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Abstract

Pectic raw material was extracted from the alcohol insoluble residue of olive pomace. After purification, the olive pectic extract (OPE)
contained 48% of galacturonic acid (GalA) and 31% of arabinose, in a total sugar content of 72%, and a degree of methylesterification (DM)
of 43%. Phase diagrams were established to define the physical state of the OPE/calcium systems, at pH 3 and 7, as a function of GalA and
calcium concentration. The rheological properties of the OPE/calcium systems were investigated by small-amplitude oscillatory tests.
Kinetics of gel ageing and the viscoelastic properties of the cured gels were evaluated as a function of GalA and calcium concentration at pH
3 and 7. Compared with the observed behaviour of a citrus pectin, taken as representative of a commercial low-methoxyl pectin, the OPE
showed higher critical GalA and calcium concentrations for gelation to occur, a larger region corresponding to homogeneous gel, and gels

characterised by lower viscoelastic moduli, at similar GalA and calcium concentrations.
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1. Introduction

Pectins are natural hydrocolloids found in higher
plants that are widely used as gelling agents, stabilizers,
and emulsifiers in the food industry (May, 1990;
Voragen, Pilnik, Thibault, Axelos, & Renard, 1995).
Basically, they are complex polysaccharides containing
1,4-linked-a-D-galactosyluronic acid residues that are
occasionally interrupted by (1 — 2)-a-L-rhamnose resi-
dues carrying sugar side chains, typically galactose and
arabinose (Ridley, O’Neill, & Mohnen, 2001; Willats,
McCartney, Mackie, & Knox, 2001). The gelation
mechanism is highly dependent on the DM. Pectins of
low-methoxyl content form gels through ionic interchain
association (Morris, Powel Gidley, & Rees, 1982; Powel,
Morris, Gidley, & Rees, 1982), in a similar manner to
the ‘egg-box model’ proposed for alginates (Grant,
Morris, Rees, Smith, & Thom, 1973). This gelling
capacity is also dependent on other structural properties,
namely, the acetylation degree (DA), the molecular
weight and the number and size of side chains (Voragen
et al., 1995).

* Corresponding author. Fax: +351-234-370084.
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Commercial pectins are only available from two
important sources: apple pomace and citrus peels. The
availability of other pectic sources is always being searched,
and the possibility of using waste products as raw materials
is an important economical aspect. The waste beet solids
from sugar extraction and the sunflower heads residues
obtained after the oil extraction were very promising
sources as they contain 10-20% of pectic material
(Kalapathy & Proctor, 2001; May, 1990). However, pectins
obtained from those sources have poor gelling ability and
those two raw materials have low commercial value.

In this work we intended to study the profit for the pectic
extraction from the waste residue originated in the olive oil
production by a continuous biphasic extraction system. In
the traditional press method and in the continuous triphasic
process, the resultant pomace is quite dry and is usually used
for the extraction of olive pomace oil with hexane, which
has a high added value. However, the use of these two
extraction processes also produces the vegetative waters,
which contain powerful pollutants (Saviozzi, Riffaldi,
Levi-Minzi, Scagnozzi, & Vanni, 1993). Due to the
environmental problems, many of the industries involved
in the olive oil production are now using the
continuous biphasic extraction system (Civantos, 1999; Di
Giovacchino, 1994). In this new process, only the oil and
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the residue phases are produced in high quantities.
However, due to the retention of the fruit’s water in the
residue, the olive pomace obtained is very wet and, because
of the energy required in the drying process, it does not have
a significant commercial value (Civantos, 1999).

The olive pulp cell walls are known to contain about one
third of arabinose-rich pectic polysaccharides (Coimbra,
Waldron, & Selvendran, 1994). Therefore, in this work, we
have studied the gelation potential of the pectic poly-
saccharides extracted from the olive pomace, using
rheological methods, in order to search for new applications
of this by-product.

2. Material and methods

2.1. Samples origin

Olive (Olea europaea, L.) pomace was collected at
Prolagar, Mirandela, Portugal. The pomace was obtained by
crushing the olives (20% Verdeal and 80% Santulhana
cultivars) below 40 °C, with a residence period on the
sequential extractor of 45 min. The pomace was separated
from the olive oil by centrifugation.

Citrus low-methoxyl pectin (LMP) with a GalA content
of 89% and a DM of 35% was obtained from HP Bulmer Ltd
(England).

2.2. Preparation of cell wall material

Fresh olive pomace (10 kg) was dispersed in ethanol at a
final concentration of 85% (v/v) and boiled for 10 min. The
mixture was cooled, filtered through a glass fibre filter
(Whatman GF/C) and the residue was then extracted twice
with chloroform/methanol (2:1, v/v, 3 X initial fresh
weight) for 30 min under reflux in order to remove the oil.
The resulting residue was washed with diethyl ether,
acetone and allowed to dry at room temperature. The
dried material (3.3 kg) was sieved to remove the smashed
particles of the stone seed and the fruit peel, and the
remaining material (1.3 kg), composed of olive pulp cell
walls and of powdered olive stone was named the alcohol
insoluble residue (AIR).

2.3. Isolation of the pectic raw material

The AIR was extracted with HNO3 0.02 mol/l1 (11 for
each 50 g of AIR) at 80 °C for 1.5 h. After the extraction, the
solubilised material was separated from the residue by
filtration through a glass fibre filter (Whatman GF/C) and
was concentrated at about six times the initial volume by
rotary evaporation at 37 °C. The resultant solution was
submitted to precipitation with 50% (v/v) of ethanol and the
precipitate was collected by filtration under vacuum through
a G3 sintered glass filter, washed with absolute ethanol,

acetone and diethyl ether and allowed to dry at room
temperature.

2.4. Purification of pectic raw extract

The pectic rich extract (45.5 g) was dispersed in EDTA
2.5% (w/v), stirred for 24 h at 4 °C and dialysed against
water. The pectin dispersion was percolated through a
strong resin exchanger (H-form Amberlite IR-120, Fluka)
and re-precipitated with acetone 80% (v/v). The obtained
residue (purified olive pectic extract, OPE) was washed with
diethyl ether and allowed to dry at room temperature
(23.3 g).

2.5. Anion-exchange chromatography

OPE (228 mg) was suspended in water and stirred
overnight at room temperature. The insoluble residue was
removed by centrifugation and sodium phosphate buffer (pH
6.5) was added to the supernatant to a final concentration of
50 mmol/l and 1.3 mg/ml of material. The solution was then
passed through a column of DEAE-Sepharose in the
phosphate form, at 20 ml/h. The fractions were eluted
sequentially with the same volume of buffer containing 0;
0.125; 0.250; 0.50 and 1.0 mol/1 NaCl. Fractions of 2.5 ml
were collected and assayed at A 280 nm for phenolics and/or
protein and by the phenol—H,SO,4 method for carbohydrate
(Dubois, Gilles, Hamilton, Rebers, & Smith, 1956).
Appropriate fractions were pooled, dialysed and freeze-
dried.

2.6. Moisture, ash and mineral content

The moisture content was determined by oven drying
2-5 g of samples at 105 °C for 4 h, plus 2 h to confirm
weight stabilisation.

Ash content was determined by heating the samples at
650 °C for 4 h in a muffle furnace.

For the mineral analysis, samples (0.025 g) were digested
with 5 ml of concentrated HNO5 and 1 ml of 30% H-O,, at
120 °C, until the acid was evaporated and the resulting
residue was dissolved in 1 ml of concentrated HNO;,
diluted with water to 25 ml, and analysed by ICP-OES
(inductively coupled plasma-optical emission spectroscopy)
in a Jy 70 plus (Jobin Yvon) spectrometer.

2.7. Protein analysis and determination of total
phenolic content

Protein determination was performed by first digesting
the samples (50 mg) with 2 ml of concentrated H,SOy,
10 mg of selenium and 0.350 g of K,SO,, in a Tecator
heating block (400 °C), followed by a colorimetric deter-
mination of the total nitrogen (Willis, Montgomery, &
Allen, 1996). The protein content was calculated using a
conversion factor of 6.25.
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Total phenolic content was determined spectrophotome-
trically by a modified Prussian Blue method (Price & Butler,
1977): 5 ml of water, 0.5 ml of 0.1 mol/l FeCl; in 0.1 mol/l
HCI1 and 0.5 ml of 8 mmol/l Ks;Fe(CN)g were added to
0.1 ml of a freshly prepared pectic solution, the mixture was
allowed to rest for 10 min, and the absorbance measured at
720 nm. Chlorogenic acid was used as a standard.

2.8. Sugar composition and content of uronic acids

Neutral sugar was determined by gas-liquid chromatog-
raphy after sulphuric acid hydrolysis (Selvendran, March, &
Ring, 1979) and conversion to their alditol acetates
(Blakeney, Harris, Henry, & Stone, 1983; Harris, Blakeney,
Henry, & Stone, 1988) in a Carlo Erba 6000 gas
chromatograph equipped with a split injector (split ratio
1:60) and a flame ionisation detector (FID). The column was
a DB-225 (30 m X 0.25 mm, film thickness of 0.25 pm,
J&W) and the oven temperature program was: S min at
220 °C, rising to 230 °C at 20 °C/min, plus 6 min at this
temperature. The flow rate of the carrier gas (H,) was set at
1 ml/min at 220 °C. The injector temperature was 220 °C
and the FID temperature was 230 °C.

Uronic acids were determined colorimetrically by a
modification (Coimbra, Delgadillo, Waldron, & Selvendran,
1996) of the method of Blumenkrantz and Asboe-Hansen
(1973). Samples were prepared by hydrolysis in 0.2 ml of
72% H,SO, for 3 hat 20 °C followed by 1 hin 1 mol/lH,SO,4
at 100 °C. Calibration was made with D-galacturonic acid.

2.9. Degree of methylesterification and acetylation

The determination of the DM and DA of the pectic
polysaccharides was based on the estimate of methanol and
acetic acid contents released by saponification (Waldron &
Selvendran, 1990). Methanol released after saponification
of samples was determined as described previously (Barros
et al., 2002). Acetic acid released under the same
saponification conditions was determined by HPLC on an
Aminex HPX-87H column at 30 °C. The column was eluted
with 0.5 mmol/l H,SO,4 at 0.5 ml/min with UV detection at
210 nm. The DM and DA were calculated as the molar
ratios of methanol and acetic acid to galacturonic acid.

2.10. Preparation of the gels

The pectin sample (OPE or LMP) was dispersed
overnight in 0.1 mol/l NaCl (deionised water) containing
0.02% of sodium azide as a preservative. The pH was
adjusted to 7.0 or 3.0 with 0.1 mol/l NaOH. To prepare the
pectin—calcium systems, 1 g of pectic dispersion of
different concentrations was pre-heated for 3 min at 70 °C,
and 1 ml of a calcium chloride solution (in 0.1 mol/l NaCl)
of appropriate concentrations was added drop wise while
stirring the pectic dispersion. The total heating time at 70 °C

was 6 min. After preparation, the sample was used either for
the phase diagram study or in the rheological experiments.

2.11. Phase diagrams

After preparation of the pectin/calcium system, the
sample was poured into glass tubes (96 mm length, 9 mm
internal diameter), closed, and allowed to stand for 48 h at
20 °C. The tubes were then gently tilted and the physical
state of the sample was assessed visually, following the
criteria of Garnier, Axelos, and Thibault (1993). If the
solution flowed, it was defined as a sol, and if the sample did
not flow or deform under its own weight, the system was
considered a gel. When the onset of deformation of the
sample flowing slowly, the system was considered to be in
the transition between the sol and gel states. Syneresis was
detected by the presence of water at the gel surface.

2.12. Rheological assays

Dynamic rheological measurements were performed
using a CVO HR 120 rheometer (Bohlin Instruments)
with cone (4°, & 40 mm) and plate geometry (gap 150 pm).
The hot sample solution was loaded onto the pre-heated
plate of the rheometer (70 °C) immediately after prep-
aration, and the temperature was rapidly lowered to 20 °C
(Peltier system). A layer of low viscosity mineral oil was
loaded onto the exposed edge of sample to minimise water
evaporation. The curing time experiments were performed
for 20 h at 20 °C and the changes in storage modulus (G')
and loss modulus (G") were recorded at 1% strain and
frequency of 1 Hz. Viscoelastic properties of the cured gels
were assessed by frequency sweep tests over the range
0.005-5 Hz at 1% strain.

3. Results and discussion

3.1. Isolation, purification and characterization of the pectic
rich extract

The AIR, the residue after removal of the smashed hard
seeds, accounted for 31% of the starting material (dry
weight basis). The sugar composition of the AIR is shown in
Table 1. Polysaccharides accounted for 47% of the residue
and were mainly composed of glucose (Glc, 40%), xylose
(Xyl, 28%), galacturonic acid (GalA, 14%) and arabinose
(Ara, 11%). The yield of AIR and its total sugar content
were similar to those previously obtained (Cardoso, Silva, &
Coimbra, 2002). Some differences were observed in the
sugar composition and galacturonic acid content, likely
associated to different factors, including the cultivar, the
harvest season and the maturation stage of the olive pomace
used as the starting material (Mafra et al., 2000). Still, the
AIR sugar composition of our sample is in accordance with
the results of Vierhuis (2002) obtained for olive pomace
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Table 1

Sugar composition of the pectic material extracted from the olive pomace and of the fractions obtained by anionic exchange chromatography

Fraction Recovery (%) DE (%) Cell wall sugars (mol%) Total sugar® (mg/g)
Rha Ara Xyl Man Gal Glc GalA
AIR 13.5° ND 1.5+01 11207 28%x3 2604 36%04 40x2 13.6 £ 03 4719
Raw extract 3.7° 31 23+0.6 26=*1 1.1 04 08=*x04 95*+08 60*+x04 54=*1 603 = 12
Purified extract  51.2¢ 43 3704 31=*1 t - 10+1 6905 48x2 721 =24
I 25.2¢ 45 3404 47x2 3404 t 16 = 1 11 =1 181 721 + 47
1A 16.8° 73 33+£03 19=x3 1408 - 11 *1 3005 62=*3 642 *+ 30
1B 6.2° 46 39+04 18=*1 12+02 t 93+08 24*01 64*x2 672 = 24
I 32.1¢ 28 41+08 15704 t - 6904 t 71.8 £08 671 =7
v 1.6° ND 4.9 28.4 2.9 0.7 16.5 7.7 39.0 411
v 2.8° ND 2.5 14.8 11.5 21.3 15.4 24.8 9.5 150

t: trace amounts; ND: not determined.

Values are expressed as mg of anhydrosugar/g polymer.
Recovery is expressed as a percentage of fresh olive pomace.
Recovery is expressed as a percentage of the AIR.

Recovery is expressed as a percentage of raw extract.
Recovery is expressed as a percentage of the purified extract.

a

e

produced from olives of the Moraiolo variety. In general,
the AIR composition suggests the presence of polysacchar-
ides (cellulose, glucuronoxylans, xyloglucans and pectic
polysaccharides rich in arabinose) that have been described
to occur in olive pulp (Araujo, Labavitch, & Moreno, 1994,
Coimbra et al., 1994; Huisman, Schols, & Voragen, 1996;
Mafra et al., 2000).

The pectic raw material extracted with hot diluted acid
represented 3.7% of the AIR, with a total sugar content of
60% (Table 1). This pectic rich fraction was mostly
composed of GalA and Ara in a ratio near 2:1, plus Gal
(10%), Glc (6%) and Rha (2%). Contrarily to what happens
with commercial pectins, that are slightly branched, the
extraction of pectic polysaccharides rich in Ara by hot
diluted acid as been reported for the olive pomace (Cardoso
et al., 2002) as for other different sources, like sugar beet
(Khalid, Renard, R’zina, & Thibault, 2001; Micard &
Thibault, 1999), cherry fruits (Barbier & Thibault, 1982)
and glassworts (Renard, Champenois, & Thibault, 1993).
The pectic raw material extracted from the olive pomace
had a DM of 31%. Its protein and phenolic content
accounted for 4.3 and 5.2%, respectively. Ash represented
11.5%, mainly contributed by potassium and calcium
cations (Table 2). In order to diminish the ionic content of
the pectic material, the raw extract was subjected to a
purification procedure by EDTA complexation, followed by
percolation through a strong resin ionic exchanger. As can
be seen in Table 2, the purification process greatly reduced
the ash content from 11.5 to 1.1% and calcium accounted
only for 0.03% (w/w) of the mineral fraction. Proteins and
phenolics were lowered to 3.0 and 3.1, respectively. The
purified pectic material obtained had a higher polysacchar-
ide content (72%) as compared to the raw material (Table
1). Still, this process reduced the proportion of GalA in
relation to the neutral sugars content in the pectic extract. As
the DM of the purified pectic polysaccharides is greater

(43% compared to 31% of the raw pectic material), the
combined results suggest that during the purification step
some pectic less-branched material of lower DM was lost.
The acetyl content of the purified fraction was 11%.

The fractionation of the OPE by ion exchange chroma-
tography on DEAE-Sepharose (Fig. 1) originated six main
different fractions, corresponding to 84.8% of the starting
material (OPE). Most of the polysaccharides were eluted in
the first four fractions, which accounted for 95% of the total
recovered material. The non-retained material (fraction I)
represented 25% of the OPE, and was very rich in Ara
(47%) as compared to GalA (18%). Other neutral sugars
detected were Gal (16%), Glc (11%), Rha (3%) and Xyl
(3%). The DM of this fraction was close to the mean value
of the starting pectic material. Two well-defined fractions
were obtained for the elution with 0.125 mol/l NaCl. They
both contain a ratio GalA/Ara near 3:1, and close

Table 2
Non-sugar composition of the raw and the purified pectic extracts of olive
pomace

Raw extract Purified extract

Moisture 10 13
Protein 4.3 3.0
Phenolics 5.2 3.1
Ash 11.5 1.1
Metal content®

Calcium 25.0 0.33
Copper 0.061 <0.01
Lead <0.05 <0.02
Iron 0.43 0.040
Magnesium 2.21 0.080
Sodium 0.15 1.04
Potassium 31.6 0.14

Values are expressed as % and calculated on a dry weigh basis (except
for moisture).
? Mean values of two determinations and expressed as mg/g.
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Fig. 1. Anionic exchange cromatography in DEAE-Sepharose of the pectic purified extract from olive pomace.

proportions of Gal (9—11%), Rha (3-4%), Glc (2—3%) and
Xyl (1%). The sugar analysis indicated that these two
fractions could have a similar structural composition. Still,
since the former fraction (IIA) had a higher DM as
compared to fraction IIB, the charge of the polysaccharides
in the two fractions was different and they could be
separated on an anionic exchange chromatography. Fraction
I1I, eluted with 0.25 mol/l NaCl, was the most representative
fraction (32% recover). It had a polysaccharide content of
67% and GalA was the major component (72%). Ara was
still present in moderate amounts (16%) and Rha and Gal
were detected in lower quantity. This fraction had the lowest
DM (28%), justifying the strong association to the column
gel. From the results of the anionic exchange chromatog-
raphy, it was inferred that the purified extract is composed
of heterogeneous polysaccharides, either in respect to sugar
composition or to their charge. Also, as all the fractions
contained GalA and Ara, it is inferred that the neutral sugars
are mostly covalently associated with the (rhamno)galac-
turonan backbone. Proteins and/or phenolic compounds
should also be associated with the pectic polymers since the
sugar profile and that of A,gq overlap.

A

18 - 3
15
s OPE
é 12 1 .
= 91.
I.N \
© 6 \ 2
3
citrus LMP 1
0 T T T T T T

[GalA] (g/L)

[Ca®*] (mmol/L)

3.2. Phase diagrams

Phase diagrams representing the physical state of the
OPE/calcium and LMP/calcium systems, with respect to the
GalA and calcium concentrations for pH 7 and 3, in
0.1 mol/l NaCl, are shown in Fig. 2. As described for
different pectins in the presence of divalent ions (Durand
et al., 1990; Garnier, Axelos, & Thibault, 1991; Lopes da
Silva, Gongalves, Doublier, & Axelos, 1996), three regions
were obtained: sol (region 1), homogeneous gel (region 2),
and gel with syneresis (region 3). The boundary between 1
and 2 regions defined the calcium/GalA concentration
relationship for the sol—gel transition to occur. This curve
defined a critical GalA concentration (Cy), i.e. the minimum
polymer amount able to gel, below which gelation could not
occur, independently of the calcium added to the system.
The sol—gel transition curve also defined a critical calcium
concentration (C,), corresponding to the minimum calcium
required for gelation to occur whatever the polymer
concentration. Homogeneous gels were obtained above C;
and in the presence of enough polymer. However, if calcium
was raised to higher concentrations, an excess of cations

18 -

15 4 -

[GalA] (/L)

Fig. 2. Phase diagrams for OPE and citrus LMP in 0.1 mol/l NaCl at 20 °C, as a function of GalA and calcium concentrations for (A) pH 7 and (B) pH 3. Dotted

lines denote less defined transitions.
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occurred in relation to the polymer concentration, and
demixing took place. The transition between a homo-
geneous gel and demixing is represented in Fig. 2A and B by
the delimitation curve between region 2 and 3. Above that
curve, gels with syneresis were obtained for high OPE
concentrations, while precipitation was observed for lower
OPE concentrations. The phase diagram obtained for the
LMP/calcium systems at pH 7 established the critical GalA
and calcium concentrations as =1 g/l and 2.5 mmol/l,
respectively. These values are in accordance with those
reported for apple and other citrus commercial pectins
(Axelos & Kolb, 1991; Durand et al., 1990; Garnier et al.,
1993). As compared to the commercial pectin, the OPE/
calcium system showed higher Cy and C, values (2.8 g/l and
4 mmol/l). Probably, the differences can be ascribed to two
main structural aspects, namely: (1) the higher methyester-
ification degree of the OPE, diminishing the number of
available sites for ionic junctions and (2) its higher amount
of side branches, hindering the approximation of the pectic
chains and the access of calcium to the joint points, and
consequently, the establishment of effective junction zones.
The relative importance of each of those factors is difficult
to discriminate, but likely the different amount of side
branches is playing the main role. In fact, it was previously
shown that the variation of the DM between 28 and 44% do
not significantly affect the Cy and C; parameters for
commercial pectins (Garnier et al., 1993).

Syneresis was detected for much higher calcium
concentration in the OPE/calcium systems compared to
the commercial pectin, and consequently a much larger
zone in which homogeneous gels were obtained is observed
(Fig. 2A). Since the occurrence of biphasic gels has been
attributed to the existence of a large number of intramole-
cular links leading to the contraction of the polymer chains
(Allain & Salomé, 1990) and the exclusion of solvent, the
late appearance of syneresis in the PPE/calcium systems can
also be related to a possible obstruction of the side chains on
the formation of intramolecular cross links.

Fig. 2B shows the phase diagrams obtained at pH 3. The
critical GalA concentration was higher and the sol—gel
transition occurred for higher calcium amounts than at pH 7.
This can be explained by the low ionisation of the carboxyl
groups at pH 3, decreasing the possibility of cross-link
formation. At pH 3, the region of homogeneous gel was also
narrower than that for pH 7, suggesting that in addition to the
ionic complexation, important aggregation of pectic chains
occurs when the number of carboxylate groups is lower.

3.3. Viscoelastic behaviour of the OPE/calcium systems

The evolution of the viscoelastic properties as a function
of ageing time for the OPE/calcium systems was investi-
gated at pH 7 and 3. Representative curing curves are shown
in Fig. 3 for two different amounts of calcium, 5 and
10 mmol/l, corresponding to the vicinity of the sol—gel
point and to the middle of the homogenous gel region,

2 4

1 1 //_f [Ca2'1=10 mmol/L

log G'(Pa)

[Ca2+]=5 mmol/L

'1 T T T 1
0 5 10 15 20
time (h)
Fig. 3. Kinetics of gel formation measured at 20 °C, 1Hz, for
pectin/calcium systems with similar polygalacturonate content

(GalA] = 10 g/1) and different calcium concentrations, at pH 7 (full lines)
and pH 3 (dotted lines).

respectively. For both pHs, the G'(f) increased rapidly in the
first 1-2 h, after which the evolution was slower and tended
to an asymptotic value. This behaviour is in agreement with
the general profile described for the gelation process of
pectins and other biopolymers (Axelos, Lefebvre, Qiu, &
Rao, 1991; Clark & Ross-Murphy, 1987; Lopes da Silva &
Gongalves, 1994). The values of the loss modulus (G”) did
not vary significantly as a function of time (data not shown)
and, for the systems with 10 mol/l of calcium, this value was
about 10 and 5 times less (pH 7 and 3, respectively) than that
of G'. Fig. 3 showed that an increment in the calcium
concentration was followed by a large increase in the G’
value obtained after 20 h of curing. As expected, for pH 3
gels are more fragile. At this pH, the carboxyl dissociation is
very low and the ionic binding sites are lesser than at pH 7.
Instead, some other intermolecular interactions like hydro-
gen bond could be formed, but they are much weaker
compared to the ionic cross-links that would be formed if
the carboxyl groups were fully dissociated. Therefore, due
to the lower availability of ionic binding points on the pectic
backbone, cross-links will be scarce. Fig. 4 shows the
mechanical spectra of the OPE/calcium systems obtained
after 20 h of ageing. All the cured gels had predominantly a
solid-like character, which was more pronounced for the
system with 10 mmol/l of calcium, at pH 7 (Fig. 4A). For
that system, G’ was independent of the frequency over a
range between 0.005 and 5 Hz, and its magnitude, for lower
frequencies, was about one decade larger than the G”. Still,
for higher frequencies, G’ and G” were closer in magnitude,
meaning that some molecular rearrangements can take place
within the gel in the time scale analysed. The G of the cured
gels obtained for identical OPE/calcium concentrations at
pH 3 was about half of that obtained for pH 7. At pH 3,
the lower availability of charged carboxyl groups results in
more imperfect networks: G' was more dependent on the
frequency, and G' and G” values showed far
smaller separation, clearly observed for higher frequencies,
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Fig. 4. Influence of pH on the mechanical spectra measured at 20 °C, after 20 h of curing, for the same systems shown in Fig. 3, for 10 mmol/l calcium (A) and
for 5 mmol/l calcium (B), at two different pH values (squares-pH 7; triangles-pH 3). Filled symbols denote for G’ and open symbols for G”.

meaning a lower elastic character. As established by the
phase diagram, 5 mmol/l of calcium is close to the critical
calcium concentration for OPE/calcium systems. Despite
the presence of the same polymer concentration, calcium is
scarce and the number of cross-links established is lower,
resulting in a very fragile gel structure. As a result, the
viscoelastic modulus G’ and G” were both dependent on the
frequency (Fig. 4B). After 20 h of ageing, the system cured
at pH 3 was slightly above the gel point, with G’ higher than
G” in the lower frequency range, and a crossover of those
two modulus for a frequency of about 1 Hz.

3.4. Dependence of the gel viscoelastic properties
on the pectin and calcium concentrations

The dependence of the storage modulus of OPE/calcium
upon the calcium concentration after 20 h of ageing is
represented in Fig. 5. For comparison, the same approach is

shown for the citrus LMP/calcium systems. Data is shown
for different pectin concentrations, expressed as the
concentration of non-esterified carboxyl groups available
in the pectin (GalA™), in order to normalise the results with
respect to the different degrees of methylesterification of the
two pectins. At pH 7, both pectic/calcium systems exhibited
similar dependencies on the total calcium concentration
added to the system, with a power law exponent around 3
(Fig. 5A). At pH 3, the commercial citrus pectin showed a
more complex dependence of G’ on calcium concentration,
with at least two regions of different behaviour, depending
on calcium concentration (Fig. 5B). However, for OPE/
calcium gels this dependence is clearly lower than at pH 7
for all the calcium range analysed. For GalA™ concen-
trations of 4.1 and 5.8, G’ had a power law dependence on
calcium concentration of 1.7 and 2.4, respectively (Fig. 5B).
The different sensitivity to calcium of the OPE/calcium at
pH 3 probably results from a set of factors contributing,
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= =
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= 0.5 =~ 0.5 |
a=1.7
0.0 0.0 -
-0.5 r . . -0.5 r . .
2.6 23 2.0 -1.7 2.6 23 2.0 -1.7

log ([Ca’ Y mol L) log ([Ca” )/ mol L'

Fig. 5. Storage modulus (G') measured for 20 h cured gels of OPE and LMP, at 20 °C in 0.1 mol/l NaCl, as a function of the calcium concentration at (A) pH 7
and (B) pH 3. Results are shown for different GalA™ concentrations: (A) ((J) 4.2 g/L; (O) 1.9 g/L; (M) 5.8 g/L; (@) 3.1 g/L.. (B) (O) 7.6 g/L; (A\) 4.4 g/L;(M)
7.5 g/L; (A) 4.1 g/L. Filled symbols denote the OPE system and open symbols represent the LMP pectin system. Also shown are the exponents obtained from a
power law relationship, G' oc [Ca®*1.
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together, to hinder the ion-galacturonate interactions, and
thus to decrease the amount of effective cross links between
pectic chains for the same calcium amount added to the
system: lower ionisation degree of the carboxylate groups,
lower number of free carboxylate groups, and higher
amount of branch side chains. The data shown in Fig. 5
also confirm the lower capability of the OPE to form
elastically effective junctions zones, under similar ionic
conditions.

Fig. 6 shows the dependence of G’ after 20h of
curing, on the polymer concentration for different
calcium concentrations added to the pectic/calcium
systems. At pH 7, the OPE/calcium system showed a
power law dependence with exponents around 3 for
calcium concentrations of 4, 6 and 10 mmol/l (Fig. 6A).
For the citrus LMP/calcium system this dependence was
around 2 for the different calcium concentrations used.
From these results, we can conclude that within the OPE/
calcium network, the development of elastically effective
junction zones, i.e. those contributing to the measured G’
values, is more dependent on the amount of polymer
than for the citrus commercial pectin. The differences on
the polymer concentration dependencies of the two pectic/
calcium systems are still noted for pH 3 (Fig. 6B).
However, as a result of the reduction of the ionic charge
of the polymer, both systems showed slightly lower
increments on G’ upon increasing the polymer concen-
tration, at this pH.

4. Concluding remarks

The purified pectic fraction obtained from the olive
pomace was mainly composed of GalA and Ara (48 and
31%, respectively) with a DM of 43%. Its DEAE-
Sepharose elution pattern resulted in four major fractions,
all containing GalA and Ara in different proportions,

demonstrating that the OPE was polydisperse in relation
to sugar composition and to charge density. Despite the
high neutral sugar content and the relatively high
methoxyl content, this pectic fraction formed elastic
gels on addition of calcium, both at pH 7 or 3. As
compared to a commercial pectin, the OPE showed
higher critical concentrations (Cy, and C;), but also a
much larger zone in which homogeneous gels was
obtained. The kinetic of the formation of the OPE/cal-
cium gels is in agreement with the general behaviour
described for the gelation process of pectins and other
biopolymers and, at pH 7 and 3, higher values of the
elastic modulus were obtained when rising the polymer
and the calcium concentrations. At pH 7, the storage
modulus of the OPE/calcium gels showed a power law
dependence on the calcium concentration, with an
exponent similar to the commercial pectin. However, its
dependency on the polymer concentration was higher
than that observed for the citrus pectin. At pH 3, more
fragile gels were obtained with a generally lower
dependence on calcium and on polymer concentration,
due to the lower charge density. From these results, it
could be inferred that olive pomace can be a potential
source of gelling pectic material, with useful properties
for particular applications.
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