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Abstract: Polyelectrolyte complex based on two anionic polysaccharides, composed of sodium alginate and carrageenan,
were prepared by interacting with divalent calcium ions in solution. The effects of annealing on the structural deformation
of polyelectrolyte complex and on their characteristics at removing water from a methanol mixture from the point of molec-
ular sieve were investigated and discussed. The result showed that the structural deformation of the annealed polyelectrolyte
complex has an effect on the free volume between these polymer chains and the chelate segments such a shrinking of the
overall morphology, which act as a molecular sieve in the separation of methanol and water mixtures.
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1. Introduction

Polyelectrolyte complex has been focused on as
potential practical materials, such as dialysis membranes,
ultrafiltration membrane, antistatic materials and biome-
dical materials, because of their high chemical stability
as well as their electrolytic nature [1-5,11]. Generally,
polyelectrolyte or polysalt complexes are formed when
macromolecules of opposite charge are allowed to
interest. Electrostatic interactions constitute the main
attractive forces, but hydrogen bonding, ion dipole
forces, and hydrophobic interactions frequently play a
significant role in determining the ultimate structures.
lonic polymers are important as components of poly-
electrolyte complexes, which are prepared simply by

mixing cationic polymers and anionic polymers in
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aqueous solutions.

Among these polymers, the ionic polysaccharides can
be considered as ionic polymers, which are typically
anionic polyions. The negatively charged substituents
attached to the polymer backbone are most frequently,
either carboxylate or sulphate groups. As it were, as
shown in Fig. 1, sodium alginate (SA) is a polysac-
charide consisting of linear chains of 1,4 linked /-
D-mannuronate (M) and « -L-guluronate (G) residues
in various proportions and arranged in blocks of the
two monomers, while a carrageenan (CG) is composed
of 1,3-linked J -D-galactose-4-sulphate residues [6].

We already have announced for polyelectrolyte com-
plexes (PEC), based on an ionic polysaccharide such
as sodium alginate and chitosan in previous works, and
then, these complexes exhibited the excellent separation
performance for the dehydration in most alcohol
aqueous solutions except methanol-water mixtures [7].
It could consider that the desorption rate, related to
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Fig, 1. Repeating structures of, (a) sodium alginate (1,4-
linked 5 -D-mannuronate (a) and ¢ -L-guluronate) and (b)
carrageenan (1,3-linked 3 -D-galactose-4-sulphate residues).

retention time of permeants in membrane, acts as a
predominant factor for organic matters of similar phy-
sicochemical properties and molecular sizes by using
molecular modeling techniques.

Accordingly, we attempted to develop of the effec-
tive material for removing water from mixtures with
methanol through the morphologic control methods in
molecular level, considering the structural characteris-
tics of the zeolite. For this purpose, the PEC, based on
two anionic polysaccharides, composed to sodium algi-
nate and carrageenan, inducting divalent calcium ions
crosslinking, were prepared and modified their morph-
ology by using the annealing method as a post-
treatment.

2. Experimental

2.1. Materials

Sodium alginate (SA) and carragecnan (CG) were
purchased from Aldrich, Inc. (USA) Methanol (gua-
ranteed reagent) was supplied by Merck (Darmstadt,
Germany). Calcium chloride dihydrate (extrapure grade)
was purchased from Junsei Chemical Co. (Tokyo,
Japan). Ultra pure deionized water was used. All
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chemicals were used without any further purification.

2.2. Polyelectrolyte Complex Preparation

SA and CG was dissolved in deionized water to
form a homogeneous solution of 2 wt% polymer. The
mixtures of SA/CG solution with weight ratios of
95/05, 90/10, 80/20, respectively, were stirred at room
temperature for 12 h. The mixed solutions were cast
on a glass plate to give thickness of 80 pum, and dried
them at room temperature for 24 h in a dust free,
environmentally controlled chamber. The dried films
immersed in 5 wt% CaCl, aqueous solution for 12 h,
and washed several times with pure water to eliminate
any possible residual calcium ions, and dried at room
temperature. The annealed polyelectrolyte complex has
been prepared by heating the complex membranes in
convection oven at 110°C during 4 h.

2.3. Polyelectrolyte Complex Characterization

The chemical structures of the resulting polymers
were characterized with a fourier transform infrared
spectroscopy (FT-IR) (Digilab FTS-80; Bio-Rad, Rich-
moned, CA). The change of morphology was investi-
gated with a wide-angle X-ray diffractometry (model
D/MAX 1IHB; Rigaku) with a scintillation counter
detector using CuK « -radiation as a source. Angles (2
6') ranged from 2° to 50°. The thermal properties were
measured with a thermogravimetric Analysis (Model:
2950). The DSC measurements were made using a Du
Pont 9000 thermal analyzer with liquid nitrogen for
cooling and with heating rate of 10°C/min. in the
temperature range from 30 to 300°C. TGA thermo-
grams were obtained with a Du Pont 951 thermogra-
vimetric analyzer with a heating rate of 10°C/min in
the temperature range from 30 to 800°C under a
continuous nitrogen flow of 50 mL/min.

3. Results and Discussion
Figs. 4~6 show the results of FT-IR, XRD, and

DSC for SA/CG polyelectrolyte blends and SA/CG/
Ca®™ ions complexes. In the case of the FT-IR



Effects of Annealing on the Structural Deformation of Polyelectrolyte Complexes based on Two Anionic Polysaccharides 41

o OH VZD
2/\/0\@@
HO ;

o i
HO

o>’\9

|

Ca

()

Fig. 2. Schematics representation of chelate formation of sodium alginate by calcium ions (a), egg-box model of low
chelation (b), egg-box model of high chelation (c), and ion-pair formation with carboxyl groups (d); green and gray color:
carbon, red color: oxygen, black and green color circle: calcium ion.

(b)

domain model by cations (c); green color: carbon, red color

analysis, to investigate the influence on the structural
deformation of the resulting membranes, the hydrogen
bonding interactions in the polyelectrolyte complex
focused our interest in the range of 3,200~3,000 cm’
in all spectra, because the calcium ions can occupy
interstices in these structures as shown in Figs. 2 and
3 [8,9].

Generally, as can be seen in Figs. 2 and 3, the

interaction of sodium alginate can be explained in

(©)

Fig. 3. Schematics representation of the helical structure of carrageenan (a), domain model of double helix type (b), and

: oxygen, yellow color : sulfur, black color circle : cation.

terms of three modes of chain association; (a) ion-pair
formation with carboxyl groups of mannuronate and
isolated guluoronate (G) residues; (b) specific site-bind-
ing to contiguous G residues; and (c) intermolecular
cooperative “egg-box” binding between poly-1-G chain
sequence. CG is characterized by cation-mediated
helix-helix aggregation based on the formation of
either single or double helices of a limited number of

chains. In result, as shown in Fig. 4, the hydrogen-
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Fig. 4. FT-IR analysis results of polyelectrolyte blend (a)
and complex (b).
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Fig. 5. XRD pattern results of polyelectrolyte blend (a)
and complex (b).

bonded peak of the polyelectrolyte complex at 3,200~
3,000 cm’ decreased and shifted to upper wave
number compared with the spectra of the
polyelectrolyte blend, respectively.

The other side, SA/CG blend exhibits an S=0
stretching peak in the sulfate group of CG at 1,232
em’, -COO" anti-symmetric  stretching and in-plane
-OH bending peaks in carboxyl groups of SA at 1603
and 1,411 cm™, and OH stretching or H-bonded -OH
stretching peaks in between SA and CG at 3,100 ~3,600
cm’. According to the above result, it considered that
the chelate formation in between anionic groups of
these polysaccharides such as carboxylate and sulfate

and calcium ions would be interfered in the intermo-
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Fig. 6. DSC curve results of polyelectrolyte blend (a) and
complex (b).

lecular H-bonding interaction between SA and CG.
To observe the morphology change during the chel-
ate formation with calcium ions involving the intermo-
lecular H-bonding interaction in details, X-ray diffrac-
tion patterns of the resulting polymers were studied.
Generally, SA is an anionic polysaccharide with amor-
phous morphology, while CG has crystalline because
of a domain structure involving intermolecular double
helix formation of a limited number of chains. First,
the polyelectrolyte blend exhibited an amorphous char-
acteristic on the whole due to the collapse of crystal
structure of CG by intermolecular H-bonding interac-
tion between these polysaccharides, as shown in Fig.
5(a). However, the XRD patterns of polyelectrolyte
complex was observed a few sharp peaks regarded as
a crystalline at near 20=10" and 16° as well as a
shifting to upper in the amorphous regions of 17° and
the change of d-spacing from 5.4 to 4.9 A, which was
considered to be due to the chelate formation with
calcium ions in the G-blocks of SA and the ionic
crosslinking in between CG sulfate groups or between
anionic groups including CG sulfate and SA carbox-
ylate. Furthermore, as can be seen from Fig. 6, the
exothermic peaks of the polyelectrolyte -complex
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Fig. 7. DTG results of the annealed polyelectrolyte com-
plex as a function of the annealing temperature.

regarded as a crystalline melting at 186°C could be
evidence of the above-mentioned specific interactions.

On the other hand, when the polyelectrolyte complex
are treated thermally by a annealing method at 110°C,
the thermal decomposition patterns of the resulting
polymers exhibited an increase in the exothermic peak
patterns at approximately 210°C and a reduction of
peak at 300°C as shown in Fig. 7. As it were, the
weight loss in the first stage at 170 to 231°C increased
from 7 to 12% as the anncaling temperature increased,
in opposition to decreasing patterns from 32.7 to
28.5% in the weight loss of the second stage between
217 and 415°C. Thus behavior might be due to the
deformation of the chelate form by means of the
dehydration of water molecules around calcium ions as
shown in Fig. 8 [10], as well as the transformation of
CG morphology involving a thermal-induced change
related to the order-disorder transition.

This observation sufficiently is able to reflect from
XRD pattern results of these polymers in Fig. 9. The
reason is because the crystallinity at about 2 #=10"
increased and the crystal region of 16° shifted gra-
dually to 15°. Accordingly, it can be considered that

the weight loss for the decomposition in the first and
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Fig. 8. Schematic representation for the possible chelate
structures related to six-coordinate of divalent metal ions;
(a) cross-chain di-salt, (b) in-chain di-salt, (c) pendant
half-salt, (d) cross-chain tetra-salt.
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Fig. 9. XRD pattern results of the annealed polyelect-
rolyte complex as a function of the annealing temperature.

second stage is obviously related to the morphology
transformation of the resulting polymer induced by a
deformation of chelate segments as well as a rearr-
angement of these polysaccharide chains during the
annealing process, and the alternation in structural
viewpoint may results in denser structure and lower

free volume in the internal than the pure complex

Korean Membrane J. Vol. 10, No. 1, 2008



44

100 100

- i ]
H 4
& ! g
g sopr R {180 g
£ 8
0 ; °
g e > 60 S
© oL
Ery s
"5«‘ £
s E | 5
52 4 140 o
5 -
2 8
g 20 1420 F
E QD
8 E
a ! ]
§ H i a.

0 - 1 0
5 10 15 20
Carrageenan Content{wt%)
(a)

{g/m*hr}

Sang-Gyun Kim and Kew-Ho Lee

1000 100
X

< 800} s0 £
& ]
£ E
P

3& ! H H @
] e e e i N
- [
= &
£ £
S 400 140 ¢
g 5
= O
3 ; =
8. 200} 120 8
]

£

el

Q

0 0o =

RT 90

110

Annealing Temperature(°C)

(b)

Fig. 10. Permeation rates and methanol concentrations in the permeate on the annealed polyelectrolyte complex for the
separation of 80/20 wt% methanol/water mixtures at 50°C,

structure.

Finally, to estimate the effect of the annealing on
the structural deformation of the polyelectrolyte com-
plex, the separation of 80/20 wi% methanol and water
mixtures was carried out and shown in Fig. 10. In the
case of the pure complex, the permselectivity for
separating methanol-water mixtures is generally very
low, though the permeation rates are high as a whole.
On the other hand, the annealed complex reduces
greatly the permeation rates and the methanol concen-
trations in the permeate at the same time, and that the
water components almost penetrate through the resul-
ting membrane to the permeate side. From the above-
mentioned results, it was concluded that the structural
deformation of the annealed polyelectrolyte complex
has an effect on the free volume between these
polymer chains and the chelate segments such a
shrinking of the overall morphology, which act as a
molecular sieve in the separation of methanol and
water mixtures.

4. Conclusions

In this work, by complexing two anionic polysaccha-
ride blends, composed of sodium alginate and carra-
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geenan, with divalent calcium ions, the polyelectrolyte
complex was prepared and discussed the effects of
annealing on the structural deformation of the polyelec-
trolyte complex. The results show ed that the annealed
polyelectrolyte complex exhibited the change of crys-
tallinity in the lateral, due to a rearrangement of two
polysaccharide chains, which was explained as a defor-
mation of the chelate structure and the intramolecular
or intermolecular interaction between the polysacch-
arides. Finally, we also assumed that the effect of
annealing for the complex membranes acts as a mole-
cular sieving, modulated by shrinking a free volume
between the polymer chains in structural viewpoint.
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