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ABSTRACT: Sol-gel and gel-sol phase transitions of
K-carrageenan in various types of salts were studied using
photon transmission technique. Here, LiCl, NaCl, KCl,
MgCl,, CaCl,, and SrCl, were chosen as the proper salts
for the k-carrageenan-water system. Photon transmission
intensity, I, was monitored against temperature to deter-
mine the sol-gel and gel-sol temperatures (Ts; and Tg)
and activation energies (AE;; and AEg). It was observed

that Ty, temperatures were notably higher than Ty, due
to the hysteresis on the phase transition loops. It was
observed that stronger carrageenan gels are formed in the
presence of KCl compared to the others. © 2006 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 102: 3008-3016, 2006
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INTRODUCTION

Polymer gels are created from polymer networks and
solvents, i.e., the polymer network envelopes the lig-
uid and prevents it from flowing out. In other words,
the gel polymer network acts as a container that keeps
a large amount of liquid. Gels are classified by the
strength of the crosslinkages. Some gels are cross-
linked chemically by covalent bonds, whereas others
are crosslinked physically by hydrogen or ionic bonds
and by the physical entanglement of polymer chain.'?
In general, gels formed by chemical bonding are irre-
versible gels, since they cannot be dissolved again.
However, moderate heating can reversibly dissolve a
physically crosslinked gel. Many of the natural poly-
mer gels fall into the class of physical gels. The pro-
cess of gelation upon cooling can be named as sol-gel
phase transition and the reversible gelation process
is called a gel-sol phase transition. Phase transitions
of gels can be effected by solvent composition, pH
changes, ion composition changes in the gel and
electric field.

Red algae produce a wide range of galactose-based
polysaccharides, one of which (carrageenan) has
achieved great interest because of its food and indus-
trial applications. k-, 1-, and A-carrageenans are three
major types, which differ in number and position of
sulfate ester substituents they contain. Carrageenans
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are linear, sulfated polysaccharides of the type (AB),
consisting of B-1,3-linked p-galactose and «-1,4-linked
3,6-anhydro-p-galactose. In 1-carrageenan both rings
are sulfated, while in k-carrageenan only one-ring is
sulfated (Fig. 1). x-carrageenan is readily available as
a food additive.’ In general, the carrageenan family is
known to form thermally-reversible gels as a function
of temperature and gel-inducing agents. The gelation
process of carrageenan solutions has been described
by two mechanisms.* According to the first mecha-
nism, suggested by Morris et al,’ crosslinks are
formed by segments of a double helix. These segments
are then aggregated by ions as K™. In the other mecha-
nism, proposed by Smidsrod and Grasdalen,* mono-
helices are formed, which are subsequently aggregated
by K" ions to dimers, trimers, etc. The sol-gel phase
transition of k-carrageenan solutions occurs as a result
of coil-to-helix conformational transition upon cool-
ing. Further decrease in temperature results in aggre-
gation between ordered helices. This cooperative pro-
cess has been generally explained as a “domain
model” based on the presence of double helices in the
functional zones of carrageenan gel network.” The
addition of cation solutions at an adequate concentra-
tion appears to improve the gel strength or the elastic
modulus of k-carrageenan gels via enhancing confor-
mational ordering and subsequent aggregation.® De-
tailed information on molecular structures of carra-
geenan determined by X-ray fiber diffraction analysis
may be found in a review by Millane et al.” As an im-
portant characteristic of these systems, the decrease in
the degree of sulfation from i-carrageenan to k-carra-
geenan makes the gels more rigid, less elastic, and
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Figure 1 Repetition unit of k-carrageenan (polysaccharide).
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Figure 2 The temperature, T, variation of I, during gel-sol and sol-gel transitions for the monovalent samples of

(a) Non, (b) Li, (c) Na, and (d) K.
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brittle, and they require lower concentration of poly-
saccharides for their formation. In addition, a decrease
in anhydrogalactose content increases both the potas-
sium ion sensitivity and the gelling capacity.

The microviscosity of the hydrophobic micro-
domains, the dynamic rheology, and molecular con-
formation in the melting process of k-carrageenan
systems were studied by means of fluorescence intra-
molecular excimer forming probe, by dynamic vis-
cometry, and by optical rotation, respectively.® Helical
conformation was considered necessary for aggrega-
tion and gelation to occur, and the formation of a heli-
cal structure was promoted by adding an appropriate
electrolyte to a sufficient ionic strength and by lower-
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ing the temperature.® Phase transition temperatures,
rheological properties, and gel-network characteristics
during sol-gel and gel-sol transitions of «k-carra-
geenan—salt solution were studied by several
groups.” " The effectiveness of increasing Tsg and T
at various salt concentrations were examined by fol-
lowing the sequence of K* > Ca®*" > Na' in KC],
CaCl,, and NaCl solutions, respectively.

In this work, sol-gel and gel-sol transitions of carra-
geenan in various types of cation solutions were stud-
ied using a photon transmission technique. This tech-
nique has previously been used to monitor formation
of acrylamide gels in various crosslinker contents,'*
where transmitted photon intensity, I, decreased
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Figure 3 The temperature, T, variation of I, during gel-sol and sol-gel transitions for the bivalent samples of (a) Mg,

(b) Ca, and (c) Sr.
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dramatically at a certain reaction time, which is attrib-
uted to the formation of microgels in the system.
Recently, cation (K") effect on sol-gel and gel-sol
phase transitions of k-carrageenan—water systern,15
hysteresis phenomenon in similar systems,'® and mo-
lecular recognition mechanism of k and t carrageenan
mixtures'” have been investigated by us using the
same technique. Here, it was observed that during the
sol-gel transition of carrageenan in both monovalent
and bivalent cation solutions, I, presented a sigmoi-
dal decrease. However, on reheating during the gel-
sol transition, I, intensity increased by following
another sigmoidal path back to its initial position,
forming a hysteresis loop. T, and Ty transition tem-
peratures were determined for each hysteresis loop in
various carrageenan—cation systems. Sol-gel and gel-
sol activation energies (AEs; and AEg) were meas-
ured. The observed temperatures and activation ener-
gies suggest that KCl-k-carrageenan gel network is
much stronger than the others; as a result, the energy
need for this system is much lower.

EXPERIMENTAL

Two weight percent of x-carrageenan (C-1013 Sigma,
Stein Heim, Germany) powder was dissolved in vari-
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ous salts (Merck, Darmstadt, Germany) (0.5 mmol)
without any purification (for practical use) in distilled
water (pH 6.5). The monovalent LiCl, NaCl, KCl, and
bivalent MgCl,, CaCl,, SrCl, cations were used to pre-
pare gel samples. The pure (does not contain addi-
tional salts) k-carrageenan—distilled water sample was
prepared to use as a standard. These seven samples
were marked as Li, Na, K, Mg, Ca, Sr, and Non,
respectively. During preparation, the heated carra-
geenan solutions were held at 90°C and were continu-
ously stirred by a magnetic stirrer. Sol-gel and gel-sol
transitions were performed in a 3.5 x 1.5 x 1.0 cm®
glass cell equipped with a heat reservoir. Temperature
was monitored and in situ, photon transmission meas-
urements were performed simultaneously using Per-
kin-Elmer A2 UV-visible (UVV) spectrometer at 450
nm wavelength. The carrageenan sol at 90°C was
transferred into the glass cell and was allowed to cool
to room temperature before the UVV measurements
were started. Then the carrageenan gel was reheated
up to 80°C at the rate of (2 = 0.2)°C/min to observe
the gel-sol transition. Cooling of the carrageenan sol
from 80 to 20°C was then performed at the same rate
to detect the sol-gel transition. Photon transmission
intensities, I, were monitored against temperature by
using the time drive mode of the spectrometer during
both transitions. Here the errors on the measured tem-
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Figure 4 Formation and destruction of double helices and double helix domains in carrageenan gel (a) in pure water,

(b) in cationic solution.
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Figure 5 The determination of sol-gel (T;) temperatures
from the peak positions of the first derivatives of sigmoi-
dal curves in Figures 2 and 3 for (a) monovalent and (b)
bivalent samples.

peratures and activation energies are mostly originated
from the temperature controller device and the trans-
mitted light intensity, I;;. The maximum error on tem-
perature measurement was found to be around 0.5°C.
On the other hand, 1-3% error was detected in inten-
sity during I, measurements.

RESULTS AND DISCUSSION

Figures 2 and 3 show the temperature variation of I,
between 20 and 80°C for Non, Li, Na, K, and Mg, Ca,
Sr gel samples, respectively. It can be seen that trans-
mitted photon intensities, I, for all samples increased
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upon heating the carrageenan gel samples by indicat-
ing that gel-sol transition takes place. However, I,
decreased dramatically upon cooling the carrageenan
gels in all cases demonstrating that the sol-gel transi-
tions occurred. It can be postulated that during cool-
ing, double helices are formed through the association
of carrageenan molecules and then the double helices
are aggregated to higher order assemblies to create a
three dimensional network.'® During gelation; carra-
geenan-water system starts to decompose into two
phases with different network concentrations, which
creates concentration fluctuations. In other words,
double helix aggregates form a separate phase by
excluding water from their domains. As a result, the
contrast between carrageenan and water phases can
scatter light and dramatically reduce the transmitted
light intensity, I;;. On reheating, initially the double
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Figure 6 The determination of gel-sol (T,s) temperatures
from the peak positions of the first derivatives of sigmoi-
dal curves in Figures 2 and 3 for (a) monovalent and (b)
bivalent samples.
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TABLE I
Gel-Sol and Sol-Gel Transition Temperatures (Tgs and T,g) and Activation Energies (AEg, and AE,,)
for the Various Types of Cations

Samples Electronegativity Ty (°C) T (°C) AEg (kJ/mol) AE, (k]J/mol)

Non - 493 + 1 375 * 0.5 21.4 29.8

Lit 0.98 512 =1 378 £ 0.5 36.4 50.0
Na* 0.93 520 =1 38.3 = 0.5 35.7 63.8

K 0.82 620 =1 479 = 0.5 21.6 36.1
Mgt 1.31 55.0 = 1 39.1 = 0.5 39.5 49.8
Ca*™ 1.00 588 £ 1 404 *= 0.5 36.5 56.3
Srtt 0.95 585 + 1 394 * 0.5 332 55.1

helix aggregates are destroyed and then double heli-
ces are decomposed to carrageenan molecules, which
results in the destruction of the gel structure. As the
carrageenan—-water system becomes homogeneous,
the transmitted light intensity increases. Figure 4(a, b)
present the formation and destruction of double heli-
ces and double helix domains in pure water and in
cationic solution, respectively. It is expected that cati-
ons play an important role in formation of the double
helix domains.

Sol-gel and gel-sol transition curves in Figures 2
and 3 present a clear sigmoidal behavior as ex-
pected. The peak positions of the first derivatives
(dl./dt) of these sigmoidal curves can produce the
sol-gel and gel-sol transition temperatures (Ts; and
Tgs), which are shown in Figures 5 and 6 for the
monovalent and bivalent cations, respectively. These
temperatures are listed in Table I for all gel samples.
It is seen that Ty, values are much lower than T
values for all carrageenan samples i.e., during re-
heating, the gel does not liquefy at gelation tempera-
ture, Ty, This hysteresis behavior can be explained
as follows; to destroy the double helices aggregates
and double helix, system requires much higher tem-
perature than it needs to form gel. Upon cooling,
temperature has to be lowered to form double heli-
ces and their aggregates. In the case of cation con-
tent, both Tgs and T,g values are found to be much
higher than the gel containing no external cation
(Non). Thus, in the presence of cations, stronger gels
can be formed, which require higher temperatures to
become sol upon heating. These sols can be gelled at
higher temperatures due to the cation attraction.
Here K" presents a unique behavior compared to
others; i.e., in the presence of K, carrageenan mole-
cules can form double helix domains much easier
than sols without or with other cations. The order of
the transition temperatures for ions are in accord-
ance with the literature.* To understand the response
of carrageenan gel to the salts introduced into the
system, T and Tog values are plotted versus electro-
negativity of cations in Figure 7. It appears that
mono and bivalent cations group into two regions.
Figure 7 shows that as the electronegativity is

increased, both Tgs and T, values decrease in both
groups. This behavior will be explained at the end
of the article after producing the sol-gel and gel-sol
activation energies.

Iyx versus temperature curves in Figures 2 and 3 can
be treated using Arrhenius relation as written below,

I /1o = exp(—AE/kT) (1)

where [, is the transmitted photon intensity at the
highest temperature (80°C) where all carrageenan
molecules are free in the sol phase. Naturally, at the
lowest temperature (20°C), I, approaches to zero,
which means all carrageenan molecules are used to
form double helix aggregates to form a gel. AE is the
sol-gel and gel-sol activation energy depending on
the path of the hysteresis loop it follows. In other
words, if AE is produced from the cooling curve, it
can be named as sol-gel activation energy, AE,;, while
heating curve can provide the gel-sol activating
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Figure 7 Plots of Ty and T, values versus electronega-
tivity of the corresponding salts.
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energy, AE;,, during liquefaction process. Figures 8
and 9 present the Arrhenius plots for Non, Li, Na, K,
and Mg, Ca, Sr gel samples, respectively. The slopes
of the curves in Figures 8 and 9 produce AEy; and
AE, activation energies, which are listed in Table I for
all gel samples. It is understood that sol-gel transi-
tions need much higher energy than the gel-sol transi-
tions, because to form double helix aggregates, system
has to spend more energy than to destroy itself i.e.,
much less energy is needed for gel-sol transition
(liquefaction) process than sol-gel transition. It is
interesting to note that carrageenans in KCl solutions
need much lower energy for both sol-gel (AE,;) and
gel-sol (AEg) processes than the others except Non.
AEg and AEg values versus electronegativity are plot-
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ted in Figure 10, where two distinct groups can be
seen for monovalent and bivalent cations and as the
electronegativity is increased, both AE;s and AE,, val-
ues present increase. These results are understand-
able, because system needs higher energy for gel-sol
transition when the electron attraction is higher. Simi-
lar argument can be hold for the sol-gel transition. To
explain the behavior of Ty and T, against electro-
negativity, Tgs and T,y values are plotted versus AEg,
and AE,; activation energies in Figure 11, where
increase correlation between critical temperatures and
activation energies explain the behavior of tempera-
tures against electronegativity i.e., at higher electrone-
gativity system needs lower temperature to execute
gel-sol and sol—gel transitions.
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Figure 8 The plots of In I, versus T~! for the samples of (a) Non, (b) Li, (c) Na, and (d) K. The slopes of the curves pro-
duce the gel-sol (AE) and sol-gel (AE,) activation energies, which are listed in Table L.
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CONCLUSIONS

In conclusion, this work presented a novel method to
study cation effects on sol-gel and gel-sol transition
mechanisms in «x-carrageenan-water system with
monovalent and bivalent cations. It is understood that
I, can monitor the phase separation of double helix
domains during sol-gel transition in carrageenan—
water system. Sol-gel and gel-sol transition tempera-
tures and activation energies were easily determined
from the hysteresis loops of the photon transmission
intensities, I,. It is observed that both T, and T, and
AEg and AE,; values were found to be grouped into
two distinct regions and it is seen that high electrone-
gativity produce lower critical temperatures in these
groups.
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