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Abstract

The gel formation of hydrocolloid (sodium alginate and kappa-carrageenan) is the result of the molecule aggregation in presence of an
effective cation. The gelling process was considered as a process of diffusion—reaction between the effective cation and the hydrocolloid
to produce a porous solid structure.

A simple mathematical model for predicting the reaction interface position in alginate or alginate-carrageenan gelation was developed.
The model represents appropriately the physicochemical phenomenon and allows to determine the time for complete crosslinking of the
hydrocolloid and the amount of incorporated ions.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction pend on the crosslinking of the three-dimensional networks
formed and hence they are related to the kind and con-
The hydrocolloids are natural carbohydrate polymers of centration of polymers and catiofi3]. On the other hand,
high molecular weight used in the food industry for ob- some undesirable effects of the mixture of these compounds
taining important functional properties, such as thickening, should also be taken into account. High levels of calcium
gel formation and texture stability. Pectin, gellan, agar—agar, produce a chalky mouth-feel and may promote astringency
kappa-carrageenan and sodium alginate are the most usedr bitter taste in the produ¢#] or affect the enzyme activ-
hydrocolloids among the gelling agents accepted as addi-ity [5]. Therefore, it is important to control concentration of
tives in foods. Beside the application in the manufacture of cations.
modified foods, in the present they are used to produce par- The gelation reaction is produced when cations diffuse
ticles for retention of enzymes, microorganisms or aromatic into hydrocolloid solution and specific segments of the algi-
substances. nate and carrageenan polymers interact withaad C&*
Alginates jellify and kappa-carrageenans form gels in a ions getting the gel structure. For small solutes such as cal-
calcium- and a potassium-rich salt solution, respectively, cium and potassium ions and monosaccharides, the partition
producing hardening of the structure with shrinkage and re- coefficient is equal to 16].
pulsion of watei[1]. Luh et al.[7] measured the thickness of the crosslinked
The B-galactosidase is an enzyme used for the hydroly- region in pre-shaped soft gelatin slices as function of the im-
sis of lactose and is affected by cation concentrations. Themersion time and proposed a kinetics reaction that involved
enzyme activity is increased by potassium and reduced bya linear relationship between those two variables. Experi-
calcium ions. Therefore, a mixture of those hydrocolloids is ments and photographs using cylindrical samples suggested
used in the8-galactosidase entrapment due to the synergistic that once the front has appeared due to the reaction, the
behavior of both in the results, where K-kappa-carrageenancrosslinking region could be easily divided from the unre-
enhances the enzymatic reaction and Ca-alginate providesacted regiori7]. This front moves inwards the sample and it
the appropriate mechanical strend#j. The mechanical  could indicate that a very fast reaction between the cations
properties of these gels mainly due to alginate structure de-and unreacted substrate is taking place at the interface. More-
over, the solid structure that appears maintains its original
" * Corresponding author. Tekt54-342-455-9175/9176/9177; shape and size. _
fax: +54-342-455-0944. Chavez et al[9] used the amount of cation moles per
E-mail addressarubiolo@intec.unl.edu.ar (A.C. Rubiolo). volume unit of unreacted solid to explain the kinetics of
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Nomenclature

b hydrocolloid stoichiometric coefficient
(g hydrocolloidf crosslinking agent)

C  concentration (g cm)

Dess  effective diffusion coefficient of the crosslinking
ion in the gel (crds™1)

ki mass transfer coefficient in the liquid film

(cms
r radial coordinate (cm)

rc reaction interface position
(variable with the time) (cm)

R  radius of the gelled cylinder (cm)

t time (s)

Subscripts

0 inside the gelling bath

A crosslinking cation

B hydrocolloid

the gel formation, obtaining an expression that improves the

calculation of the penetration thickness as function of the
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the unreacted cordy the hydrocolloid stoichiometric coef-
ficient (g hydrocolloid§ crosslinking agent); and; is the
reaction interface radial position.

For short reaction times, when [i(R)] values are negli-

gible, an approximate equation can be obtained fiEmm(1)
R?—r2 2bDef C 4yt
R2

~ CpR2((Dett/kiR) + (1/2))

(3)

Moreover, when reaction is starting.(— R), a new ap-
proximated equation can be obtained fr&n. (1)for very
short reaction times:

R_rc
R

2bDeff CAO

\/ CaR2(Den kB + 172

(4)

Eqg. (4)is a relationship between the interface position and
the time similar to those proposed by Ak et ] and
Chavez et al[9]:
R — e k/\/;

- ©)

where(R—r¢)/R is the dimensionless penetration thickness.
The complete gelation time of the hydrocolloig)(can

reaction time. However, the above-mentioned predictions of P€ calculated where — 0 in Eq. (1) resulting

the penetration thickness did not agree well the experimental

data as times increases.
Therefore, the objective of this work was to obtain a sim-
ple model for predicting the position of the moving reaction

interface and for estimating the quantity of added cations at

any time.

2. Theory

The gelling process was considered by Luh e{4lL0],
as a process of diffusion—reaction between the caf\paiid
the hydrocolloid B) to produce a porous solid geT). The
crosslinking process can be described using a shrinking-cor

model. This model was developed for gas—solid reacting

systems in which a nonporous sollreacts with a gag\
and a porous soli@ is formed[11]. Explicit solutions were
obtained for this reaction system in a cylinder of radend
the following equations for the reaction interface position
are obtained12,13]

o \/RZ((Deﬁ/k|R)+<1/2)>—(2bDeﬁcA0t/cB> W
¢ (Deft/kiR) — In(re/R) + (1/2)

and

Ca Cao @)

~ (Deit/kiRING/70)) + (IN(R/P)/IN(r/ rc)

whereDeg is the effective diffusion coefficient of catiof

in the porous solid gek; the mass transfer coefficient in the
liquid film around the solid( 4, the concentration of cation
A'in the solution bulkCpg the hydrocolloid concentration in

CBR2

fg= =————— 6
97 2bDefCa, ©)

Deff 1
(/q_R " 5)
3. Materials and methods

Solutions of commercial sodium alginate (Kelgin LV from
Kelco, Chicago) of 2.4% (w/v) and solutions of sodium algi-
nate and commercial kappa-carrageenan (Gelacid C-3 from
Biotec SA, Buenos Aires, Argentina) of 2.4 and 1.0% (w/v),
respectively, were used for preparing different gel samples.
Cylindrical samples (11.04 mm diameter and approximately
120 mm height) were obtained using a membrane for dialy-

e .

sis of 1000 nominal molecular weight cut-off (MWCO) held
by support.

The cylinders containing the sodium alginate solution
were immersed in different flask provided with agitation, at
room temperature (approximately 25), containing 500 ml
of CaCb solutions of 1.0, 2.0 or 3.0% (w/v) each. Analogous
procedure was carried out with the alginate-carrageenan so-
lutions, which were immersed into CaCl solutions of
1:2, 2:4 and 3:6% (w/v). All the used salts were of analytic
quality or better (Mallinckrodt, St. Louis).

The gelled samples were removed at different times and
cut to obtain a central cylinder of 1.104 cm diameter and
approximately 1.0 cm height. Each sample was washed with
distilled water to remove the unreacted region. The solid
crosslinked layer was easily visualized due to its hardness.
The thickness of penetration was measured using a calliper
(Mitutoyo model), with 0.002 cm of precision. Each assay
was carried out in duplicate.
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Ca and K concentrations were determined in the gel and To validate the theoretical model, valuedhf; andk are
in the gelling bath before and after immersion of cylindrical necessary. Due the gelation assays were carried out into a
samples by an atomic absorption spectrophotometer (5000magnetic agitated vessel, the external mass transfer effect not
Perkin-Elmer model) according to the method proposed by affect substantially the determination of penetration thick-
the Operation Manual Perkin-Elmer—Atomic Absorption ness. For this reason, thBds;/(kR)] term was neglected.
Cooking Book[14]. The diffusivity of calcium chloride at infinite dilution in
water at 25C is Dcacp, = 13.35x 10 %cn?s™1 [15]. The
diffusion constant for the diffusion-reaction model is ex-
4. Results and discussion pected to be smaller than the literature value for infinitely
diluted solution, mainly due to the sterical hindrance of the
The hydrocolloid gelling reaction is a function of the re- random movement of the ions by the gel maffig]. A re-
actant agents and its concentration. When hydrocolloid so-duction of 37% of theéDef value was obtained by magnetic
lution contacts cation solution, gel is formed immediately at resonance imaging for the calcium ion when 2.0% (w/v)
the interface. Further gelation depends on cation diffusion sodium alginate solution is crosslinked with 9.0% (w/v) cal-
through the gelled layer and varies with the time until the cium dichloride solutiori17] and the values of. 799x 10~
unreacted zone disappears. The cation-hydrocolloid interac-and 1673x 10-% cn? s~ were obtained for gelatin-alginate
tions forming a solid structure as the cation is gradually up- and agar-alginate gels, respectivey.
taken, result in a gradual strengthening of the [d¢! The Using experimental values for penetration thickness
cation concentration values experimentally obtained for the at different times, aDey value of 533 x 10°® and
different concentrations used determine the stoichiometric 1.80 x 106 cnm? s~ were obtained wittEgs. (3) and (4)
coefficient ). In the calcium alginate gelation, the value respectively; although usingq. (3) a non-linear approach
of coefficientb was 24.26 g of the used sodium alginate per diffusivity values for each pair of experimental results were
gram of calcium, beindp the minimum amount of cations  changing, giving higher values. @ x 10-%cn?s™1) at the
necessary for gel formation. beginning of the gelation. The value obtained experimen-
Experimental values of the average cation concentration tally was considered as a reasonable result and was used as
(Ca and K) incorporated by chemical reaction to the gel an average for the penetration thickness.

structure, obtained by gelation of a 2.4% (w/v) sodium algi- A good agreement between experimental and theoretical
nate and 1.0% (w/v) kappa-carrageenan solution for differ- data of thickness of penetration in a sodium alginate as func-
ent gelling bath compositions are shownTimble 1 As it is tion of time predicted wittEq. (1) are shown irrable 2

observed, the incorporation of cations into the gel structure  The rate of the penetration thickness for sodium alginate
increases with the immersion time. Also, the gel strength or sodium alginate and kappa-carrageenan mixture was sim-
usually increases with time due to structural rearranges pro-ilar, since the values obtained were equals for both solutions.
duced by the bridge of hydrogen bon@3. This could be explained by considering that crosslinking re-
Due to cations complete polymer reactive groups and alsoactions in the alginate are responsible of the gel structure
saturated the solution in the solid, the highest calcium con- and the quantity of carrageenan did not affect the structure.
centration reached is slightly higher than theoretical one for The experimental times for complete gelation with the
complete chemical reaction, which is related to thevilue. used conditions were approximately 11700, 5880 and 3900 s
Once the hydrocolloid and cation solutions have been for CaCh solutions of 1, 2 and 3%, respectivelyg. (6)
mixed, is essentially impossible to stop the interaction. The predictsty values of 11605, 5802 and 3868 s, representing
reaction will continue until equilibrium is reached. The hy- an error less than 1%. This error value is lower than values
drocolloid gels produced by interaction with cations are dy- obtained using the equations proposed by Ak ef&land

namic systems. Chavez et al[9] due that these only are considered more
Table 1
Amount of cations into gel obtained from a 2.4% (w/v) sodium alginate and 1.0% kappa-carrageenan solution gelling with different bath concentration
Immersion time (s) Gelling bath 1.0% CacPR.0% KCI Gelling bath 2.0% Cagt4.0% KCI
Cé (103gcm3) K2 (103 gcm3) Cé (10-3gcm3) K2 (103 gcm3)

1800 0.143 0.249 0.188 0.321

3600 0.190 0.269 0.245 0.347

5400 0.205 0.321 0.265 0.366

7200 0.245 0.344 0.280 0.367

9000 0.263 0.367 0.282 0.367

10800 0.280 0.367 0.284 0.367

12600 0.282 0.367 0.284 0.369

aError range:£0.001.
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Table 2
Advance of gelation interface in sodium alginate for 1.0, 2.0 and 3.0% (w/v) Lg&lling bath
Immersion time (s) re (cm)
1.0% CaCj 2.0% CaCj 3.0% CaCj
Measured Calculated Measuréd Calculated Measuréd Calculated
0 0.552 0.552 0.552 0.552 0.552 0.552
300 0.496 0.490 0.468 0.462 0.448 0.440
600 0.466 0.462 0.428 0.422 0.388 0.390
900 0.440 0.440 0.376 0.389 0.350 0.350
1800 0.386 0.390 0.318 0.315 0.250 0.252
2700 0.350 0.350 0.248 0.251 0.162 0.164
3600 0.312 0.314 0.180 0.193 0.064 0.063
3900 - - - - 0.000 b
4500 0.284 0.282 0.124 0.133
5400 0.250 0.251 0.072 0.063
5880 - - 0.000 ¢
6300 0.226 0.222
7200 0.190 0.193
8100 0.166 0.164
9000 0.134 0.134
9900 0.104 0.101
10800 0.066 0.063
11700 0.000 d

aError range:+0.002.

bThe theoretical time to complete the gelation was 3868s.
¢The theoretical time to complete the gelation was 5802 s.
dThe theoretical time to complete the gelation was 11605s.

simplified models presenting a linear adjustment for larger Eq. (4) after the substitution of variables by correspond-
times where errors increased for variable simplification. ing values, was 0.01313%72, which was similar to the
Fig. 1shows the experimental data and theoretical values one obtained by the regression of the experimental data,
predicted withEgs. (1) and (4jor the solid interface position ~ 0.013115%2,
at different times in the alginate and alginate-carrageenan Eq. (2)allows calculating the theoretical availableta
matrices gelling with CaGl(2%) and CaGlLKCI (2:4%). cations inside the gel as it is shownFig. 2 Moreover, the
The better adjustment ofq. (1) was more appreciable reaction interface position of a 2.4% (w/v) sodium alginate
at longer immersion times. Thé constant obtained with  solution can be observed when®aconcentration reaches

1.0 »
® Experimental values
0.8 Theoretical data obtained with Eq. (1)
- Theoretical data obtained with Eq. (4)
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Fig. 1. Theoretical and experimental data for penetration thickness of calcium into a sodium alginate gel for a 2.0% (w/\gelliaglbath.
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Fig. 2. Calcium cation profiles inside a sodium alginate gel obtained in a 1.0% (w/v), @allilhg bath.
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