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Effect of the influence of temperature and calcium (Ca?") ion concentration on the rheological properties of pectin viz. storage modulus
(G) and loss (G) oscillatory moduli of low methoxyl pectin in the presence of varying amounts of Ca? ion. It was observed that upon
lowering the temperature in the presence of Ca*, both G'and G' increased immediately, followed by a further slow logarithmic increase
with time. It was also noticed that storage modulus (G) increased with rising calcium ion concentration initially but further raising the
calcium ion concentration lowered the value of G. The frequency sweep curves revealed that at lower concentrations, pectin-Ca?" samples
exhibited viscoelastic behaviour but at higher concentrations, elastic and well-structured gel-like properties were evident.

Keywords: Rheology, Pectin Gelation, Temperature sweep curve, frequency sweep curve, Storage modulus, Loss modulus.

INTRODUCTION

Pectin, a class of complex polysaccharides found and extracted
from the cell walls of higher plants, contributes significantly to
the texture of fruits and vegetables. Used in many industrial
applications, pectin is mainly employed in the food industry as a
gelling agent or thickener e.g. in fruit-based preserves such as
jams, jellies and marmalade [1-4]. Structurally, it consists of a
helical block copolymer of D-galacturonic acid and its methyl
ester and it comprises predominantly a-(1, 4) linkages between
the galacturonic acid residues. Pectins are characterized by their
degree of methylation (DM) of carboxyl groups [5,6], solutions
of pectin with degree of methylation below 50 % beingtermed
low-methoxyl pectins while high-methoxyl pectins have degree
of methylations exceeding 50 % [7]. The gelation mechanism of
pectins is mainly governed by their degree of esterification (DE).
For low methoxyl pectins (LMP, DE, 50 %), gelation results
from specific, non-covalent ionic interactions between blocks of
galacturonic acid residues of pectin backbone and divalent
cations such as calcium [8-10]. Pectin gel formation is due to
the chelation of calcium ions in regular arrays of electronegative
gaps formed by the galacturonic acid residues on the pectin chain
structure. Furthermore, the gelation process of pectin occurs in
two stages, an initial dimerization process followed by the subse-
quent aggregation of the preformed dimers[11,12].

Measuring and analyzing the rheological properties of gels
can shed light ona product's stability and viscoelasticity which
in turn are helpful in monitoring its liquid-like and solid-like
behaviour. Dynamic measurements are the most common methods
used to obtain information about rheological properties and
sample behaviour, viz. storage (G) and loss (G') moduli. In
general, if G'> G/, the solutions exhibit elastic properties and
gel-like behaviour but when the reverse is the case (G' > G)
materials display viscous properties [13]. The storage modulus
(G) of pectin gels increased with decreasing temperature and
increasing cation concentrations [14,15].

EXPERIMENTAL

Oscillatory shear measurements were carried out using
an AR 500 Rheometer with a cone geometry (dimensions: 5
cmradius and 2° cone angle) in conjunction with a Peltier plate
to control the temperature. Rheological experiments were carried
out in the presence of varying concentrations of Ca? cation.
Solutions of the latter were prepared according to the equivalent
(1x, 2%, 3%, 4x and 5x) carboxyl [COO] concentrations of
pectin in distilled water.

Mixtures comprising metal ion solutions of specific concen-
trations and 1 % pectin were used to conduct all the rheology
experiments conducted in this study. The principle object of
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these experiments was to ascertain the effects on therheology
of pectin including quantifying the extent of metal ion binding
with pectin by evaluating the storage modulus (G) and loss
modulus (G') values. A 1 % pectin solution was prepared by
dissolving 1 g of pectin in 99 mL of water and heating the
solution to maintain a temperature of 70 °C. Metal cation solu-
tions containing Ca?*-equivalent to carboxyl (COOH) concen-
trations in pectin produced by metal solutions in distilled water
were prepared. By utilizing the equivalent carboxyl concen-
trations in pectin, together with the acid equivalent weights,
the cation solution concentrations were calculated.

Pectin solutions (1 %) and the respective metal cation
solutions (of the appropriate concentrations) were maintained
at 70 °C. An AR 500 Rheometer was employed to carry out all
the oscillation experiments. Once the Peltier plate had attained
a temperature of 70 °C, the pectin-cation sample was slowly
dispensed onto the plate by means of a syringe, the sample at
the periphery being separated by a layer of oil in order to prevent
evaporation of the sample. The frequency sweep was then comm-
enced and various rheological parameters (G, G, tan §,
dynamic viscosity, etc.) were collated by the TA Advantage
software as the experiment progressed. A graph was plotted
which illustrate a comparison of the amount (concentration)
of bound metal ion (obtained from binding experiments) with
the values of storage modulus (G) of same amount (concen-
tration) of the identical metal ion, at an oscillatory frequency
of 1 Hz at 25 °C.

RESULTSAND DISCUSSION

Rheological curves were plotted showing that how G'and
G' (storage and loss moduli, respectively) changed as a function
of temperature and frequency. Dynamic rheological measure-
ments and analysis of gels facilitated prediction of a product's
stability and its viscoelasticity. This enabled their liquid and
solid resembling behaviour to be monitored. Hence rheological
studies have many applications in the food and polymer proce-
ssing industries.

The temperature and metal ion concentration dependence
of storage (G) and loss (G") moduli of the pectin solutions in
the presence of Ca* ion for a temperature sweep curve on
cooling from 70°C to 25 °C are shown in Figs. 1 and 2, respec-
tively. From these results, it can be observed that dynamic
modulus was increasing with decreasing temperature for all
the samples while gel strength increases with ionic strength of
the polymer solution [4,12]. Additionally, at lower ionic concen-
trations, both G' and G' were almost similar, the difference
between storage (G-elastic) and loss (G'-viscous) moduli
increasing with rising ionic strength. Thus, pectin solutions
exhibited elastic properties akin to that of a proper gel. In
contrast, at lower ionic concentrations, viscous behavior was
displayed owing to the fact that there is insignificant difference
between G and G, with G' being occasionally higher than G.
The gelation process is strongly affected by the initial
composition and structural organization of pectin, as well as
the concentration of the metal ions present [13]. At higher
temperatures, while cooling the cation (Ca®*) augmented pectin,
the solution displayed liquid-like behaviour. Conversely, on
decreasing the temperature, a transition from the solution state
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Fig. 2. Pectin-Ca? temperature sweep curves for loss modulus (G') with

LMH pectin

to a gel-like association was observed.Thegelling mechanism
involved in the pectin-Ca? system was attributed to the forma-
tion of two distinct types junction zones, mediated by the
stoichiometric ratio of cation to anion viz. M#*/COO". A short,
egg-box type of cooperative helix junction zones would be
followed by an aggregation process upon cooling [12,16].

From the temperature sweep curves, cation Ca?" developed
a consistent gel with pectin. The gel showed no breakage at
lower temperatures and despite the storage modulus (at lower
concentrations) being minimal, as the cation concentration
increased, the storage modulus rose to reach a maximum value.
However, at higher temperatures, the storage modulus was
found to be extremely low and a consistent gel was not formed.
The final results of the rheological studies are in good agree-
ment with those of Clark et al. [14,15], who investigated the
dependency of the shear modulus of pectins (with a low degree
of esterification, AE) on calcium ion concentrations and
temperature. However, in the current study, we did not evaluate
the effect of pectin concentration on cation-pectin gels.

The variation of storage and loss moduli of materials with
oscillatory frequency are often termed their mechanical spectra.
Both the frequency dependence and metal ion concentration

dependence of storage (G) and loss (G') moduli of the pectin
solutions (in the presence of Ca* ions) for generation of a
frequency sweep curve are shown in Figs. 3 and 4, respectively.

In the frequency domain, it was observed -- by means of

oscillatory experiments -- that G and G' were frequency
dependent and decreased with diminishing frequency. As the
frequency increased (which depended on Ca?  concentration)
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Fig. 3. Pectin-Ca* frequency sweep curves depicting variation of storage
modulus (G') with frequency for LMH pectin
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Fig. 4. Pectin-Ca* frequency sweep curves depicting variation of loss
modulus (G") with frequency for LMH pectin

a rapid rise of the storage (G) and loss (G') moduli followed
by a much weaker frequency dependence at higher frequencies
was noted.

Dynamic moduli (G'and G) and gel strength are also cation
concentration dependent in pectin solutions. The storage modulus
and gel strength are essentially having similar properties and,
being proportional to each other. Both these attributes increase
with increasing ionic strength of the polymer solution, for both
the ions investigated in this study. This increase was observed
until 3x COO equivalent concentrations for Ca?-pectin
solution was reached. However, a subsequent reduction in G
and G' was noticed, signaling decreasing cation dependence.
Although G'and G' both increased with rising ion concentra-
tions, because G' was higher than G', the samples predo-
minantly exhibited elastic behaviour (reflected by their gel-
like properties.) The samples also displayed increasing gel
strength with ionic concentration.

G' and G' both increased with decreasing temperatures
asindicated by the temperature sweep curves, and both moduli
increased at higher frequencies (as shown by the frequency
sweep curves). It was noted that the storage modulus was
higher than the loss modulus, except at 1 x Ca?" concentration
when the sample was displaying viscous behaviour since the
storage modulus (G) was slightly lower than the loss modulus
(G). Moreover, G was observed to increase as Ca? concen-
tration was raised, reaching a maximum G value before decreasing.
Thus, pectin-Ca*" samples were exhibiting viscousbehaviour
at lower Ca* concentrations and good elastic behaviour at
higher Ca* concentrations. These results are consistent with
the results of Lootens et al. [4], who investigated the influence
of calcium ion concentration and temperature on storage and

loss moduli of low methylated pectin solutions. The afore-
mentioned researchers had concluded that shear moduli of
pectin solutions containing Ca? ions will increase with

decreasing temperature and that G' increased with increasing
Ca?"ion concentration.

The frequency sweep curves illustrate that storage (G)
and loss (G") moduli of pectin solutions (in the presence of
various concentrations of Ca? ions) had been measured with
the application of increasing frequency on the sample. The
frequency sweep curves of pectin-Ca? samples, suggested that

both G' and G' increased with increasing frequencies, the
storage moduli being higher than the loss moduli for all the
concentrations studied, except for the 1 x Ca?* concentration.
At this particular concentration, the sample showed viscous
behaviour at lower frequencies because the storage modulus
(G) was marginally lower than the loss modulus (G'). How-
ever, as frequency progressively increased, the G' and G'
values were almost equal in magnitude, as the sample began
to display viscoelastic attributes.

Hence, pectin-Ca? solutions are exhibiting viscous behaviour
at lower concentrations but display elastic and well-structured
gel characteristics at higher concentrations, as gleaned from
the frequency sweep curves. These results are in agreement
with those of Khondkar et al. [17] and Rao & Cooley [18],
who worked on the cross-linked and uncross linked gelation
of maize starch with pectin gels. They found that the samples
registered quite high storage moduli, thereby confirmingthat
they possessed the greatest degree of elasticity and were very
well structured. According to Kyomugasho et al.[19] increa-
sing cation concentration in cation-mediated pectin gels gives
rise to gels comprising a more intertwined network. This implies
increased gel stiffness, up to a certain extent, beyond which a
drop in G'is observed.

Similar behaviour was indicated by the rheological results,
it being evident that with increasing Ca®* concentration, the
storage modulus increased by up to four times its equivalent
concentration. This was followed by a reduction in storage
modulus. Thus gel stiffness increased up to a certain point,
after which it fell, corroborating the assertion that the cation
plays a role in determining the properties of the gel.

Fig. 5 illustrates the change in G with variation in the
ratio of Ca®* concentrations to equivalent carboxylic (COO")
ion concentrations. The G'values were obtained from the indiv-
idual frequency sweep curves, at the point where G' corresponds
to a frequency of 1 rad/s. The storage moduli (G) of the pectin
solutions produced as a function of different Ca* ions equivalent
concentrations are shown in the graph. The G' values were
seen to increase up to 4 x Ca? ion equivalent concentration,
reaching a maximum of 200 Pa before decreasing.

It was observed that gel strength increases when the ionic
strength of the solvent is raised, until a certain concentration
of the ions is attained. Most of the pectin-Ca? samples display
elastic properties rather than viscous behaviour, reflected by
the fact that the storage modulus is higher than the loss modulus.
The origin of storage modulus coincides with the formation
of crosslinks by complexation of Ca** cation with the carboxylic
ion (COO") containingpectin segments. However, at higher
concentrations of cation, the value of G' decreases. This could
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frequency sweep curves) curve for Ca?* with using LMH pectin

be attributed to the pectin-cation forming a complex molecule
rather than a gel, evidence ofwhich has been reported by Siew
et al. [16]. These results correlate well with the findings of
Clark et al. [15] who elucidated the effects of temperature and
concentration on the gelation of pectin.

On cooling, both the storage and loss moduli were seen
to increase as the temperature decreased. This behaviour was
anticipated, given the results Lootens et al. [4] had generated in
their investigation of the influence of calciumion concentration
and pH on storage and loss moduli. They found that upon
lowering the temperature of low methylated pectin solutions,
the ensuing cooling in the presence of Ca®* ions caused both
G'and G'to increase sharply immediately and subsequently to
exhibit a slow logarithmic increase. The storage modulus (G)
of pectin-Ca*" was observed to increase with rising Ca? ion
concentrations, eventually reaching a maximum value. This is
consistent with Gigli et al. [12] who studied the rheological
behaviour of low-methylated pectin gels over an extended
frequency window. These researchers found that the gel strength
and storage modulus both increased for all Ca* ion concen-
trations they had monitored.

Conclusion

From the rheological studies, it is evident that the storage
modulus (G) increased (to a certain level) with cooling and
also with rising metal ion concentrations. A further increase
of cation concentration caused the storage modulus to drop
off sharply. At lower temperatures, storage modulus values
were high, owing to the fact that at reduced temperatures,
gelation was favourable, with the sample showing good elastic
behaviour. In contrast, at higher temperatures, the storage
modulus recorded were low, a consequence of the fact that the
temperature remarkably affects gel formation. Frequency sweep

results indicated that the storage moduli were higher thanthe
loss modulus. Thus the system can be described as being well-
structured (at higher concentrations of metal ion) when the
particles are strongly associated. It can be concluded that gel
formation is very sensitive to both ionic strength of the solution
and to the prevailing temperature. The viscoelastic properties
of the gel were observed to be remarkably affected by cation
concentrations. Additionally, gel strength was found to increase
with decreasing temperature and increasing cation concentra-
tion, rising to a maximum value of gel strength before decreasing.
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