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Gelation of Aqueous Pectin Solutions: A Dynamic Light Scattering Study
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We report the dynamic light scattering study of the gelation of
aqueous solutions of the biopolymer, pectin, induced by the addition
of calcium chloride. The time correlation function data are analyzed
under the framework of the coupling model. As the solution enters
the semidilute regime where gelation sets in, the relaxation process
shows a stretched exponential behavior. The stretching exponent
decreases and the characteristic time of the stretched exponential
diverges as the system evolves to a gel. Aqueous pectin solutions
in the presence of 0.1 M NaCl show similar behavior. Thus, the
molecular relaxation modes of pectin solutions can be well described
by the coupling model. C© 2002 Elsevier Science

Key Words: pectin; dynamic light scattering; coupling model;
sol-gel transition.
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INTRODUCTION

Polymer species can form a variety of supramolecular str
tures via gelation, aggregation, phase separation, and orde
Gels can be prepared by chemically cross-linking branched p
mer chains or physical aggregation of polymer chains into thr
dimensional structure (1). Hydrogen bonding, Coulomb inter
tion, and dipolar forces are some of the types of bonding wh
lead to network formation resulting in gelation. It is sometim
possible to break these types of bonds by increasing the tem
ature. Systems with these properties are said to form therm
versible gels.

Dynamics and relaxation process in sol-gel systems have b
the subject of continued interest (2–7). In the semidilute so
tions of polymers and polymer-related systems, topological c
straints on the polymer molecular motion due to polymer ov
lap strongly affect the dynamics. As gelation progresses thro
the semidilute solution, the complexity of the phenomenon
creases. Dynamic light scattering (DLS) has served as a us
technique to study the dynamics of diffusion of polymers
solutions. In this paper we present a DLS study of gelation
aqueous solutions of the biopolymer, pectin. The decay rat
the time correlation function of the scattered electric field
determined as the system undergoes sol-gel transition and
1 To whom correspondence should be addressed. Fax: +91-22-522 4
E-mail: janaky@vsnl.com.

ome
ent

26
uc-
ring.
ly-

ee-
c-

ich
es
per-
ore-

een
lu-
on-
er-
gh

in-
eful
in
in
of

is
the

413.

results are analyzed in the framework of the coupling mo
devised by Ngai and co-workers (8–13).

Pectins are important polysaccharides, which are used i
food industry as gelling agents (14). Apple pomace and
ange peels are the two major sources of commercial pec
In native pectins, about 70% of the carboxyl groups are met
esterified. These “high methoxyl” (HM) pectins form gels
acidic medium in the presence of high concentrations of
crose. Pectins of lower ester content are produced by contr
deesterification of native pectins and the resulting polysac
ride forms gels upon addition of calcium or related divalent i
(15). In these “low-methoxyl” (LM) pectins, gelation resu
from ionic linkages via Ca2+ ion bridges between two carbox
groups belonging to two different chains (16). Gelation of L
pectins is affected by several intrinsic and extrinsic parame
such as the degree of methylation, the average molecular w
of the sample, the ionic strength, the pH, the temperature
increase in the ionic strength, a neutral pH, and a decrea
the setting temperature and in the degree of methylation lo
the amount of calcium chloride required to obtain the sol
transition (17). Molecular weight distribution and conformat
of high methoxy citrus pectins were studied using light sca
ing and gel-permeation chromatography with low-speed s
mentation equilibrium (18, 19). Solution conformation of ap
and citrus pectins with a large range of degree of methyla
was studied by small angle neutron scattering, viscometry,
molecular modeling (20). These studies showed that pectin
relatively stiff molecules with persistence length and flexibi
of the polymeric backbone dependent on the degree of me
lation. In a good solvent such as 0.1 M NaCl aqueous solu
at 25◦C, the pectin molecules exhibit the general behavio
linear flexible polymers in good solvent (21). The sol-gel tr
sition brought forth by increasing calcium chloride concen
tion was monitored by rheological measurements close to
gel point (22). The dynamic exponents for viscosity and e
tic moduli were found to be consistent with the predictions
the scalar elasticity percolation model (23–25). Thus in the
lution from sol to gel, the pectin solution can be expected
exhibit molecular relaxation modes characteristic of semidi
polymer solutions.

Dilute solutions of monodisperse polymers as well as s
semidilute solutions of flexible polymers at good solv
7 0021-9797/02 $35.00
C© 2002 Elsevier Science
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conditions show single exponential relaxation behavior of
concentration fluctuations that can be probed by DLS exp
ments. However, for several associating polymer solutions (
polymeric cluster solutions (2), and thermoreversible gell
solutions (3–7), a broad distribution of relaxation times is of
recorded. For these systems, DLS showed an initial expone
decay followed by a stretched exponential with width parame
β. The characteristic time of the stretched exponential diver
to infinity as the system set to a gel. In some cases suc
gelatine sol-gel transition (5, 7), intermediate power law de
was also observed. The coupling model of Ngai and co-work
is found to be well adapted for interpreting the experimen
findings in several complex systems exhibiting a stretched
ponential mode of relaxation (8). In this DLS study on aque
solutions of pectin, we find that most of the experimental fin
ings are in accordance with the coupling model. Though sev
aspects of sol-gel transition in aqueous pectin solutions h
been thoroughly investigated by Axelos and co-workers (17,
22, 27), to the best of our knowledge, this is the first DLS stu
which applies coupling model to the sol-gel transition of pec
solutions. The present study strengthens the findings of Ax
and co-workers on gelation of pectin solutions.

EXPERIMENTAL DETAILS

Pectin from citrus fruit (Potassium salt) with degree of e
terification 22% was obtained from Sigma Chemicals (P-93
and was used without further purification. The manufacturer
quoted the viscosity average molecular weight of this prod
to be 17,000. Calcium chloride dihydrate (CaCl2 · 2H2O) and
sodium chloride (NaCl) were bought from Merck and used
received. Stock solutions of calcium chloride and sodium ch
ride of appropriate concentrations were prepared. Pectin
centrations of 2.5 and 10.0 g L−1 were chosen for DLS studies
Homogeneous samples were obtained by mixing aqueous p
solution with calcium chloride and sodium chloride solutions
appropriate volumes to get the required molarity of the salts.
solution was stirred for half an hour and then poured into 1-c
diameter glass vial for DLS studies. The measurements w
made after the sample was cured for 24 h at room tempera

The DLS measurements on 2.5 g L−1 pectin solutions
were made at the Indian Institute of Science, Bangalore,
ing a homemade photon correlation spectrometer emplo
Kr+ laser (λ = 647 nm) and Malvern digital correlator at 6
90, and 120◦ scattering angles. Measurements on 10 g L−1

pectin solutions were made at Novel Materials and Struct
Chemistry Division, Bhabha Atomic Research Center, Mumb
using a standard Brook Haven light scattering instrum
BI-90 with 5 mW He-Ne Laser (λ= 632.8 nm), the angle
of scattering being 90◦. In DLS experiments, the norma
ized intensity autocorrelation function of the scattered lig
g(2)(q, t) = 〈I (q, t) I (q, 0)〉/〈I 〉2 is measured and is used to ca

culate the normalized time correlation function of the scatter
electric field,g(1)(q, t)=〈E∗(q, t) E(q, 0)〉/〈E〉2. The function
N ET AL.
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g(1)(q, t) can be identified with the dynamic structure fac
S(q, t) which, for a Gaussian signal, is related tog(2)(q, t) by
the Seigert relationg(2)(q, t) = 1+ f |S(q, t)|2, where the co-
herence factorf measures the degree of coherence of the s
tered light (28). Four or more different sampling times w
used to obtain the scattered intensity autocorrelation func
〈I (0) I (t)〉 and then the data were spliced together. The ba
ground subtracted normalized dynamic structure factor

S(q, t) =
√

g(2)(t)− 1

f
[1]

was calculated from the intensity autocorrelation function.f is
determined from the value of the intercept of the plot ofg(2)(q, t)
vs t . Here,q is the scattering wave vector given by

q = 4πµ sin(θ/2)

λ
, [2]

µ being the refractive index of the solution andθ , the scattering
angle. The data were fitted using (26)

S(q, t) = Af exp(−t/τ f )+ As exp(−(t/τsc)
β), [3]

whereAf andAs are the amplitudes of the fast and slow rela
ation modes, respectively, withAf + As = 1. τ f andτs are the
characteristic times of fast and slow decays with

τs = τsc

β
0(1/β), [4]

whereβ, the stretching exponent, is a measure of the width
the distribution of relaxation times and0(1/β) is the gamma
function.

The viscosity measurements were carried out with the us
Ubbelohde viscometer on pectin solutions in the concentra
range 0.1 to 20 g L−1 in order to determineC∗, the crossove
concentration from the dilute to the semidilute regime of
pectin solutions.

THEORETICAL CONSIDERATIONS

The coupling model (8–13) is a general approach to dyn
ics of the constrained or interacting systems. According to
model, there exists a temperature-insensitive crossover timtC
such that fort < tC, the relaxation process is not affected
coupling effects. The basic units relax independently with a
gle exponential correlation function. At long times, i.e.,t > tC,
dynamic constraints come into play and give rise to fractio
decay of the correlation function. Thus,
ed
φ(t) = exp(−t/τ0) for t < tC [5]
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and

φ(t) = exp

(
−
(

t

τ

)1−n)
for t > tC. [6]

τ0 is the initial relaxation time in the absence of couplingτ
is the effective relaxation time,tC is the characteristic time be
yond which coupling effects influence the dynamics, andn is
the coupling parameter in the range 0≤ n ≤ 1 and depends o
the intermolecular interaction. For continuity ofφ(t) at t = tC,

τ = (t−n
c τ0

)1/(1−n)
. [7]

When the conditionτ0/tCÀ 1 holds, the linear exponentia
namely, exp(−t/τ0) decays by an insignificant amount att = tC
and the correlation function is practically given at all times
the stretched exponential.

The concentration fluctuation correlation function is given

φ(t) = 〈δcq(t)δc−q(0)〉
〈|δcq|2〉 , [8]

whereδcq(t) is the concentration fluctuation of wave vectorq.
The functionφ(t) is identified withS(q, t). Henceτ0 in Eq. [5]
is the correlation time of free diffusion given by

τ0(q) = (D0q
2)−1, [9]

where D0 is the free translational diffusion coefficient of th
center of mass of the polymer. The experimentally obser
width parameterβ in Eq. [3] is related to the coupling paramet
n throughβ = 1− n. Substituting Eq. [9] in Eq. [7] gives

τ ∝ q−2/β . [10]

We recall that the theoretical approach of the coupling mo
is semiempirical, as it does not identify the particular mechan
or the exact nature of the interaction responsible for the coup
However, it has been very effective in describing various re
ation processes in complex systems. It has been demons
(29) that general results from anomalous diffusion in disorde
fractal-like systems produce the features of the time-depen
rate proposed by the coupling model.

RESULTS AND DISCUSSION

The intrinsic viscosity [η] was determined by using Huggin
and Kraemer’s extrapolation equations.
Huggin’s equation:
ηsp/C = [η] + k1[η]2C [11]
S PECTIN SOLUTIONS 269
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FIG. 1. Plot of ηsp/C againstC. The intrinsic viscosity [η] given by the
intercept is 475 ml g−1. The deviation from linearity occurs atC∗ ∼ 1.5 g L−1.

Kraemer’s equation:

(ln ηr )/C= [η] + k2[η]2C. [12]

k1 and k2 are the interaction parameters characteristic of
polymer-solvent system,ηr = η/ηs is the relative viscosity o
the solution with respect to the solvent andηsp is the specific
viscosity given byηsp= ηr − 1. The concentration range ch
sen for the double extrapolation was 0.3 to 0.9 g L−1 corre-
sponding toηr in the range 1.1 to 1.3. The intrinsic visco
ity was found to be 475 ml g−1. Figure 1 shows the plot o
(ηsp/C) against the concentration of the polymer,C. The de-
viation from linearity as given by Huggin’s equation occurs
C∗ ∼ 1.5 g L−1. For a polymer solution (30), the overlap conce
tration from dilute to semidilute regime is expected to be atC∗ =
0.77/[η]. The value ofC∗ ∼ 1.5 g L−1 is close to this expecte
value.

Garnieret al. (17) had determined the phase diagrams of
rus pectins of large range of degree of methoxylation. The
ferent phases (sol, gel, and syneresis) observed in pectin
tions on addition of calcium chloride solution were presented
plotting molar concentration of calcium chloride versus the
duced polymer concentrationC[η]. The sol-gel transition curve
showed that the minimal polymer concentration able to prom
gelation,C0, depended on the solvent conditions. In the p
ence of an excess of monovalent salt (0.1 M NaCl), gelation
possible before the overlap threshold concentration,C∗, and the
amount of calcium required to obtain a gel was independe
the polymer concentration forC>C∗. In salt-free solutions,C0

was very nearC∗ and the amount of calcium required to obta
a gel increased with polymer concentration. Guided by th
results, we selected two pectin concentrations, 2.5 and 10 g−1
for the DLS study of the sol-gel transition induced by calcium
chloride in aqueous salt-free pectin solutions. The gelation in
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10 g L−1 pectin solution in the presence of 0.1 M NaCl was a
studied.

A. Pectin Gelation in the Absence of NaCl

For a pectin concentration of 2.5 g L−1, the sol-gel transition
was investigated by increasing calcium chloride concentra
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
considered to be sol. If there was no deformation of the menis
when the vial was tilted, the sample was considered as gel.
samples with 3.0 and 3.5 mM calcium chloride were gels. Abo
3.5 mM, syneresis was observed with the presence of w
above gel surface. For the gelled samples, the DLS data w
collected at scattering angles 90◦ (q= 1.826× 107 m−1), while
for other samples the data were collected for scattering an
60, 90, and 120◦.

Figure 2 depicts the dynamic structure factorS(q, t) obtained
for 2.5 g L−1 aqueous pectin solutions in the presence of
2.5, and 3.5 mM calcium chloride at scattering angle 90◦. The
theoretical fits to the data using Eq. [3] are also shown. As
concentration of calcium chloride increases there is a progres
slowing down of the relaxation process. This type of slowi
down has been observed in a number of DLS studies (2–7,
Figures 3 and 4 show the variation of the amplitudes of the
and slow relaxation modes with calcium chloride concentrati
With increase in calcium chloride concentration, the coupl
effects influence the relaxation process as the solution is dr
from sol to gel phase. Hence the slow mode becomes m
dominant at higher calcium concentrations.
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FIG. 2. The dynamic structure factorS(q, t) for 2.5 g L−1 aqueous pectin

solution as a function of time in the presence of 0, 2.5, and 3.5 mM CaC2.
Dotted lines are theoretical fits using Eq. [3].
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FIG. 3. Variation of the amplitude,A f , of the fast relaxation mode ofS(q, t)
of 2.5 g L−1 aqueous pectin solution with CaCl2 concentration for three differen
q values. (i)q = 1.29× 107 m−1 (θ = 60◦); (ii) q = 1.83× 107 m−1 (θ = 90◦);
(iii) q = 2.24× 107 m−1 (θ = 120◦).

The variation of theq-independent width exponent,β, with
calcium chloride concentration is shown in Fig. 5. In pure pe
solution the value ofβ is 0.985 and it decreases to 0.22
[CaCl2] = 3.5 mM when the sample becomes a gel. The v
ations of the fast and slow relaxation times,τ f andτs, respec-
tively, at scattering angle 90◦ are depicted in Fig. 6. The slow
relaxation time increases by orders of magnitude when so
transition occurs. From Eq. [9], we find that the fast timeτ f is
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FIG. 4. Variation of the amplitude,As, of the slow relaxation mode o
S(q, t) of 2.5 g L−1 aqueous pectin solution with CaCl2 concentration for three

ldifferentq values. (i)q = 1.29× 107 m−1 (θ = 60◦); (ii) q = 1.83× 107 m−1

(θ = 90◦); (iii) q = 2.24× 107 m−1 (θ = 120◦).
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FIG. 5. Variation of theq-independent stretching exponent,β, for 2.5 g L−1

aqueous pectin solution with CaCl2 concentration.

related to the diffusion coefficient,D0, by D0 = (τ f q2)−1. For
aqueous pectin solution in the absence of calcium chloride,
the threeq values used in this study,D0 ∼ 2.0× 10−12 m2 s−1.
This slow diffusion process may be due to the reasons that
solution is already in the semidilute regime (C>C∗) and the
pectin molecules are stiffer in salt-free solution due to cha
effects.

Theq dependence ofτ f andτs are shown in Figs. 7 and 8 o
log-log plots. The coupling model predictsτ f andτs to scale as
τ f ∼ q−α f andτs ∼ q−αs, whereα f = 2 for diffusive mode and
αs = 2/β. Theα values obtained for the variation ofτ f andτs

with q are listed in Table 1. The results by and large conform
the predictions of coupling model.
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FIG. 6. Variation of the characteristic timesτ f andτs of the fast and slow

relaxation modes ofS(q, t) of 2.5 g L−1 aqueous pectin solution with CaCl2

concentration.
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FIG. 7. Variation of τ f with q for 2.5 g L−1 aqueous pectin solution fo
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2.5 mM (n).

The gelation of salt-free aqueous pectin solution of 10 g−1

concentration was also studied at scattering angle 90◦ (q =
1.872× 107 m−1) using BI-90 particle sizer employing He-N
laser. The calcium chloride concentration was varied from
4.5 mM. In this range of calcium chloride concentration,
system showed viscosification, while there was gel forma
at [CaCl2] ≥ 8 mM. This is in accordance with the observ
tion of Garnieret al. (17), that in salt-free pectin solutions th
amount of calcium for gel formation increases with the polym
concentration.

Figure 9 shows the variations of the amplitudes and cha
teristic times of fast and slow relaxation modes and the stre
ing exponent with calcium chloride concentration for 10 g L−1

FIG. 8. Variation of τs with q for 2.5 g L−1 aqueous pectin solution fo

various CaCl2 concentrations: 0 mM (s); 1 mM (+); 1.5 mM (♦); 2 mM (×);
2.5 mM (n).
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TABLE 1
Values of Exponentsα f andαs Obtained for the Variation of the

Characteristic Times τ f and τs, Respectively, with the Wave Vector
q and the Values of the Stretching Exponentβ for 2.5 g L−1 Aqueous
Pectin Solution in the Presence of Different CaCl2 Concentrations

[CaCl2] in mM α f αs β

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 2.11 0.835
2.5 2.00 3.77 0.52

aqueous pectin solution. The general behavior of these par
ters is similar to that found in 2.5 g L−1 aqueous pectin solution
However, since the samples are in a pregel state, the param
do not show the drastic variation observed in samples un

10-3
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100

A
f 

A
s
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FIG. 9. Variation of amplitudes, characteristic times, and stretching ex

nent of the relaxation modes ofS(q, t) for 10 g L−1 pectin solution with CaCl2

concentration.
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FIG. 10. Variation of amplitudes, characteristic times, and stretching
ponent of the relaxation modes ofS(q, t) for 10 g L−1 pectin solution in the
presence of 0.1 M NaCl with CaCl2 concentration.

going sol-gel transition. The width parameter,β, for salt-free
10 g L−1 pectin solution is 0.9 which shows that the coupl
effects are quite strong since the solution is close to the con
trated regime.

B. Pectin Gelation in the Presence of NaCl

Figure 10 shows the variations of the amplitudes and cha
teristic times of fast and slow relaxation modes and the stre
ing exponent with calcium chloride concentration for 10 g L−1

aqueous pectin solution in the presence of 0.1 M NaCl. C
parison with Fig. 9 shows that the amount of CaCl2 required to
produce coupling effects similar to that observed in the abs
of NaCl is about four times less. As observed by Axelos
co-workers (17, 27), the amount of calcium chloride requ
to obtain the sol-gel transition is larger in the absence of N

When a large amount of salt (0.1 M NaCl) is added, the ionic
strength of the solution,I , increases. The range of the repulsive



U

d

s

n
e
t
t
a

x

ir

c
p
d
b

c
m

.

G.,

Univ.

rk,
GELATION OF AQUEO

Coulomb interaction between the pectin molecules is decide
the Debye screening lengthκ−1. At room temperature,κ−1 ∼
3 Å/
√

I . Increasing the ionic strength of the solution decrea
the repulsive part of the interaction energy between the pe
molecules, which would help the gelation process. Hence in
presence of 0.1 M NaCl, smaller amount of CaCl2 would be
sufficient to bring forth the sol-gel transition.

CONCLUSIONS

The dynamic light scattering measurements were carried
on aqueous pectin solutions, which undergo a sol-gel tra
tion upon addition of calcium chloride. As the solution ent
the gelation threshold the relaxation behavior of the correla
function is described by a stretched exponential. The stre
ing exponent,β, decreases rapidly as gelation progresses
the characteristic time of decay,τs, tends to diverge. These e
perimental findings are in accordance with the predictions
coupling model of Ngai and co-workers (8). The DLS measu
ments on pectin solutions in the presence of 0.1 M NaCl a
gave similar results but the amount of calcium chloride requ
to induce sol-gel transition was found to be much smaller.
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