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ABSTRACT: A spectrophotometer was used to measure the turbidity of a carrageenan
gel as a function of temperature. The optical transmission of the gels was found to
decrease as the gels undergo the sol–gel phase transition. The differential of transmis-
sion (I ) with respect to temperature (T ) , dI /dT , exhibits peaks for both the cooling
and the heating runs with the peak positions corresponding to temperatures of gelation
and melting, respectively. The full-width at half-height of the dI /dT peak obtained
from the heating curve is about 2.5 times broader than that from the cooling curve.
This indicates that the melting of gels may involve multiple relaxation mechanisms.
The area of the hysteresis loop covered by the cooling and the heating curves increases
with a decrease in the scanning rate. The thermal cycling has little impact on the sol–
gel transition in the gels. The experiments show that turbidity is a powerful tool for
studying the sol–gel transition in carrageenan gels. q 1998 John Wiley & Sons, Inc. J Appl
Polym Sci 68: 29–35, 1998
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INTRODUCTION try,7,8 electron spin resonance,8 nuclear magnetic
resonance (NMR),9,10 dynamic light scattering,11

and optical rotation.4–12 The kinetics of ion-in-Carrageenan gels have been used not only as sta-
bilizers and texturizers in a wide variety of food duced gelation in carrageenan gels has been re-

vealed using the turbidity technique.13 In this ar-products,1 but also as immobilization materials
for various types of living cells.2 The formation of ticle, a study of the turbidity of the sol–gel transi-

tion of the carrageenan Eucheuma gelatinae isa thermoreversible gel on cooling is related to the
coil-to-helix transition.3–5 The sol–gel transition reported.

The total scattered light Is is the summation ofin carrageenan gels, especially in k-carrageenan,
has been studied intensively because many physi- the scattered light in all directions14,15 :
cal and chemical properties are influenced by this
change of state.1 To characterize the sol–gel tran- Is (t ) Å 2p *

p

0
Is (q , t )sin(u ) du (1)

sition, many methods have been used, including
X-ray diffraction,6 differential scanning calorime-

where u is the scattering angle; q , the scattering
wave vector; and t , the time. Since q (u ) Å (4pn /
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where qp Å 4pn /l is the wave vector of the scat-
tered light; l, the wavelength; and n , the refrac-
tive index. The turbidity A is defined as the reduc-
tion in fractional light intensity per unit penetra-
tion length in the sample, A Å 0 (1/I ) (dI /dx ) ,
with I the light intensity in the sample. For a
small enough dx , no multiple scattering will occur
in dx and (0dI ) is equal to Is :

A Å 1
dx S Is

I D (3)

The turbidity, which could involve multiple scat-
tering, is therefore directly related to the scatter-
ing function Is which does not involve multiple
scattering.16

The transmitted light intensity It and the inci-
dent intensity I0 are related to the sample tur-
bidity A and thickness L (assuming no absorption
by chromophores):

It

I0
Å e0AL (4)

Therefore, turbidity can be obtained from the ra-
tio of the transmitted light intensity to the inci-
dent intensity, A Å 0 (1/L ) ln(It /I0) .

Figure 1 (a) Temperature dependence of turbidity
for the 0.8% sample. The heating and cooling runs are
represented by (s ) and (/ ) , respectively. The tempera-

EXPERIMENTAL ture scanning rates are 0.27C/min for both runs. (b)
The differential of the data curves (dIt /dT ) in (a). Solid

The gel samples with two polymer network con- and dashed lines represent the cooling and heating
centrations (0.8 and 1.2 wt %) were prepared us- runs, respectively.
ing standard methods. The optical transmission
of the gel samples was monitored by a spectropho-
tometer operating at the wavelength (l ) of 555
nm. The turbidity from a sample of known thick- known to gel on exposure to potassium ions; Eu-

cheuma g . is known to possess lower charge den-ness can be computed from transmission using eq.
(4). The temperature of the sample was controlled sity and to gel on exposure to sodium ions. The

ionic composition of this study represents theby an external water circulator. In addition to the
temperature sensor in the circulator, a thermo- level of exposure expected under physiological

conditions.couple was placed inside the sample cell for tem-
perature measurement. The cell was sealed using
a plastic film to prevent evaporation. The accu-
racy of the temperature measurements in this ex- RESULTS AND DISCUSSION
periment was estimated to be {0.57C.

The biopolymer investigated was a low-sul- The temperature dependence of the optical trans-
mission (I Å It /I0) is plotted in Figure 1(a) forfated carrageenan known to gel on exposure to

monovalent alkali metal ions.2 The biopolymer is the 0.8% gel sample. The heating and cooling runs
are represented by open circles and plus symbols,isolated from selected fractions of seaweed of the

class Rhodophyceae, genus Eucheuma, and spe- respectively. The scanning rate was 0.27C/min for
both runs. The sample was placed in a glass sam-cies gelatinae.17 The species k-carrageenan is
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ple cell with dimensions of 1 1 1 1 5 cm3. Before
measurement, the sample was melted and then
cooled in the air to ambient temperature so that
the sample in the glass cell was distributed uni-
formly. The sample was then heated from room
temperature to 737C and subsequently cooled to
room temperature again. As the temperature was
increased a second time, the transmission of the
gels increased and finally reached a plateau at
around T Å 737C. When the gel was cooled, the
transmission of the gels decreased. Clearly, the
transmission of the gel is associated with the gela-
tion process. The more gel formed, the lower the
optical transmission. This may be because the he-
lix domains in the gelled state have spatial varia-
tions and dynamic concentration fluctuations
which result in strong light scattering.11,18

The derivative of optical transmission with re-
spect to temperature (dIt /dT ) is shown in Figure
1(b) for the 0.8% sample. The dIt /dT curves ex-
hibit peaks for both cooling (solid line) and heat-
ing (dashed line) runs with the peak positions
corresponding to gelation (Tg ) and melting tem-
perature (Tm) , respectively. The value of Tm is
higher that of Tg , in agreement with previous op-
tical rotation4 and DSC results on k-carra-
geenan.7 The hysteresis loop has been interpreted
in terms of stabilization of the ordered conforma-

Figure 2 (a) Temperature dependence of transmis-tion by aggregation.3 Furthermore, it is found that
sion for the 1.2% sample. The heating and cooling runsthe change of transmission for the heating run is
are represented by (s ) and (/ ) , respectively. The tem-much slower than that for the cooling run near
perature scanning rates are 0.27C/min for both runs.the phase transition. The full-width at half-height (b) The differential of the data curves (dIt /dT ) in (a).

of the dI /dT curve obtained from the heating Solid and dashed lines represent the cooling and heat-
curve is 2.5 times broader than that from the cool- ing runs, respectively.
ing curve. It is known that the gelation process
involves the transformation of carrageenan mole-
cules from a coil-to-helical conformation and the
subsequent helix aggregation. Both the formation ditions for the measurement are the same as those

for the 0.8% sample. Neither melting tempera-of the helices and helix aggregation occur in a
narrow temperature range, resulting in a sharp ture, Tm , nor gelation temperature, Tg , showed a

significant shift when the polymer concentrationdI /dT peak. On the other hand, melting a helical
structure occurs in a broad temperature range. was increased from 0.8 to 1.2%. The values of the

transmission in the 0.8% sample are higher thanThis may be due to the interactions among helical
structures having a broad distribution. Often, those in the 1.2% sample at any given tempera-

ture. This indicates that density fluctuation in thesuch hysteresis can result from thermodynamic
constraints; for example, on cooling, if the system 1.2% sample is greater than that in the 0.8% sam-

ple, as expected.were to enter the spinodal region, a more abrupt
transition would be observed. These phenomena It is to be noted that the temperature-depen-

dent sol–gel transition is conventionally studiedare worth further investigation.
Figure 2(a,b) show the temperature depen- using differential scanning calorimetry (DSC).7

The exothermic peak in the cooling DSC curvedence of the optical transmission and its differen-
tial with respect to temperature for the sample and the endothermic peak in the heating DSC

curve were observed at Tg and Tm , respectively.containing 1.2% polymer. The experimental con-
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The intensity of the peaks increases with the
scanning rate. At a very slow scanning rate, the
peaks cannot be easily identified. For the tur-
bidity measurement, the scanning rate can be as
slow as possible. Therefore, the data may be used
for testing both the thermodynamic models and
kinetic models which are usually proposed for the
thermal equilibrium systems.

The thermal cycling effect on the 0.8% sample
is shown in Figures 3(a–c). The sample was first
placed in the sample cell. Then, the optical trans-
mission was measured as the sample was heated
in the scanning rate of 0.27C/min. When the sam-
ple reaches 737C, it was cooled to room tempera-
ture as shown in Figure 3(a). The second and the
third cycles are shown in Figure 3(b,c) , respec-
tively. Except for the first cycle where the trans-
mission change around the Tm is sharper, the opti-
cal transmissions measured in thermal cycles are
almost identical. Similar thermal cycling results
were also obtained for the 1.2% sample as shown
in Figures 4(a–c).

Figures 5(a–c) show the transmission in the
1.2% gel as a function of temperature at various
scanning rates of (a ) 0.1, (b ) 0.2, and (c ) 17C/
min. In these experiments, the samples were
initially kept at 737C for about 15 min so that
they were completely melted. The samples were
then cooled at a designated scanning rate. After
the samples reached room temperature, they
were heated to 737C using the same scanning
rate. It is clear from Figure 5 that the area of
the hysteresis loop decreases as the scanning
rate increases. This indicates that the gelation
and melting processes do not have enough time
to complete at a higher scanning rate. Further-
more, it is found that the transmission value
in the gel at room temperature depends on the
cooling rate. The higher the cooling rate, the
higher the transmission value.

The transmission data in Figure 5 for different
scanning rates were normalized by the expression

F (T ) Å I (T ) 0 Imin

Imax 0 Imin
(5)

Figure 3 Thermal effect on the transmission versus
temperature for the 0.8% sample. The thermal cycle

where F (T ) is the normalized transmission, and starts at 737C. The sample was first cooled and then
Imin and Imax, the minimum and the maximum heated to 737C again. The scanning rate is 0.27C/min.
values of the transmission, respectively. The re- (a–c) represent the first, second, and third cycles, re-

spectively.sults are shown in Figure 6. It is apparent that
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Figure 5 Transmission versus temperature for the
1.2% gel at various temperature scanning rates: (a) 0.1,
(b) 0.2, and (c) 17C min.

Figure 4 Thermal effect on the transmission versus
temperature for the 1.2% sample. The thermal cycle
starts at 737C. The sample was first cooled and then

the hysteresis loop persists, even at a very slowheated to 737C again. The scanning rate is 0.27C/min.
scanning rate, indicating that the sol–gel transi-(a–c) represent the first, second, and third cycles, re-

spectively. tion in the gels is the first-order phase transition.
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Defining Tmid as the temperature at which the
normalized transmission data curves reach 50%,
Tmid is slightly shifted to a lower temperature as
the scanning rate is decreased as shown in Fig-
ure 7.

CONCLUSION

The optical transmission in carrageenan gels
was measured successfully as a function of tem-
perature. The melting point is found always to
be higher than the gelation temperature. The
area of the hysteresis loop decreases as the scan-
ning rate increases. The thermal cycling has lit-
tle impact on the sol–gel transition in the gels.
The transmission value at room temperature is

Figure 7 Scanning rate dependence of Tmid at whichcooling-rate-dependent. The method applied
the normalized transmission data curves reach 50%.here appears to offer a new, precise, and easy
The cooling and the heating runs are represented bymeans to study both the sol–gel transition in
(s ) and (h ) , respectively.carrageenan (and related) gels and related

transitional properties, especially the kinetics
of the process. This study demonstrates the po-

tential of turbidity for studying the microstruc-
ture and dynamics.

Acknowledgment is made to the Donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, and Alcon Laboratories, Inc., for sup-
port of this research.
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