stability of
SizNy, in the presence of completely ionized, unad-
sorbed, polyacrylic acid (PAA), through depletion
stabilization has been reported [19].

(2) A decrease in the turbidity values is observed in the pH
range of 2-6, when the chitosan concentration is
increased from 30 to 50 ppm and 100 ppm. These
findings attest to the fact that the addition of excess
concentration of the polymer beyond the optimum,
results in the flocculation of the suspension leading to
reduced turbidity values.

(3) A characteristic minimum in the turbidity values is
apparent around pH 6.5-7 in the presence of different
concentrations of chitosan. It may be recalled that the
adsorption density of chitosan onto SiC was found to
exhibit a maximum around pH 7 (Fig. 2), when the
chitosan concentration was varied from 25 to 100 ppm.
Additionally, shifts in the i.e.p. of the SiC-chitosan
system to about pH 7-7.5 were observed to take place in
the presence of 10-100 ppm chitosan concentration,



642 L. Saravanan et al./Ceramics International 32 (2006) 637—-646

compared to its original i.e.p. of pH 3 (Fig. 3). These
results indicate that at pH 7, the maximum adsorption of
chitosan results in the flocculation of the suspension.
Domard et al. [36] also found that the maximum
flocculation of kaolin occurred at pH 6, where the
maximum adsorption of chitosan was observed.

(4) In the pH range of 9—11, the turbidity of the suspension
is higher, which is in agreement with the enhanced
negative zeta potential values of the SiC suspension
(Fig. 5). Thus, the favourable pH regimes for the
stability of the SiC dispersion are between 2—6 and 9.5—
11.5, with the optimum addition of chitosan.

4.5. FT-IR studies

The FT-IR spectra of SiC, chitosan and SiC interacted
with chitosan are portrayed in Fig. 7(a—c). The spectral
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Fig. 7. FTIR spectrum of SiC (a) surface; (b) chitosan; and (c) surface
interacted with chitosan.

assignments have been made based on reported data [9,48—
51].

4.5.1. Silicon carbide

The FT-IR spectrum of SiC is portrayed in Fig. 7(a). The
broad band centered at 3451 cm ™' can be attributed to the
surface silanol groups from the SiO, layer present on the SiC
surface. The peak that appears at 1165 cm ™" is due to the
stretching vibrations of Si—-O—-C-O and the next band at
1098 cm ™' can be attributed to the stretching vibrations of
Si—O-C and Si—O-Si, present on the surface of SiC. The
intense peak at 834 cm ™' arises from the Si—C stretching
vibrations of the SiC matrix.

4.5.2. Chitosan

The FT-IR spectrum of the chitosan polymer is presented
in Fig. 7(b). The presence of the intense peak at 3372 cm ™'
is due to the stretching vibrations of hydroxyl groups present
in the polymer. The band that appears at 2883 cm ™', is
attributable to the —CH; assymmetric deformation vibra-
tions. The band at 1651 and 1597 cm ™" are assignable to N—
H deformation vibrations of amide groups. The bands at
1420 and 1381 cm ™' can be attributed to the CH, bending
and C-N stretching vibrations, respectively. The small peak
at 1325 cm™! corresponds to the GlcNAc residues [52]. The
intense broad band centered at 1085 cm ™' is assignable to
primary alcoholic group (-CH,OH) vibrations.

4.5.3. SiC—chitosan

Fig. 7(c) illustrates the FT-IR spectrum of SiC after
interaction with chitosan. The broad band centered at
3451 cm ™' corresponding to the surface Si—-OH groups,
present in SiC is shifted to a lower wave number namely
3429 cm ™! after interaction with chitosan due to hydrogen
bonding between the Si—~OH groups of SiC and the hydroxyl
groups of chitosan. The band at 1381 cm ™" corresponding to
C-N stretching vibrations of chitosan is slightly shifted to
1385 cm ™! after interaction with SiC. The small peak that
appeared at 1165cm™ ', assigned to the Si—-O-C-O
stretching vibrations of SiC, after the interaction with
chitosan, has shifted to 1138 cm L. Similarly, the next small
band at 1098 cm ™', corresponding to the Si-O—C and Si-O—
Si stretching vibrations of SiC surface, has shifted to
1077 cm™!, after interaction with chitosan. These two shifts
can be attributed to the possibility of hydrogen bonding
between the oxygen present on the surface of SiC and the
hydrogen of chitosan. The intense band that appeared at
834 cm ! corresponding to the Si—C stretching vibrations of
SiC matrix, after interaction with chitosan, appears at
830 cm ™.

4.6. Interaction mechanisms
Before discussing the interaction mechanisms, it

becomes pertinent to highlight the surface characteristics
of SiC as well as the structural aspects of chitosan.



L. Saravanan et al./Ceramics International 32 (2006) 637—-646 643

/

e
\ —— Silanol
/

(0} —— Siloxane

—Si—O- }% Silicate

BRI

Fig. 8. Schematic diagram of SiC surface functional groups.

The surface of SiC has a mixture of silica and free
unreacted carbon [31]. Hence, the surface chemistry of SiC
can be considered as akin to the surface chemistry of silica.
Among mineral oxides, the surface chemistry of silica has
been extensively studied [33]. Silica forms silanol groups on
the surface when it interacts with moisture or with water in
suspensions. Crimp et al. [53] have explained that the silanol
groups are the major functional groups available on the
surface of SiC. The hydroxyl moieties of the silanol groups
can be considered as both proton donating and proton
accepting centers [54]. The density of silanol groups of SiC
at an aqueous interface varies with respect to the pH of the
suspension. Silanol density decreases as the pH increases
[55] and it forms siloxane and silicate groups on the surface.
The surface active groups present on the surface of SiC
(silica layer), at different pH values are schematically
portrayed in Fig. 8.

|
Si—OH +R—OH — + Si— OH--—-OH

Hydroxyl and amine groups are the two active functional
groups present in the repeating unit of the chitosan polymeric
chain. Fig. 9 shows the structure of chitosan. Both the hydroxyl
and amine functional groups of chitosan can act as proton
donating and accepting centers. In general the hydroxyl
functional group can donate proton and act as an acidic center
as well as can accept proton through oxygen and act as a basic
center [56]. Similarly, the amine functional group can donate
proton and act as an acidic center and N can act as a basic
center due to the presence of free electron pair [57].

The interaction mechanisms between chitosan and SiC in
suspension can be explained based on their acid-base
properties. Hydrogen bonding is considered to be the special
case of acid-base interaction mechanisms, when protons are
involved in the interaction between the surface and the
polymer molecule [56]. Based on the surface chemical
characteristics of SiC and the structural functional groups of
chitosan, the interaction between them can be considered to
be predominantly governed by hydrogen bonding forces.
The possible schemes of interaction by hydrogen bonding
have been illustrated in Eqs. (1)—-(4), where R-NH,
represents the primary amine functional group of chitosan,
while R—-OH denotes the hydroxyl functional group of
chitosan. All possible combinations of proton accepting and
donating abilities of both SiC and chitosan are considered
for the representation of the hydrogen bonding interactions.
Apart from the hydrogen bonding forces, the electrostatic
interaction between the positively charged chitosan
(ionized) and the negatively charged SiC can also take
place, in the appropriate pH ranges of the suspension.

Representation of hydrogen bonding between silanol of
SiC and hydroxyl/amine groups of chitosan is given in Eq.
(1) and (2):

¥ I
$i—0----HO—R (1)

i ! r
$i —OH +R—NH:—.Si—OH—---N'H2 Si —0----H—NH (2)

CH20H

O~~~

Fig. 9. Structure of chitosan polymer.
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Representation of hydrogen bonding between silicates of
SiC and hydroxyl/amine groups of chitosan is given in Eq.
(3) and (4):

Si—0~ +R—OH — Si—O----HO—R 3)

R

[
$i—0° T R_NH,— +Si—0----H—_NH 4

The different types and the densities of the hydrogen
bonded and isolated silanol groups on the surface of silica have
been studied in detail using FTIR-ATR spectroscopy [58]. A
higher surface silanol density at the silica layer/water interface
results in greater interaction between the hydroxyl groups of
same surface. As mentioned earlier, since the number of
hydroxyl groups on the surface of silica decreases as the pH
increases, more of hydrogen bonded silanol groups in the
acidic region and more of isolated silanol groups in the neutral
pH region can be expected. The isolated silanol groups are
more favourable for the hydrogen bonding interaction with the
molecules in solution rather than the hydrogen bonded silanol
groups. Further increase in pH leads to the formation of SiO™
groups from isolated silanol, in the alkaline region. An other
important factor to be kept in mind is that the surface of SiC,
becomes more negatively charged, which has all possibilities
to interact electrostatically with the positively charged
molecules in neutral and weakly alkaline pH region. With
respect to chitosan, the polymer is in the associated form
beyond pH 7, where the inter- and intra-molecular attraction is
more favourable through hydrogen bonding between the
amine and hydroxyl functional groups of chitosan. As a result,
the functional groups of the polymer would not be available for
interaction with the SiC surfaces. On the other hand at and
above the pK, value, namely pH > 7, the ionization of the
amine functional groups of chitosan lead to the increased
repulsion between the polymer molecules, which in turn
favours the enhanced availability of polymer functional
groups to interact with the solid surfaces. Moreover, the
formation of -NH3;" at and below pH ~ 7, increases the
positive charge of chitosan, which can electrostatically
associate with negatively charged SiC surfaces.

On consideration of all the above factors, it is evident that
in the neutral pH region (pH ~ 7), enhanced interaction of
SiC and chitosan polymer, through the cumulative effect of
hydrogen bonding and electrostatic interaction takes place
(see Section 4.1.2), which corresponds to the characteristic
maximum adsorption region observed in our experimental
results (Fig. 2).

5. Conclusions

The following conclusions can be drawn, based on the
investigations carried out:

(1) The adsorption density shows a gradual increase from
pH 2 to 6 and then rapidly increases exhibiting a

characteristic maximum at pH 7-7.5, followed by a
steep decrease upto pH 11.5.

(2) The adsorption isotherms at pH 5.5 and 9.5 attain
saturation values beyond 40 and 50 mg/l of chitosan
equilibrium concentrations, respectively. On the other
hand, saturation is not observed for the isotherms
corresponding to the pH values of around 7 and 8, which
show a continuous increase in the adsorption density.

(3) A higher percentage of desorption is observed in the pH
range of 2-6 and 9-11 (90-97%), whereas the
desorption is only 60% around pH 7.

(4) The isoelectric point of SiC is observed to be located at
pH 3. The addition of chitosan shifts the i.e.p. values of
SiC surface towards the alkaline region, in proportion
with the concentration of the polymer added. In the pH
range of 2-5, the zeta potential values become positive
(~+30 mV) consequent to the addition of the cationic
chitosan, while the zeta potentials are >—40 mV in the
pH range of 9.5-11.5.

(5) The favourable pH regimes for the stability of SiC
dispersions are found to be between pH 2—6 and 9-11,
with the optimum concentration of chitosan.

(6) FTIR spectral data provide evidence in support of the
hydrogen bonding forces of interaction between
chitosan and SiC.
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