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Gelation of Aqueous Pectin Solutions: A Dynamic Light Scattering Study
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results are analyzed in the framework of the coupling mode

We report the dynamic light scattering study of the gelation of javised by Ngai and co-workers (8—13).
aqueous solutions of the biopolymer, pectin, induced by the addition Pectins are important polysaccharides, which are used in t
of calcium chloride. The time correlation function data are analyzed food industry as gelling agents (14). Apple pomace and o
under the framework of the coupling model. As the solution enters . ) . .
ange peels are the two major sources of commercial pectir

the semidilute regime where gelation sets in, the relaxation process | . . b 20% of th b | h
shows a stretched exponential behavior. The stretching exponent n native pectins, about 0 of the carboxyl groups are methy

decreases and the characteristic time of the stretched exponential eSFe_rified' Thesg “high methoxyl” (H_M) pectins form gels in
diverges as the system evolves to a gel. Aqueous pectin solutions ~acidic medium in the presence of high concentrations of si

in the presence of 0.1 M NaCl show similar behavior. Thus, the ~Crose. Pectins of lower ester content are produced by controll
molecular relaxation modes of pectin solutions can be well described ~ deesterification of native pectins and the resulting polysacch

by the coupling model.  © 2002 Eisevier Science ride forms gels upon addition of calcium or related divalent ion
Key Words: pectin; dynamic light scattering; coupling model;  (15). In these “low-methoxyl” (LM) pectins, gelation results
sol-gel transition. from ionic linkages via C& ion bridges between two carboxyl

groups belonging to two different chains (16). Gelation of LM
pectins is affected by several intrinsic and extrinsic paramete
such as the degree of methylation, the average molecular wei

. . of the sample, the ionic strength, the pH, the temperature. £
Polymer species can form a variety of supramolecular struc-

. ; . . increase in the ionic strength, a neutral pH, and a decrease
tures via gelation, aggregation, phase separation, and orderjng. ~ .. : i
: L setting temperature and in the degree of methylation low
Gels can be prepared by chemically cross-linking branched po,

, ) ) L e amount of calcium chloride required to obtain the sol-ge
mer chains or physical aggregation of polymer chains into three-" " . . o .
. . . . ransition (17). Molecular weight distribution and conformatior
dimensional structure (1). Hydrogen bonding, Coulomb interac;, . . . . S
. : ) -gf high methoxy citrus pectins were studied using light scatte
tion, and dipolar forces are some of the types of bonding whic . .
. oo : . . ing and gel-permeation chromatography with low-speed sec
lead to network formation resulting in gelation. It is sometimes . T . .
. ) : mentation equilibrium (18, 19). Solution conformation of apple
possible to break these types of bonds by increasing the temper-, . . . )
) . ; and citrus pectins with a large range of degree of methylatic
ature. Systems with these properties are said to form thermare- ) . )
. was studied by small angle neutron scattering, viscometry, a
versible gels. . . o
) . . molecular modeling (20). These studies showed that pectins ¢
Dynamics and relaxation process in sol-gel systems have been : : : -
. . . L relatively stiff molecules with persistence length and flexibility
the subject of continued interest (2—7). In the semidilute solu; .
. . of the polymeric backbone dependent on the degree of mett
tions of polymers and polymer-related systems, topological con-. .
straints on the polymer molecular motion due to polymer ovefat'on' In a good solvent such as 0.1 M NaCl aqueous solutic
Poly poly athS’C, the pectin molecules exhibit the general behavior ¢

lap strongly affect the dynamics. As gelation progresses thro . ; .
the semidilute solution, the complexity of the phenomenon Lijlrrﬁ-1ear flexible polymers in good solvent (21). The sol-gel tran

creases. Dynamic light scattering (DLS) has served as a us%&f)n brought_ forth by increasing calcium chloride concentra
fion was monitored by rheological measurements close to tl

techr_lique to sFudy the dynamics of diffusion of polyme.rs "Bel point (22). The dynamic exponents for viscosity and ela:
solutions. In thls paper We_present a DLS_ study of gelation ﬁ?: moduli were found to be consistent with the predictions o
agueous solutions of the biopolymer, pectin. The decay rate Pnf - . .

. . X 2. the scalar elasticity percolation model (23—-25). Thus in the ev
the time correlation function of the scattered electric field S

. . H1tion from sol to gel, the pectin solution can be expected t
determined as the system undergoes sol-gel transition and Bibi . - .
exhibit molecular relaxation modes characteristic of semidilut

polymer solutions.
1To whom correspondence should be addressed. Fax: +91-22-522 4413Pilute solutions of monodisperse polymers as well as som
E-mail: janaky@vsnl.com. semidilute solutions of flexible polymers at good solven
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conditions show single exponential relaxation behavior of thg!)(q, t) can be identified with the dynamic structure factor
concentration fluctuations that can be probed by DLS expeg(q, t) which, for a Gaussian signal, is relatedg®(q, t) by
ments. However, for several associating polymer solutions (2fe Seigert relatiom@(q, t) = 1+ f|S(q, t)|?, where the co-
polymeric cluster solutions (2), and thermoreversible gellingerence factof measures the degree of coherence of the sce
solutions (3-7), a broad distribution of relaxation times is ofteered light (28). Four or more different sampling times were
recorded. For these systems, DLS showed an initial exponentigkd to obtain the scattered intensity autocorrelation functic
decay followed by a stretched exponential with width parameter,(0) | (t)) and then the data were spliced together. The bacl
B. The characteristic time of the stretched exponential diverggebund subtracted normalized dynamic structure factor
to infinity as the system set to a gel. In some cases such as
gelatine sol-gel transition (5, 7), intermediate power law decay
was also observed. The coupling model of Ngai and co-workers — &)_1

SCRIE [1]
is found to be well adapted for interpreting the experimental f
findings in several complex systems exhibiting a stretched ex-
ponential mode of relaxation (8). In this DLS study on aqueowsas calculated from the intensity autocorrelation functibis
solutions of pectin, we find that most of the experimental findtetermined from the value of the intercept of the plagéX(q, t)
ings are in accordance with the coupling model. Though seveyalt. Here,q is the scattering wave vector given by
aspects of sol-gel transition in aqueous pectin solutions have
been thoroughly investigated by Axelos and co-workers (17, 21, A7 sing/2)
22, 27), to the best of our knowledge, this is the first DLS study q= - (2]
which applies coupling model to the sol-gel transition of pectin

solutions. The present study strengthens the findings of Axel,g%eing the refractive index of the solution afthe scattering
and co-workers on gelation of pectin solutions. angle. The data were fitted using (26)

EXPERIMENTAL DETAILS S(,t) = Ar exp(=t/tr) + Asexp(=(t/tsd)’), (3]

Pectin from citrus fruit (Potassium salt) with degree of esghere A; and As are the amplitudes of the fast and slow relax-
terification 22% was obtained from Sigma Chemicals (P-9313jion modes, respectively, with; + As = 1. 7 andzs are the

and was used without further purification. The manufacturer hggaracteristic times of fast and slow decays with

quoted the viscosity average molecular weight of this product

to be 17,000. Calcium chloride dihydrate (CaClH,0) and Toc

sodium chloride (NaCl) were bought from Merck and used as Ts = Fr(l/ﬂ)’ [4]
received. Stock solutions of calcium chloride and sodium chlo-

ride of _appropriate concentrations were prepared. Pecti_n C%Hereﬁ, the stretching exponent, is a measure of the width ¢
centrations of 2.5 and 10.0 g 'L were chosen for DLS studles.the distribution of relaxation times arie{1/8) is the gamma

Homogeneous samples were obtained by mixing aqueous Pettifetion.
solution with calcium chloride and sodium chloride solutions of The viscosity measurements were carried out with the use

appropriate volumes to getthe required molarity of the salts. T pe|ohde viscometer on pectin solutions in the concentratic
solution was stirred for half an hour and then poured into 1'CrPénge 0.1 to 20 g t! in order to determin€*, the crossover

diameter glass vial for DLS studies. The measurements WeIg, ontration from the dilute to the semidilute regime of th
made after the sample was cured for 24 h at room temperat%gctin solutions

The DLS measurements on 2.5 gL pectin solutions
were made at the Indian Institute of Science, Bangalore, us-
ing a homemade photon correlation spectrometer employing THEORETICAL CONSIDERATIONS
Kr* laser § = 647 nm) and Malvern digital correlator at 60, ) _
90, and 120 scattering angles. Measurements on 10§ L  The coupling model (8-13) is a general approach to dynan
pectin solutions were made at Novel Materials and Structuf§$ Of the constrained or interacting systems. According to th
Chemistry Division, Bhabha Atomic Research Center, Mumbdl0del, there exists a temperature-insensitive crossover téme,
using a standard Brook Haven light scattering instrumediCh that fort <tc, the relaxation process is not affected by
BI-90 with 5 mW He-Ne Laser (= 6328 nm), the angle coupling effec_:ts. The ba_S|c unlts_relaxmdepe_ndentl_leth asir
of scattering being 90 In DLS experiments, the normal-9le exponennal c_orrelat|0n f_uncﬂon. At Iong times, ifex tc,
ized intensity autocorrelation function of the scattered lighlynamic constraints come into play and give rise to fractione
g@(q,t) = (1(g, ) (g, 0))/(1)2is measured and is used to caldecay of the correlation function. Thus,
culate the normalized time correlation function of the scattered
electric field,g®(q, t) = (E*(q, t) E(q, 0))/(E)2. The function #(t) = exp(=t/m) fort<tc [5]
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and 0.6

1-n
¢(t)=exp<—<%> ) fort>tc. [6] 05

04
70 is the initial relaxation time in the absence of coupling, L

is the effective relaxation timég is the characteristic time be- 78- 03 kL
yond which coupling effects influence the dynamics, and = L e o
the coupling parameter in the range<th < 1 and depends on 02 Ooo0oop
the intermolecular interaction. For continuity pft) att = tc, L
_ 01
r=(t"10) " [7] [
0 TR Y NN AN TR AN TR [N N B

When the conditionrg/tc >> 1 holds, the linear exponential, 0 1 2 3 4 5 6

namely, exp{t /o) decays by an insignificant amounttat tc
and the correlation function is practically given at all times by

the stretched eXanemial- _ _ o FIG. 1. Plot of 5sp/C againstC. The intrinsic viscosity f] given by the
The concentration fluctuation correlation function is given bitercept is 475 mi g*. The deviation from linearity occurs & ~ 1.5 g L1,

C (gl

(8cq(t)sc_q(0))

, [8] Kraemer's equation:
(18¢ql?)

o(t) =

: : . (Inn)/C =[n] + ka[m]*C. [12]
wheredcy(t) is the concentration fluctuation of wave vectpr

The functiong(t) is identified withS(q, t). Hencerg in Eq. [5]

. A e N . k; andk, are the interaction parameters characteristic of th
is the correlation time of free diffusion given by

polymer-solvent systemy, = n/ns is the relative viscosity of
the solution with respect to the solvent amg is the specific
10(0) = (Dog®) ™™, [9] viscosity given byysp = 7, — 1. The concentration range cho-
sen for the double extrapolation was 0.3 to 0.9 @ kcorre-
where Dy is the free translational diffusion coefficient of thesponding ton, in the range 1.1 to 1.3. The intrinsic viscos-
center of mass of the polymer. The experimentally observidd was found to be 475 ml¢. Figure 1 shows the plot of
width parametep in Eq. [3] is related to the coupling parametefnsp/C) against the concentration of the polymer, The de-

n throughg =1 — n. Substituting Eqg. [9] in Eq. [7] gives viation from linearity as given by Huggin’s equation occurs a
C* ~ 1.5gL1. Forapolymer solution (30), the overlap concen:
tration from dilute to semidilute regime is expected to b&‘at=

rocq P [10] 0-7|7/[77]- The value ofC* ~ 1.5 g L1 is close to this expected
value.

We recall that the theoretical approach of the coupling modeIG"’m"(.enat al.(17) had determined the phase d|agrams of C'}
. . - . : ; . . TUs pectins of large range of degree of methoxylation. The di
is semiempirical, as it does notidentify the particular mechani

orthe exact nature of the interaction responsible for the coupliff%rent phases (sol, gel, and syneresis) observed in pectin sc

. L o . ins on addition of calcium chloride solution were presented b
However, it has been very effective in describing various relax; _, .. . . :
Ig(tjlmg molar concentration of calcium chloride versus the re

ation processes in complex systems. It has been demonstr% ced polymer concentrati@{n]. The sol-gel transition curves

(29) that general results from anomalous diffusion in dlsordergﬁ wed that the minimal polymer concentration able to promo

fractal-like systems produc_e the features of the tlme-dependsg ation,Co, depended on the solvent conditions. In the pres
rate proposed by the coupling model.

ence of an excess of monovalent salt (0.1 M NacCl), gelation w:

possible before the overlap threshold concentratinand the
RESULTS AND DISCUSSION amount of calcium required to obtain a gel was independent

the polymer concentration f@ > C*. In salt-free solution<

The intrinsic viscosity] was determined by using Huggin'syas very nea€* and the amount of calcium required to obtain
and Kraemer's extrapolation equations. a gel increased with polymer concentration. Guided by thes
Huggin’s equation: results, we selected two pectin concentrations, 2.5 and T8 g L
for the DLS study of the sol-gel transition induced by calciun
nsp/C = [n] + ki[n]*C [11] chloride in agueous salt-free pectin solutions. The gelation |
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10 g L* pectin solution in the presence of 0.1 M NaCl was also

studied. 10

A. Pectin Gelation in the Absence of NaCl ;
10°

+o d

For a pectin concentration of 2.5 g, the sol-gel transition

was investigated by increasing calcium chloride concentration <

from 0 to 3.5 mM. After curing for 24 h, if there was flow

in the sample when the sample vial was tilted, the system was 10

consideredto be sol. If there was no deformation of the meniscus

when the vial was tilted, the sample was considered as gel. The

samples with 3.0 and 3.5 mM calcium chloride were gels. Above 1072 0 o ¢

3.5 mM, syneresis was observed with the presence of water

above gel surface. For the gelled samples, the DLS data were

collected at scattering angles°9@ = 1.826 x 10’ m™1), while 4

for other samples the data were collected for scattering angles 10

60, 90, and 120 0 05 1 15 2 25 3

Figure 2 depicts the dynamic structure facsq, t) obtained [CaCl,] (mM)

for 2.5 g L™ aqueous pectin solutions in the presence of 0,

2.5, and 3.5 mM calcium chloride at scattering angle. 9be  FIG.3. Variation of the amplitudeA, of the fast relaxation mode &g, t)

theoretical fits to the data using Eq. [3] are also shown. As tRE2.5 g Lt aqueous pectin solution with CaGoncentration for three different

concentration of calcium chloride increases there is a progresgiy@lues. (1 = 129 10'm ™ (6 = 60°); (i) q = 183x 10'm™* (9 = 90°);

. . . . (i) g=224x10"m* (6 = 120).

slowing down of the relaxation process. This type of slowin

down has been observed in a number of DLS studies (2—7, 26).

Figures 3 and 4 show the variation of the amplitudes of the fastThe variation of theg-independent width exponerg, with

and slow relaxation modes with calcium chloride concentratiogalcium chloride concentration is shown in Fig. 5. In pure pectil

With increase in calcium chloride concentration, the couplingsjution the value ofg is 0.985 and it decreases to 0.22 at

effects influence the relaxation process as the solution is driyégthCh] = 3.5 mM when the sample becomes a gel. The vari

from sol to gel phase. Hence the slow mode becomes meiigons of the fast and slow relaxation times,andzs, respec-

dominant at higher calcium concentrations. tively, at scattering angle 9Gre depicted in Fig. 6. The slow
relaxation time increases by orders of magnitude when sol-g
transition occurs. From Eq. [9], we find that the fast timds

2 +

+od

1.2
- 1.05
1+ a- L
- 1+ B ®H
0.8 - I + f
’*g: B 0.95 - + B
B 06 <(n -
09 9 60
04 - : L
S B0
o2 b -==-+---2.5mM :_ ; 0.85 - o + 1200
. ce-e- 3, . L
- % 08 | | | | | |
0 Loovoed vovd vovond vvovoed vvvned vl 0 05 1 15 2 25 3
10° 10° 10™® 10° 10® 10" 10° [CaCl ] (mM)
t(s)

FIG. 4. Variation of the amplitudeAs, of the slow relaxation mode of
FIG. 2. The dynamic structure factdgq, t) for 2.5 g L~ aqueous pectin (g, t) of 2.5 g L~ aqueous pectin solution with Caloncentration for three
solution as a function of time in the presence of 0, 2.5, and 3.5 mM CaCHifferentq values. (i)q = 1.29 x 10’ m~1 (9 = 60°); (ii) g = 1.83x 10’ m™!
Dotted lines are theoretical fits using Eq. [3]. 6 = 90°); (iii) g = 2.24 x 10’ m~1 (6 = 120°).
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FIG. 7. Variation of ¢ with q for 2.5 g L™! aqueous pectin solution for
various CaCJ concentrations: 0 mM®@); 1 mM (+); 1.5 mM (); 2 mM (x);

FIG.5. \Variation of theg-independent stretching expon or2.5gL1
1ati €g-indep ing exponepitf g 25mM (A).

agueous pectin solution with CaGioncentration.

related to the diffusion coefficienDo, by Do = (z1g%)~L. For The gelation of salt-free aqueous pectin solution of 104 L
agueous pectin solution in the absence of calcium chloride, fmncentration was also studied at scattering angle(®6=
the threeq values used in this studdg ~ 2.0 x 1012m?s71.  1.872x 10’ m™1) using BI-90 particle sizer employing He-Ne
This slow diffusion process may be due to the reasons that theer. The calcium chloride concentration was varied from O
solution is already in the semidilute regim& ¢ C*) and the 4.5 mM. In this range of calcium chloride concentration, the
pectin molecules are stiffer in salt-free solution due to charggstem showed viscosification, while there was gel formatio
effects. at [CaC}] > 8 mM. This is in accordance with the observa-

Theq dependence aof; andzs are shown in Figs. 7 and 8 ontion of Garnieret al. (17), that in salt-free pectin solutions the
log-log plots. The coupling model predicts andzs to scale as amount of calcium for gel formation increases with the polyme
¢ ~ Q% andrs ~ q~ %, wherex; = 2 for diffusive mode and concentration.

as = 2/B. Thea values obtained for the variation of andzs Figure 9 shows the variations of the amplitudes and chara
with g are listed in Table 1. The results by and large conform teristic times of fast and slow relaxation modes and the stretc
the predictions of coupling model. ing exponent with calcium chloride concentration for 10 L
4
10
\ 10° e
10 . + SR~y
2 f B -"~_~
10 + 1 + T e
10" °
Q)
~ 100
10 +
-2
10 +
+ + t o
10°E © o o o
O
10‘4 | ! | ! . © | !

1 2
[CaCl] (mM)

q (x1d m'1)

FIG. 6. Variation of the characteristic times andzts of the fast and slow  FIG. 8. Variation of 75 with g for 2.5 g L~ aqueous pectin solution for
relaxation modes 08(q, t) of 2.5 g L~! aqueous pectin solution with CaCl various CaGl concentrations: 0 mMQ); 1 mM (+); 1.5 mM ); 2 mM (x);
concentration. 2.5 mM Q).
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TABLE 1

NARAYANAN ET AL.

Values of Exponents o ; and s Obtained for the Variation of the
Characteristic Times 7; and 7, Respectively, with the Wave Vector
g and the Values of the Stretching Exponent 3 for 2.5 gL~! Aqueous
Pectin Solution in the Presence of Different CaCl, Concentrations

[CaCb]in mM af as B
0 1.96 2.55 0.985
1.0 1.95 2.74 0.956
1.5 1.78 2.42 0.9
2.0 2.43 211 0.835
2.5 2.00 3.77 0.52

aqueous pectin solution. The general behavior of these parame- &
ters is similar to that found in 2.5 gt aqueous pectin solution. =
However, since the samples are in a pregel state, the parameters

do not show the drastic variation observed in samples under-
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FIG. 10. Variation of amplitudes, characteristic times, and stretching ex
ponent of the relaxation modes 8fq, t) for 10 g L~ pectin solution in the
presence of 0.1 M NaCl with Cagtoncentration.

going sol-gel transition. The width parametgr, for salt-free
10 g L* pectin solution is 0.9 which shows that the coupling
effects are quite strong since the solution is close to the conce
trated regime.

B. Pectin Gelation in the Presence of NaCl

Figure 10 shows the variations of the amplitudes and chara
teristic times of fast and slow relaxation modes and the stretc
ing exponent with calcium chloride concentration for 10 L
aqueous pectin solution in the presence of 0.1 M NaCl. Con
parison with Fig. 9 shows that the amount of Caf@lquired to
produce coupling effects similar to that observed in the absen
of NaCl is about four times less. As observed by Axelos an
co-workers (17, 27), the amount of calcium chloride require

FIG. 9. Variation of amplitudes, characteristic times, and stretching expBQ obtain the sol-gel transition is larger in the absence of NaC

nent of the relaxation modes 8{q, t) for 10 g L~ pectin solution with CaGl

concentration.

When a large amount of salt (0.1 M NaCl) is added, the ioni
strength of the solutiorl,, increases. The range of the repulsive
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Coulomb interaction between the pectin molecules is decided by Martin, J. E., Wilcoxon, J. P., and Odinek, Phys. Rev. A3, 858
the Debye screening lengtT!. At room temperatureg ! ~ (1991). _

3 A/4/1. Increasing the ionic strength of the solution decreases ;flné (Sl'gzg';h" W.F., Zhang, W. B., and Sorensen, CPiys. Rev. A5,
the repulsive part of the interaction energy between the pectgj Bauer, J., and Burchard, W, J.Phys. Il France?, 1053 (1992).
molecules, which would help the gelation process. Hence in the waijty, s., and Bohidar, H. BRhys. Rev. 58,729 (1998).

presence of 0.1 M NaCl, smaller amount of Ca@ould be 8. Ngai, K. L.,Adv. Colloid Interface ScB4,1 (1996).

sufficient to bring forth the sol-gel transition. 9. Ngali, K. L., Rajagopal, A. K., and Teitler, SI, Chem. Phys88, 5086
(1988).
10. Rendell, R. W., Ngai, K. L., and Mckenna, G. Blacromolecule20,2250
CONCLUSIONS (1967) ’ N

Lo . . 11. Ngai, K. L., Peng, S. L., and Tsang, K. Phys. A191,523 (1992).
The dynamic light scattering measurements were carried @yt ngai, K. L., and Tsang, K. YRhys. Rev. B0, 4511 (1999).
on agueous pectin solutions, which undergo a sol-gel trans: Ngai, K. L., and Phillies, G. D. JJ, Chem. Phys105,8385 (1996).
tion upon addition of calcium chloride. As the solution enterk* Thakur, B. R., Singh, R. K., and Handa, A. Kijt. Rev. Food Sci. Nutr.
the gelation threshold the relaxation behavior of the correlation 37:47 (1997). . .
. . . . Jﬁ Thibault, J. F., and Rinaudo, MBy. Polym.17, 181 (1985);Biopolymers
function is described by a stretched exponential. The stretch- -, (1986)

ing exponentg, decreases rapidly as gelation progresses afl powell, D. A., Morris, E. R., Gidley, M. J., and Rees, D. &.Mol. Biol.
the characteristic time of decan, tends to diverge. These ex- 155,517 (1982).
perimental findings are in accordance with the predictions &f. Gamier, C., Axelos, M. A. V., and Thibault, J. Earbohydr. Res240,219

coupling model of Ngai and co-workers (8). The DLS measure- (1993)-
ts on pectin solutions in the presence of 0.1 M NaCl ald& Berth, G., Dautzenberg, H., and Rother, Garbohydr. Polym25, 177
men p P . (1994);25,187 (1994).

gave similar results but the amount of calcium chloride requirgg. Harding, s. E., Berth, G., Ball, A., Mitchell, J. R., and de la Torre, J. G.
to induce sol-gel transition was found to be much smaller. Carbohydr. Polym16,1 (1991).
20. Cros, S., Garnier, C., Axelos, M. A. V., Imberty, A., and PereZB®poly-
mers39,339 (1996).
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