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| The polysaccharide, kappa-carrageenan (kC), has been chemically modified by graft copolymerization of acrylamide (AAm) in an aqueous |

| medium using ceric ammonium nitrate as an initiator under argon atmosphere. Evidence of grafting was obtained by comparison of FTIR
spectra of kappa-carrageenan and homopolymer-free kC-g-poly(AAm) as well as solubility characteristics and gravimetric analysis of the

| products. The optimum reaction conditions affording maximum grafting ratio and add-on value have been determined.

| Key Words: Carrageenan, Grafting, Acrylamide, Ceric ammonium nitrate.

INTRODUCTION

Graft copolymerization of hydrophilic and hydrophobic
vinyl monomers is a well-known technique employed by
polymer chemists for significantly modifying the chemical and
physical properties of the synthetic or natural starting materials
with minimum degradation of the original properties'*. Graft
copolymers are prepared by first generating free radicals on
the polysaccharide backbone and then allowing these radicals
to serve as macroinitiators for the vinyl monomers. These
biodegradable and low cost graft copolymers, with new pro-
perties can be used in many applications such as textiles, paper
industry, agriculture, medical treatment, in petroleum industry
as flocculants and thickening agents” and also development of
selective permeable membranes, sorption agents and in fabri-
cation of drug delivery systems*”.

Grafting can be performed using free radical initiators,
redox systems or photochemical process. Cerium in its tetra-
valent state (Ce*) is a versatile oxidizing agent that through
various redox reactions with many different organic substrates
can create free radicals capable of initiating vinyl polymeri-
zations. Since the discovery of ceric ammonium nitrate as an
initiator by Mino and Kizerman®, it has been widely used by
many investigators for initiating graft copolymerization of
vinyl monomers onto various natural and synthetic polymers.
For example, graft copolymerization of acrylamide, acrylo-
nitrile and methacrylonitrile were performed using Ce(IV) as
an initiator.

Though much work has been reported on the grafting of
2-hydroxyethylmethacrylate (HEMA) onto various polysac-
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charides, but a literature survey reveals that no paper has been
published in the case of 2-hydroxyethylmethacrylate grafting
onto kappa-carrageenan (kC). Therefore, the present investi-
gation deals with the detailed study of some major factors
which affect graft copolymerization of 2-hydroxyethylmeth-
acrylate onto kappa-carrageenan, initiated by ceric ammonium
nitrate in aqueous medium with a view to elucidate the grafting
mechanism’"".

The chosen polysaccharide for modification, i.e. kappa-
carrageenan, is the well-known and most important type of
carrageenan family. Carrageenan is a collective term for
linear sulfated polysaccharides that are obtained commercially
by alkaline extraction of certain species of red seaweeds.
Schematic diagram of the idealized structure of the repeat units
for the kappa-carrageenan, is framed in Scheme-1.
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Scheme-1I: A brief proposed mechanism for ceric-induced grafting of
polyacrylamide onto kappa-carrageenan
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Carrageenan is not a single biopolymer but a mixture of
water-soluble, linear, sulfated galactans. They are composed
of alternating 3-linked B-D-galactopyranose (G-units) and

4-inked B-D-galactopyranose (D-units) or 4-linked 3,6-
anhydrogalactose (DA-units) forming the "ideal" disaccharide-
repeating unit of carrageenans. The sulfated galactans are
classified according to the presence of the 3,6-anhydrogalacto-
pyranose on the 4-linked residue and the position and number
of sulfate groups. The corresponding [UPAC name and letter
code for kappa-carrageenan are carrageenose 4’-sulfate and
G4S-DA.

EXPERIMENTAL

The polysaccharide, kappa-carrageenan (kC, from
Condinson Co., Denmark); ceric ammonium nitrate (CAN,
from Fluka), acrylamide (AAm, from Merck) were of analy-
tical grade and were used as received. All other chemicals were
of analytical grade.

Grafting procedure: Graft copolymerization of acrylamide
onto kappa-carrageenan was carried out with ceric ammonium
nitrate radical initiator under argon atmosphere. In a 50 mL
flask, certain amount of kappa-carrageenan (0.3-1.5 g) was
dissolved in 30 mL of degassed distilled water. The flask was
placed in a water bath with desired temperature (35-70 °C). A
given amount of monomer, acrylamide (0.5-3.5 g), was added
to the flask and the mixture was stirred for 15 min. Then the
initiator solution (1.8-5.5 mL of 0.1 mol/L acidic solution of
calcium ammonium nitrate) was added to the mixture and
continuously stirred for certain times (60-180 min). An inert
gas (argon) was gently bubbled into the reactor to remove the
oxygen during the graft copolymerization reaction. The
product was then worked up with methanol (200 mL) and dried
in oven at 50 °C for 5 h.

Homopolymer extraction: The graft copolymer, kC-g-
poly(AAm), was freed from polyacrylamide homopolymer,
by pouring 0.50 g of the product in 50 mL of mixture dimethyl
formamide-ethanol solution. The mixture was stirred gently
at room temperature for 24 h. After complete removal of the
homopolymer by filtration of the kC-g-poly(AAm) copolymer,
the product was washed with methanol and dried in oven at
50 °C to reach a constant weight.

Infrared spectroscopy: The samples were powdered and
mixed with KBr to make pellets. Spectra were taken using an
ABB Bomem MB-100 FTIR spectrophotometer.

RESULTS AND DISCUSSION

Grafting mechanism and spectral characterization: A
general reaction mechanism for acrylamide grafting onto kappa-
carrageenan backbones is shown in Scheme-I. At the first step,
a complex between the Ce* ion with the oxygen atom at the
C-3 position and the hydroxyl group at the C-2 position was
formed. This ceric-kC complex is then dissociated to produce
kappa-carrageenan macroradicals. The monomer molecules,
which are in vicinity of the macroradical sites, become acceptor
of kappa-carrageenan radicals resulting in chain initiation and
thereafter themselves become free radical donor to the neigh-
bouring molecules leading to propagation. These grafted chains

are terminated by coupling to give the graft copolymer**”*.

FTIR analysis: Structural changes of kappa-carrageenan
and its graft copolymer were confirmed by FTIR spectroscopy.
The FTIR spectrum of kappa-carrageenan and the final grafted
copolymer, kC-g-polyacrylamide, was shown in Fig. 1. The
IR spectrum of kappa-carrageenan shows peaks at 840, 914,
1019 and 1225 cm™ could be related to 3-D-galactopyranose-
4-sulfate, 3,6-anhydro-p-D-galactopyranose, glycosidic
linkage and ester sulfate stretching of kappa-carrageenan,
respectively (Fig. 1a). The broad band at 3400-3200 cm™ is
due to stretching of -OH groups of kappa-carrageenan. In the
spectrum of homopolymer-free kC-g- polyacrylamide, the
strong peak at 1660 cm™ could be assigned to the C=0 stretching
in the ester group from the polyacrylamide grafted onto kappa-
carrageenan backbones.
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Fig. 1. FTIR spectra of pure kC (a) and kC-g-PAAm (b)

Solubility test: To obtain an additional evidence of
grafting, solubility difference between the grafted and the non-
grafted polymer was used. Kappa-carrageenan and polyacryl-
amide are soluble in water and DMF-ethanol, respectively.
When areaction product was extracted with DMF-ethanol and
alternatively with water for 24 h, an insoluble solid still
remained. A physical mixture of kappa-carrageenan and
polyacrylamide was treated in the same way and was found to
dissolve completely. Therefore, it is obvious that the resulted
graft copolymer was not a simple physical mixture, but some
chemical bonds must exist between the kappa-carrageenan
substrate and polyacrylamide macromolecules. In addition to
the formation of graft copolymers, crosslinking between the
chains of kappa-carrageenan may also take place. This was
evident by the reaction between kappa-carrageenan and the
initiator, in the absence of monomers, giving a product with
reduced solubility (unpublished data).

Moreover, because of insolubility of the graft copolymer
and polyacrylamide in water and in the acrylamide monomer,
respectively, the polymerization reaction proceeds as a hetero-
geneous process and the formed copolymer precipitate during
the process. This observation practically proves that the grafting
reaction was performed’"2.

Gravimetric analysis: The graft copolymerization
reaction was monitored gravimetrically. Increase in the mass
of kappa-carrageenan, after extraction of homopolymer, was
taken as evidence for grafting. This weight gain in kappa-
carrageenan forms the basis for the determination of the
grafting parameters.
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Optimization of polymerization: Since polymerization
variables determine the extent of grafting and homopolymer
amount, certain factors affecting the grafting parameters were
investigated to achieve the optimum condition of polymeri-
zation. Therefore, we optimized the grafting of acrylamide
onto kappa-carrageenan in homogenous aqueous media by
changing temperature, the initial concentration of monomer,
initiator and the relative amount of the substrate. Within the
range of the amount of the reactants used, our preliminary
studies showed no considerable dependence between the
reaction time and the grafting extent'’.

The conversion as well as the grafting parameters,
i.e. homopolymer content (Hp), grafting ratio (Gr) and the
grafting add-on values was calculated using the following
equations:

Grafting (Gr) = Wy/W, (1)
Homopolymer content (Hp) = Wo/(Wx+W5) 2
Add-on = (W3-W)/W; (3)

where, Wy, Wi, W5, W5 and W, are weight of the initial
substrate, the monomer charged, the homopolymer extracted,
the homopolymer-free graft copolymer and polyacrylamide
side-chains separated, respectively.

Effect of initiator concentration: The grafting depen-
dence on ceric ammonium nitrate concentration can be
concluded from Fig. 2. The highest grafting ratio (321 %) was
achieved at 0.0006 mol/L of ceric ammonium nitrate where
homopolymer content was 5 %. Increased ceric ammonium
nitrate concentration resulted in more radical sites on the
polysaccharide backbone that in turn led to higher grafting
ratio and add-on values and lower homopolymer formation.
However, since the ceric ammonium nitrate initiator solution
is used as dilute HNOs, at ceric ammonium nitrate concen-
tration higher than 0.0006 mol/L, a more acidic pH probably
causes partially termination of the macroradicals on kappa-
carrageenan. As a result, increased free radicals on PE are
compensated by partial termination of the macroradicals. Thus
grafting ratio and add-on values were diminished at higher
amounts of the initiator'*',
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Fig. 2. Grafting per cent variances with concentration of ceric ammonium
nitrate (CAN) variance

Effect of temperature: To study the influence of the
reaction bath temperature on the grafting parameters, the graft-
ing of acrylamide onto kappa-carrageenan was carried out at
six temperature ranging from 35 to 70 °C. The results are given
in Fig. 3. Grafting percentage (% Gr) is increased with
increasing the temperature from 35 to 50 °C and then decreased.
At 50 °C, maximum grafting (Gr 297 %), minimum homo-
polymer content (11 %) and highest add-on value (104 %)
was obtained. Improvement of grafting up to 50 °C can be
attributed to the following factors: increased the number of
free radicals formed on the Pectin backbone, increased propa-
gation of the graft copolymerization onto kappa-carrageenan,
enhanced diffusion of monomer and initiator into and onto
backbone structure and increased in mobility of the monomer
molecules and their higher collision probability with the back-
bone macroradicals'>"’. However, grafting was decreased as
the bath temperature was raised beyond 50 °C. This can be
accounted for in terms of chain radical termination at higher
temperatures. Premature termination of growing chains and
instability of the ceric-saccharide complex are presumably
another reasons for reduced amount of grafting beyond 50 °C.
The polyacrylamide homopolymer formation is minimal at
the bath temperature of 50 °C.
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Fig. 3. Grafting per cent variances with temperature variance

Effect of acrylamide concentration: The effect of monomer
amount on the grafting reaction was studied at various concen-
trations of acrylamide while other influential factors were
unchanged. The grafting parameter variations are changed by
the amount of charged monomer. The results are given in Fig. 4.
The grafting extent is significantly increased due to more
availability of monomer for grafting. However, beyond a
certain grafting ratio value, i.e., 346 % at acrylamide 1.5 g,
the trend is inversed. The conversion and the grafting efficiency
(Ge) are decreased and homopolymer content is increased
noticeably from 11 to 17 percent'®. Thus, acrylonitrile in an
amount of acrylamide 1.5 g was recognized as an optimum
monomer concentration. Once the monomer units are added,
an excess of monomer can only increase the optimum volume
of the reaction mixture. The resulting reduced relative
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concentration of the initiator and substrate leads to decreased
conversion and grafting efficiency'”'"*.
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Fig. 4. Grafting per cent variances with amount of acrylamide monomer
variance

Effect of polysaccharide concentration: The related to
the grafting dependence on kappa-carrageenan amount is
summarized in Fig. 5. Maximum grafting and the lowest
homopolyacrylamide formation was observed at 0.66 g kappa-
carrageenan, while others reactants including, monomer,
initiator and temperature were kept constant. Beyond this value,
both grafting ratio and add-on values are considerably
reduced”'. This behaviour is attributed to the availability of
more grafting sites for initiation of graft copolymerization at
higher concentration of the substrate (from 0.4 to 0.66 g kappa-
carrageenan). However, upon further increase in the substrate
concentration, increase in the reaction medium viscosity
restricts the movements of macroradicals leading to decreased
grafting ratio and add-on values. It also may be attributed to
deactivation of the macroradical growing chains (e.g., by trans-
fer reactions, combination and/or interaction with the primary
radicals) soon after their formation®%.
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Conclusion

A doubly modified polysscharide, kC-g-polyacrylamide,
was prepared using ceric-initiated graft polymerization of
acrylamide (AAm) onto kappa-carrageenan. The synthetic
conditions were systematically optimized through studying
the influential factors including temperature, concentration of
the initiator, the monomer acrylamide and the substrate kappa-
carrageenan. The effect of the individual factors was investi-
gated by calculating the grafting parameters, i.e., grafting
ratio (Gr), add-on value and homopolymer content (Hp). Under
optimum conditions (kC 0.66g, AAm 1.5 g, ceric ammonium
nitrate 0.0006 mol/L, reaction bath temperature 50 °C),
the grafting parameters were achieved as 346, 104,1 and 5 %
respectively.
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