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SYNOPSIS 

The kinetics of gelation of an ungelled carrageenan solution exposed to a gel-inducing ionic 
solution was studied using a turbidity technique. Alkali metal ions were allowed to diffuse 
through a dialysis membrane into the solution of biopolymer. Optical transmission was 
measured as a function of distance away from the membrane. In the early stage of 12 h, 
the transmission increases with distance. After 96 h, the transmission is independent of 
distance. This indicates that gelation is completed everywhere inside the gel and the gel’s 
structure is homogeneous, in agreement with previous results. Time-dependent transmission 
indicates the presence of two relaxation processes occurring during ion-induced gelation: 
a primary relaxation process related to the gelling zone movement, and a secondary 
relaxation process related to local diffusion of polymer, bound ions, and water molecules. 
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INTRODUCTION 

The sol-gel transition in carrageenan gels has at- 
tracted considerable attention because many phys- 
ical and chemical properties of the polymer solutions 
are influenced by gelation.’,2 It is known that gela- 
tion of carrageenan can be induced by lowering the 
temperature or by adding cations above certain con- 
centrat ion~.~-~ However, there are few reports con- 
cerning the kinetics of the transition because of the 
lack of an appropriate method.6 Recently, the tur- 
bidity technique was used for studying the spinodal 
phase transition in N-isopropylacrylamide gels7 and 
the statics of the sol-gel transitions in carrageenan 
gels.8 The gelation of carrageenan solutions on cool- 
ing is related to the transformation of carrageenan 
molecules, at least locally, from a coil to helical con- 
figuration and the subsequent helix asso~iation.~ It 
is the spatial variation of the aggregation and tem- 
poral/spatial fluctuations that result in strong scat- 
tering of light.”-12 Therefore, optical transmission 
is drastically reduced below the gelling point. To our 
knowledge this is the first time such a turbidity 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 60, 221-224 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-8995/96/020221-04 

technique has been used to study and monitor the 
kinetics of the sol-gel transition in carrageenan gels. 
The turbidity A is defined as the reduction in frac- 
tional light intensity per unit penetration length in 
the sample, A = -(l/I)(61/6x), with I being the light 
intensity in the sample. For sufficiently small ax, no 
multiple scattering will occur in 6x and the 6 1  is equal 
to Is, 

A = -’(“I* 67% I 

The turbidity is therefore directly related to the 
scattering function Is that does not involve multiple 
scattering. The transmitted light intensity It and 
the incident intensity I. are related by the sample 
turbidity A and thickness L, 

Therefore, turbidity can be obtained from the ratio 
of the transmitted light intensity to the incident in- 
tensity, A = -(1/L)ln(It/Io).778 
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EXPERIMENTAL exist as  gels when equilibrated with the solution of 
alkali metal ions. 

The biopolymer investigated was a low-sulfated K -  

carrageenan known to gel on exposure to monova- 
lent alkali metal ions.' The biopolymer was isolated 
from selected fractions of seaweed of the class Rho- 
dophyceae, genus Eucheuma, and species gel~tinae.'~ 
The species K carrageenan is known to gel on ex- 
posure to potassium ions; E. gelatinae is known to 
possess lower charge density and to gel on exposure 
to sodium ions. The ionic composition (0.832% NaCl 
and 0.14% KC1) of this study represents the level 
of exposure expected under physiological conditions. 
The biopolymer solutions were prepared using stan- 
dard methods a t  two concentrations: 0.8 and 1.2 wt 
%. Below 0.8% the gel is weak and is more difficult 
to  study. The polymer solution was placed in a plas- 
tic box (8.8 X 1.9 X 1.2 cm3) capped a t  one end with 
a dialysis membrane that can retain protein with 
molecular weight greater than 12,000 (Sigma 
Chemical Company). The box was immersed in a 
second solution containing the gel-inducing salt 
(0.832% NaCl and 0.14% KC1). Alkali metal ions 
diffused through the membrane, gelling the confined 
polymer solution. The dialysis was carried out a t  
4OoC in order to  increase the rate of ion diffusion 
(relative to the diffusion at room temperature), and 
thereby hasten the rate of the sol-gel transition. Af- 
ter a designated time, the gelled polymer was taken 
out the box a t  room temperature and sliced into 3.7- 
mm thin samples, which were marked by their dis- 
tance from the membrane. The samples were then 
placed in a glass cell with dimensions of 1 X 1 X 5 
cm3 for measurement of optical transmission. 

The kinetics of gel formation was further inves- 
tigated by diffusion of alkali ions into carrageenan 
without membranes. In this measurement, the orig- 
inal carrageenan solution was placed in the bottom 
of the optical sample cell with the depth of 8 mm a t  
room temperature. The solution containing gel-in- 
ducing salt (0.832% NaCl and 0.14% KCl) was then 
put at the top of the solution of biopolymer in the 
pregelled state. The volume ratio between the ionic 
solution and the polymer sample was about 1.5. Op- 
tical transmission was then measured as a function 
of time. 

The optical transmission of gel samples was 
monitored by a spectrophotometer operating at the 
wavelength of 555 nm. For convenience, all data are 
presented using transmission ( I  = I t / I o ) .  The tur- 
bidity can be inferred from the transmission using 
eq. ( 2 ) ,  with samples of known thickness of 1 cm. 
All measurements were performed a t  room temper- 
ature, a temperature a t  which both polymer solutions 

RESULTS AND DISCUSSION 

Optical Transmission Versus Distance Away from 
Ion/ Gel Interface 

Figure 1 shows optical transmission ( I  = I t / I o )  as 
a function of distance, with the zero point a t  the 
membrane position, for the 0.8 and 1.2% samples, 
respectively. The samples of biopolymer solution 
were placed in the ionic solution a t  40°C for 48 h. 
The ion-induced gelation process involves the ran- 
dom coil to  double helix transition.' The variation 
of aggregation of helix domains causes reduction of 
transmitted light. The optical transmission is lowest 
a t  the membrane position and highest at the other 
end. This is expected because diffusion of alkali 
metal ions in the sol is slow and diffusion of the ions 
through an  already gelled site is even slower." After 
48 h, the gelation is still not complete away from 
the ion/gel interface. The transmission for the 1.2% 
sample is lower than that for the 0.8% sample a t  
any given distance. The lower transmission is in- 
dicative of increased scattering from the stronger 
gels composed of higher concentration of biopolymer 
and having greater local concentration  fluctuation^.^ 
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Figure 1 Optical transmission of the (0) 0.8% and (0) 
1.2% gels is plotted as a function of distance starting from 
the potassium/gel interface. The sample cell with one end 
sealed by a dialysis membrane was immersed in the gel- 
inducing ionic solution for 48 h at  40°C. 
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Figure 2 Optical transmission of the 1.2% gel as a 
function of distance for three different times when they 
were immersed in the gel-inducing ionic solution at 4OoC: 
(A) 12 h, (0) 48 h, and (0) 96 h. 

Optical transmission of the 1.2% samples is 
shown in Figure 2 as a function of distance after 
they were immersed in the gel-inducing ionic solu- 
tion for 12, 48, and 96 h. The dashed line in the 
figure represents values a t  the zero time when the 
sample cell was immersed in the ionic solution. In 
the early stage ( 12 h )  , the gradient of transmission 
with respect to distance ( d l / d x )  is large. This is 
because the alkali metal ions do not have enough 
time to diffuse from the dialysis membrane to the 
other end of the box. As the time increases, the gell- 
ing zone moves forward and the ions gradually dif- 
fuse into the carrageenan solution. After 92 h, mi- 
gration of the gelling zone has extended to the other 
end, and the optical transmission becomes indepen- 
dent of the distance. This indicates that the gelation 
is complete everywhere in the sample cell. 

It was recently found that gels with a nonuniform 
distribution of polymer are formed when calcium 
ions are allowed to diffuse into solutions of sodium 
alginate or pectate.I4 This was in contrast to the 
uniform gels obtained when carrageenan was di- 
alyzed against potassium ions.14 The observed in- 
homogeneity of polymer concentration was attrib- 
uted to the difference in the gelling mechanisms of 
carrageenan from the alginate  system^.'^ Our tur- 
bidity measurements confirm that the diffusion of 
alkali metal ions into carrageenan solution indeed 
produces a homogeneous gel. This may be because 
there is reversible binding of alkali ions to the poly- 

mer chains, while the binding is nearly irreversible 
for the calcium/alginate system.14 Furthermore, our 
experiment revealed the early and intermediate 
stages of the transition from a solution state to the 
gelled state under the exposure of the alkali ions. 
We have found that in the early and the intermediate 
stages the gel is not homogeneous. This points to 
simultaneously monitoring the gelation process as 
a function of time and distance using the turbidity 
technique. 

Optical Transmission Versus Time 

The kinetics of gel formation were further investi- 
gated by diffusion of alkali ions into carrageenan 
without membranes. The gelation is induced by 
putting the solution containing gel-inducing salt 
(0.832% NaCl and 0.14% KC1) directly at the top 
of the solution of biopolymer as explained in the 
Experimental section. Optical transmission was ob- 
tained as a function of time as shown in Figure 3 
for the 0.8 and 1.2% samples. 

The diffusion of alkali metal ions into the polymer 
solution gels it and causes the transmission to de- 
crease. The optical transmission ( I / l o )  versus time 
( t )  is analyzed in terms of double exponential terms 
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Figure 3 Transmission versus time for (0) 0.8% and 
(0) 1.2% sample. The samples were under the influence 
of the gel-inducing ionic solution at room temperature. 
The solid lines represent the least square fits to the data 
using eq. (3). 
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where T~ and r2 are different relaxation times. A ]  
and A2 are respective contributions. This equation 
has been previously used to describe the electric bi- 
refringence signal of K-carrageenan The solid 
lines in Figure 3 are the best fits to the data using 
eq. (3) .  T~ is 231 and 194 min for the 0.8 and 1.2% 
samples, respectively. T~ is 4.0 X lo4 min and 1.8 
X l o4  min for the 0.8 and 1.2 samples, respectively. 
It is apparent that there are two different processes 
associated with these two relaxation times. Let us 
presume a model in which the K +  and Na' ions 
from an infinitely large ionic solution reservoir dif- 
fuse into an infinite reservoir of the carrageenan 
polymer solution. Initially the potassium and sodium 
ions and polymer species diffuse toward each other 
and the reaction takes place at a plane perpendicular 
to the direction of the diffusion. Because the poly- 
mers diffuse considerably slower than the cations, 
the gelling zone will move gradually away from the 
ion/carrageenan interfa~e. '~ The short relaxation 
time 71 may be associated with a primary relaxation 
process of the movement of the gelling zone, while 
the longer relaxation time r2 with the secondary re- 
laxation (or curing) process involves local diffusion 
of bound water molecules, or bound ions, or gradual 
rearrangement of polymer-polymer association.15 It 
is known that the water molecules can be either 
bound to the double helix or trapped in the gel net- 
work." The higher polymer concentration results in 
the higher ion-polymer reaction rate. Therefore, the 
relaxation times ( r l  and r2) for the 1.2% samples 
are faster than those of the 0.8% samples, in agree- 
ment with experimental observation. Theoretical 
work is in progress. 

CONCLUSION 

The kinetics of gelation under the influence of gel- 
inducing ionic solution was studied using a turbidity 
technique. The alkali metal ions were allowed to dif- 
fuse through dialysis membrane to a predosed gel. 
The optical transmission was measured as a function 
of time and distance away from the membrane. It 
was found that lower transmission corresponded to 
increased gelation induced by the ions. In the early 
stage, transmission increased with distance, indi- 
cating that the degree of gelation decreased with the 
distance. After 96 h, the transmission was found to 

be independent of location and distance from the 
membrane. By then, the gelation is complete every- 
where inside the gel and the gel's structure is ho- 
mogeneous, in agreement with previous results. The 
time-dependent transmission data reveals that there 
may be two relaxation processes occurring during 
transport mediated gelation: the fast relaxation time 
related to the gelling zone movement and the slow 
one related to local diffusion of bound water mole- 
cules and ions, polymer rearrangement, or polymer- 
polymer association. The time dependence of trans- 
mission was used as a probe to monitor the gelation 
process in situ. 
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