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Abstract

The experimental moduli reported in the preceding paper for co-gels of calcium pectinate (DE 31.1; stoichiometric Ca21) with potato

maltodextrin have been analysed using the procedures and assumptions developed for mixtures of calcium pectinate with oxidised starch. In

outline, part of the calcium pectinate was assumed to be ªprecipitatedº into a dispersed phase in response to segregative interactions between

the two polymers, with the residual concentration of unprecipitated (ªfreeº) pectin being controlled by a solubility product K, de®ned as the

maltodextrin concentration multiplied by the square of the concentration of free pectin, and with the phase volume of dispersed particles

being directly proportional to the amount precipitated (constant of proportionality, k). The modulus of the continuous matrix was estimated

by simple addition of the individual contributions from maltodextrin and free pectin, derived from standard calibration curves, and calculated

values of co-gel moduli were obtained using the Takayanagi isostress blending law in the limiting form for an in®nitely hard ®ller. Best-

®tting values of K � 2:8 and k � 0:059 were identi®ed by least-squares minimisation of the overall difference between observed and

calculated values of log G 0 at 58C for mixtures incorporating 2.0 wt% calcium pectinate prepared by two different procedures and measured

100 and 400 min after the start of cooling from 908C at 18C/min, with maltodextrin concentrations in the range 0±25 wt% (100 min values) or

0±17.5 wt% (400 min), and for 20 wt% maltodextrin with 0±3.0 wt% calcium pectinate (100 min values for one method of preparation). The

®ts to all ®ve data sets were virtually within experimental error. The best-®tting value of k is almost identical to the value obtained for

mixtures of calcium pectinate with oxidised starch (0.059 in comparison with 0.061), consistent with collapse of calcium pectinate network

structure to a ®xed concentration of ,17 wt% in both systems. q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

This is the last paper in a series of four related publica-

tions on the effect of partially depolymerised starch products

(oxidised starch and gelling maltodextrin) on the gels

formed by low-methoxy pectin on cooling in the presence

of Ca21. The ®rst paper (Picout, Richardson, Rolin, Abey-

sekera & Morris, 2000a) showed that the strength (storage

modulus, G 0) of the calcium pectinate network could be

increased, decreased, or remain unaffected by the presence

of oxidised starch, depending on the concentration of Ca21

used. Decrease in gel strength at high concentrations of

Ca21 was found to arise from sharp reductions in G 0 during

cooling, and was accompanied by development of a grossly

heterogeneous network structure (as visualised by light

microscopy). It was tentatively suggested that: (i) segrega-

tive interactions between the two polymers promote conver-

sion of pectin to a progressively more compact structure as

the starch concentration is increased; (ii) at low concentra-

tions of Ca21, the network is enhanced by formation of

additional intermolecular junctions; and (iii) at higher

Ca21 concentrations, where there is already extensive inter-

molecular association in the absence of starch, gel strength

is reduced by further association of pectin chains into large

aggregated bundles that make little contribution to the over-

all connectivity of the network (effectively precipitation of

ordered pectin in response to thermodynamic incompatibil-

ity with starch).

In the second paper (Picout, Richardson & Morris,

2000b), the concept of reduction in gel strength by a pre-

cipitation mechanism was explored further by quantitative

analysis of G 0 values for 2.0 wt% pectin with stoichiometric

Ca21 after cooling to 58C in the presence of increasing

concentrations of oxidised starch (0±40 wt%). The central

assumption in the analysis was that the pectin component

could be regarded as comprising two fractions: precipitated
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(ªmissingº) pectin and unprecipitated (ªfreeº) pectin. The

precipitated material was treated as a dispersed phase

surrounded by a continuous matrix of free pectin and

oxidised starch. The extent of precipitation was charac-

terised (Eq. (1)) by a solubility product:

K � �starch��free�2 �1�
and the phase volume of the dispersed particles �fY� was

assumed (Eq. (2)) to be directly proportional to the amount

precipitated.

�fY� � k�missing� �2�
The local concentrations (cX) of free pectin and starch in the

continuous matrix were then calculated (Eq. (3)) from the

phase volume �fX � 1 2 fY� and the overall concentra-

tions (c) across the whole system:

cX � c=fX �3�
and the corresponding moduli were obtained from standard

calibration curves of G 0 versus concentration for calcium

pectinate and oxidised starch alone. The overall modulus

of the continuous phase (G 0X) was then estimated by simple

addition of the individual values of G 0. The modulus of the

dispersed particles (G 0Y) was calculated in two ways: (i) by

using the calibration curve for calcium pectinate; and (ii) by

regarding them as ªdeswollenº gel, and applying the modu-

lus±concentration relationship anticipated for a permanent

network by classic swelling/deswelling theory (Flory,

1953). In practice, the values of (fY=G
0
Y) obtained by

either method were insigni®cant in comparison with the

corresponding ratio for the continuous phase �fX=G
0
X�;

allowing calculated values of the overall co-gel modulus

to be determined using a limiting form (Eq. (5)) of the

isostress blending law (Eq. (4)) of Takayanagi, Harima

and Iwata (1963).
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Finally, the values of the two adjustable parameters (K and

k) required to give best agreement with experiment were

obtained by least-squares minimisation of the difference

between observed and calculated values of log G 0. The

discrepancies between observed and ®tted values were

virtually within the experimental scatter of the results,

suggesting that the assumptions made in the analysis may

be physically realistic.

As would be anticipated, the dominant parameter in

®tting the initial reduction in moduli at low concentrations

of starch was the solubility product K, which determines the

calculated concentration of free pectin in the continuous

phase, whereas the ®t to the increase in moduli at starch

concentrations above the minimum required for network

formation was dominated by k (which dictates the relative

phase volumes and hence the local concentration of starch in

the continuous phase).

The third paper (Picout, Richardson & Morris, 2000c)

showed a qualitatively similar pattern of response for

mixtures of calcium pectinate with potato maltodextrin,

with again an initial decrease and subsequent increase in

G 0 at 58C as the concentration of the starch (maltodextrin)

component was raised. Two methods of sample preparation

were used. In the ®rst procedure (Method 1) pectin was

dissolved in a solution of maltodextrin containing CaCl2 at

stoichiometric equivalence to the carboxyl groups of the

pectin. This method gave solutions with substantial gel-

like character at high temperature, attributed to incomplete

dissociation of intermolecular junctions present in the solid

state. The high-temperature moduli showed a progressive

reduction with increasing concentration of maltodextrin,

which can be explained, as before, by aggregation of

ordered pectin in response to segregative interactions

between the two polymers.

In Method 2, the pectin was dissolved in water and the

calcium salt was slowly added as a dilute solution (at 908C),

with subsequent addition of the maltodextrin solution. The

moduli at high temperature now increased with increasing

concentration of maltodextrin, consistent with segregative

interactions promoting conversion from disordered coils to

(more compact) ordered junctions. After cooling to 308C
(below the temperature-range of the gelling transition for

calcium pectinate alone, but above the onset temperature for

gelation of maltodextrin), however, there was a progressive

reduction in modulus with increasing concentration of

maltodextrin (as was also observed for samples prepared

by Method 1), which is again consistent with the concept

of precipitation of ordered pectin within a supporting

network of calcium pectinate.

In most of the experiments, the concentration of calcium

pectinate was held constant at 2.0 wt% (as in the mixtures

with oxidised starch), and the maltodextrin concentration

was varied between 0 and 25 wt%. Samples were cooled

from 90 to 58C at 18C/min, and three data sets for quantita-

tive analysis were compiled for each method of preparation:

G 0 at 308C during cooling, and at 58C, 100 and 400 min

from the start of the experiment (i.e. after 15 min at 58C,

and after a further holding period of 5 h). Because of prac-

tical restrictions on the (six decades) range of the rheometer

used (from ,0.05 to ,50 000 Pa), the 400 min values were

limited to mixtures with maltodextrin concentrations in the

range 0±17.5 wt%. In a converse series of experiments, the

maltodextrin concentration was held ®xed at 20 wt% and

the concentration of calcium pectinate was varied between

0 and 3.0 wt%; measurements for quantitative analysis were

con®ned to 100 min values of G 0 at 58C for samples

prepared by Method 2.

The purpose of the present work was to provide a further

test of the validity of the analysis outlined above for the

calcium pectinateÐoxidised starch system (Picout et al.,

2000b), by using the same procedures and assumptions to
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analyse the experimental data (Picout et al., 2000c) for the

co-gels of calcium pectinate with maltodextrin. As before

the analysis was carried out using the in-built curve-®tting

and minimisation routines on a Microsoft Excel spreadsheet

package (Version 5.0).

2. Results

2.1. Calibration curves for individual polymers

Tables 1 and 2 show the values used for calibration of the

concentration-dependence of G 0 for the individual poly-

mers. Six calibration curves were used: 100 and 400 min

values for maltodextrin at 58C; G 0 at 308C during cooling for

calcium pectinate prepared by Methods 1 and 2; and

100 min values at 58C for calcium pectinate from both

methods of preparation. As mentioned in the preceding

paper (Picout et al., 2000c), there were no signi®cant

changes in G 0 for calcium pectinate alone on holding for a

further 5 h at 58C, so the same curves were used in the

analysis of 100 and 400 min values of co-gel moduli.

To allow G 0 to be expressed as a continuous function of

polymer concentration (c), each curve was ®tted to a poly-

nomial relationship of the general form:

B � p�4�A4 1 p�3�A3 1 p�2�A2 1 p�1�A 1 p�0� �6�
where A � log�c=wt%� and B � log�G 0=Pa�: The polynomial

parameters used are listed in Table 3, and the standard of

agreement between observed and ®tted values of log G 0 is

shown in Tables 1 and 2. It should be noted that the experi-

mental moduli for the co-gels (Picout et al., 2000c) lie

almost entirely within the range of the appropriate calibra-

tion curves for the individual components, so that the

empirical polynomial ®ts are used almost exclusively for

interpolation (with one slight extrapolation, by ,0.1 in

log G 0, being required for calcium pectinate from Method

1 at 58C).

2.2. Space-occupancy by precipitated pectin

Fig. 1 shows the effect of maltodextrin concentration on

the 100 and 400 min values of G 0 at 58C for mixtures with

2.0 wt% calcium pectinate prepared by Methods 1 and 2,
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Table 1

Variation of G 0 measured at 58C 100 and 400 min after the start of cooling from 908C at 18C/min, with concentration (c) of maltodextrin

c (wt%) G 0 (Pa) log c log G 0 observed log G 0 ®tteda

100 min values 15.0 4.91 1.176 0.69 0.68

17.5 311 1.243 2.49 2.52

18.5 850 1.267 2.93 2.98

20.0 2972 1.301 3.47 3.47

22.5 8570 1.352 3.93 3.99

25.0 19 881 1.398 4.30 4.32

30.0 52 286 1.477 4.72 4.70

400 min values 9.0 2.62 0.954 0.42 0.57

10.0 38.5 1.000 1.59 1.41

12.5 853 1.097 2.93 2.86

15.0 5100 1.176 3.71 3.76

20.0 51 900 1.301 4.72 4.74

30.0 306 000 1.477 5.49 5.45

a Using Eq. (6) with polynomial parameters from Table 3.

Table 2

Variation of G 0, measured at 308C during cooling from 908C at 18C/min and at 58C 100 min after the start of cooling, with concentration (c) of calcium

pectinate (stoichiometric Ca21) prepared by Methods 1 and 2

Method 1 Method 2

c (wt%) log c G 0 (Pa) log G 0obs
a log G 0calc

a G 0 (Pa) log G 0obs
a log G 0calc

a

308C 0.5 20.301 37.2 1.57 1.56 63.0 1.80 1.80

1.0 0.000 260 2.41 2.46 780 2.89 2.90

2.0 0.301 1640 3.21 3.24 5500 3.74 3.73

3.0 0.477 4400 3.64 3.65 11 950 4.08 4.09

58C 0.5 20.301 156 2.19 2.20 663 2.82 2.82

1.0 0.000 1172 3.07 3.05 3779 3.58 3.59

2.0 0.301 5977 3.78 3.77 15 814 4.20 4.20

3.0 0.477 13 911 4.14 4.14 32 480 4.51 4.48

a G 0obs and G 0calc denote, respectively, observed values of G 0 and ®tted values calculated using Eq. (6) with parameters from Table 3.



and for maltodextrin alone (Table 1). The 100 min values

(Table 4) from the two methods of sample preparation

become virtually identical (Fig. 1a) at maltodextrin concen-

trations of ,17.5 wt% and above. The 400 min values

(Table 5) show a similar convergence (Fig. 1b) at

,12.5 wt% maltodextrin. At both holding times, the

increase in modulus at high concentrations of maltodextrin

is similar in form to the concentration-dependence of G 0 for

maltodextrin alone, but the values are systematically higher,

indicating that the aggregated particles of calcium pectinate

make part of the total volume inaccessible to maltodextrin,

and thus raise its effective local concentration.

As mentioned previously, the procedure adopted in analy-

sis of co-gel moduli for mixtures of calcium pectinate with

oxidised starch was to assume that the volume occupied by

the ªprecipitatedº material is directly proportional to the

amount precipitated, which is equivalent to assuming that

the concentration of calcium pectinate in the dispersed

phase is independent of the concentration of starch/malto-

dextrin in the surrounding matrix. In systems where segre-

gative interactions lead to conventional phase separation,

however, partition of solvent (which dictates the polymer

concentration in each phase) can be rationalised convin-

cingly by assuming that the ratio of solvent/polymer in

one phase divided by the corresponding ratio for the other

phase remains constant at a ®xed value (p), which re¯ects

the relative ªsolvent aviditiesº of the two materials (Clark,

1987). Although originally entirely empirical, subsequent

studies (e.g. Durrani, Prystupa, Donald & Clark, 1993)

have shown that ªp-factorsº can be related directly to

Flory±Huggins x -values, placing the concept on a sound

theoretical footing. One aim of the present work was there-

fore to determine whether the increase in G 0 values for

maltodextrin introduced by the presence of calcium pecti-

nate could be better explained by competition for solvent,

determined by a p-factor, than by the assumption of constant

polymer concentration in the dispersed phase.

As shown in Fig. 1, the range of compositions in which

the overall moduli appear to be dominated by the maltodex-

trin component in mixtures with 2.0 wt% calcium pectinate

is comparatively small (from ,17.5 to 25 wt% for 100 min

values, and from ,12.5 to 17.5 wt% at 400 min). Thus the

relative concentrations of the two polymers vary by only a

factor of ,1.4, which is insuf®cient to give a reliable test of

the changes in concentration that would be expected from

competition for solvent. Instead, we have used the results

(Table 6) from the series of experiments in which maltodex-

trin concentration was held ®xed at 20 wt% and the concen-

tration of calcium pectinate (prepared by Method 2) was

varied from 0 to 3.0 wt%.

Fig. 2 shows the effect of pectin concentration on the

100 min values at 58C, in direct comparison with the

concentration-dependence of G 0 for calcium pectinate

alone (Table 2), and with the moduli recorded for the
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Table 3

Polynomial parameters (Eq. (6)) for calculation of log G 0 from log c

System p(4) p(3) p(2) p(1) p(0)

Maltodextrin; 100 min values; 58C 2238.405 1406.411 23121.64 3093.545 21151.56

Maltodextrin; 400 min values; 58C 0.000 12.062 260.265 101.540 251.925

Calcium pectinatea; Method 1; 58C 0.000 0.000 20.7009 2.6193 3.0494

Calcium pectinatea; Method 2; 58C 0.000 0.000 20.8959 2.3009 3.5900

Calcium pectinatea; Method 1; 308C 0.000 0.000 20.6056 2.7826 2.4553

Calcium pectinatea; Method 2; 308C 0.000 0.000 21.5025 3.2070 2.8990

a Stoichiometric Ca21.

Fig. 1. Variation of G 0, measured at 58C (a) 100 min and (b) 400 min, after

the start of cooling from 908C at 18C/min, for maltodextrin alone (O) and in

co-gels with 2.0 wt% calcium pectinate prepared by Method 1 (W) and

Method 2 (X).



mixtures at 22.58C during cooling. At the lowest concentra-

tion of calcium pectinate used (0.4 wt%), the 100 min value

of G 0 for the mixed system is about an order of magnitude

higher than the corresponding value for calcium pectinate

alone, but at higher concentrations the separation between

the two curves is much smaller, and both have approxi-

mately the same slope. It might therefore seem reasonable

to attribute the increase in modulus of the mixed systems

with increasing concentration of pectin to a progressive

increase in strength of the calcium pectinate network.

However, the moduli recorded at 22.58C, where gelation

of calcium pectinate alone is almost complete but the malto-

dextrin component is ungelled (Picout et al., 2000c), are

about two orders of magnitude lower than the 100 min

values at 58C. We therefore conclude that the direct contri-

bution of calcium pectinate to the overall moduli at 58C is

negligible, and that the increase in G 0 with increasing pectin

concentration comes almost entirely from reduction in the

space available to the maltodextrin component (with conse-

quent progressive increase in its effective concentration).

As a working approximation, the ®nal co-gels were

regarded as comprising a dispersed phase of calcium pecti-

nate particles surrounded by a continuous matrix containing

only gelled maltodextrin. The ®rst step in the analysis was to

use the concentration-dependence of G 0 for maltodextrin
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Table 4

Variation of G 0, measured at 58C 100 min after the start of cooling from 908C at 18C/min, with concentration (c) of maltodextrin in mixtures with 2.0 wt%

calcium pectinate (stoichiometric Ca21) prepared by Methods 1 and 2

Method 1 Method 2

c (wt%) log c G 0 (Pa) log G 0obs
a log G 0calc

a G 0 (Pa) log G 0obs
a log G 0calc

a

0.0 5954 3.78 3.77 15 766 4.20 4.20

3.0 0.477 1773 3.25 3.11 4611 3.66 3.65

5.0 0.699 620 2.79 2.83 2509 3.40 3.40

7.5 0.875 298 2.47 2.60 1942 3.29 3.19

10.0 1.000 145 2.16 2.43 807 2.91 3.03

12.5 1.097 124 2.09 2.29 871 2.94 2.91

15.0 1.176 272 2.43 2.40 1145 3.06 2.86

17.5 1.243 2459 3.39 3.34 3068 3.49 3.41

20.0 1.301 7352 3.87 3.98 9748 3.99 3.99

22.5 1.352 15 776 4.20 4.35 17 565 4.24 4.36

25.0 1.398 30 900 4.49 4.60 50 075 4.70 4.60

a G 0obs and G 0calc denote, respectively, observed values of G 0 and values calculated by the analysis described in the text.

Table 5

Variation of G 0, measured at 58C 400 min after the start of cooling from 908C at 18C/min, with concentration (c) of maltodextrin in mixtures with 2.0 wt%

calcium pectinate (stoichiometric Ca21) prepared by Methods 1 and 2

Method 1 Method 2

c (wt%) log c G 0 (Pa) log G 0obs
a log G 0calc

a G 0 (Pa) log G 0obs
a log G 0calc

a

0.0 8017 3.90 3.77 19 234 4.28 4.20

3.0 0.477 1510 3.18 3.11 6720 3.83 3.65

5.0 0.699 726 2.86 2.83 1995 3.30 3.40

7.5 0.875 318 2.50 2.60 1750 3.24 3.19

10.0 1.000 530 2.72 2.59 1584 3.19 3.08

12.5 1.097 3074 3.49 3.43 4236 3.63 3.52

15.0 1.176 12 287 4.09 4.19 17 380 4.24 4.20

17.5 1.243 33 880 4.53 4.69 36 300 4.56 4.69

a G 0obs and G 0calc denote, respectively, observed values of G 0 and values calculated by the analysis described in the text.

Table 6

Variation of G 0, measured at 22.58C during cooling from 908C at 18C/min

and at 58C 100 min after the start of cooling, with concentration (c) of

calcium pectinate in mixtures with 20 wt% maltodextrin prepared by

Method 2

G 0 (Pa) log G 0 (58C)

c (wt%) 22.58C 58C Observed Calculateda

0.0 0.22 2972 3.47 3.47

0.4 76 3681 3.57 3.52

1.0 120 5463 3.74 3.71

1.5 186 6096 3.79 3.85

2.0 216 9748 3.99 3.99

2.5 130 14 440 4.16 4.12

3.0 97 18 248 4.26 4.25

a By the analysis described in the text.



alone (Table 1) to determine the effective concentrations of

maltodextrin ([MD]eff) that would be required to give the

moduli observed experimentally for the mixed systems at

58C. As shown in Fig. 3, the calculated values increase

smoothly from the starting concentration of 20 wt% in the

absence of pectin to ,25 wt% when the pectin concentra-

tion is raised to 3.0 wt%. On the assumption of complete

segregation, the water content of each phase could then be

calculated directly from the relative phase volumes and the

total amount of each polymer present, allowing an apparent

p-factor to be derived for each concentration of pectin.

As shown in Fig. 4b, the calculated values of p (de®ned as

water/polymer in the pectin phase divided by the corre-

sponding ratio for the maltodextrin phase) increase steeply with increasing pectin concentration, rather than remaining

roughly constant, as would be expected for pro-rata distri-

bution of solvent between the two materials. The calculated

phase volumes for the pectin component, however, show an

approximately linear increase (Fig. 4a) as the total pectin

content is raised, which is consistent with association of

most, or all, of the pectin chains into particles with a roughly

constant ratio of solvent/polymer. The slope of the line of

best ®t in Fig. 4a is ,0.06, which would imply that the

volume occupied by 1 g of pectin is ,6 ml, giving an effec-

tive local concentration of ,16.7 wt%, in almost perfect

agreement with the value of ,16.4 wt% obtained from

analysis of experimental moduli for mixtures of calcium

pectinate with oxidised starch (Picout et al., 2000b).

The concentration of calcium pectinate obtained from the

straight line in Fig. 4a cannot, however, be regarded as

reliable, since the analysis described above involves several

crude approximations. The ®rst is the assumption of

complete segregation, in effect setting the concentration of

ªfreeº pectin to zero. Next, in equating experimental values

of G 0 to the modulus of the maltodextrin component, we
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Fig. 2. Variation of G 0 with pectin concentration in mixtures of calcium

pectinate (stoichiometric Ca21) with 20 wt% maltodextrin, measured at

22.58C (X) during cooling from 908C to 58C at 18C/min and at 58C (B)

100 min after the start of cooling, in comparison with the corresponding

100 min values at 58C for calcium pectinate alone (W).

Fig. 3. Variation of the effective local concentration of maltodextrin

([MD]eff) with pectin concentration in mixtures of 20 wt% maltodextrin

with calcium pectinate (stoichiometric Ca21).

Fig. 4. Effect of pectin concentration in co-gels of 20 wt% maltodextrin

with calcium pectinate (stoichiometric Ca21) on: (a) the calculated phase

volume of the pectin (calcium pectinate) component; and (b) the apparent

ªp-factorº for partition of solvent between the two polymers.



were ignoring the effect of phase volume in linking overall

moduli to those of the constituent phases (Eq. (4)). Finally,

the direct contribution of the dispersed particles to the over-

all moduli was similarly ignored. However, as described

later, a virtually identical value for calcium pectinate

concentration in the dispersed phase was obtained from

the full analysis in which all of these approximations were

eliminated. The main conclusion from the simpli®ed treat-

ment presented here is that the polymer concentrations in

the two phases do not appear to follow a normal ªp-factorº

relationship.

2.3. Extent of precipitation

As mentioned previously, a central conclusion from the

investigation of calcium pectinate in mixtures with oxidised

starch (Picout et al., 2000a,b) was that, at least at high

concentrations of co-polymer, the concentration of unpre-

cipitated (ªfreeº) pectin is controlled by a solubility product

(Eq. (1)). One immediate indication of analogous behaviour

in the calcium pectinate±maltodextrin system is that the

observed values of G 0 at 22.58C for calcium pectinate

networks formed in the presence of 20 wt% maltodextrin

are virtually independent (Fig. 2) of the total concentration

of pectin present. As described below, the reductions in

moduli observed (Fig. 1) with increasing concentration of

maltodextrin in mixtures with a ®xed content of calcium

pectinate (2.0 wt%) also seem reasonably consistent with

the relationship shown in Eq. (1).

As before (Picout et al., 2000b), the concentration of

ªfreeº pectin was calculated from the observed values of

G 0 by using the appropriate calibration curve for calcium

pectinate alone (Table 2), and the concentration of precipi-

tated (ªmissingº) pectin was obtained by difference from the

starting concentration of 2.0 wt%. As shown in Fig. 5, the

values derived from (100 min) measurements at 58C (Fig. 1a)

are closely similar for both methods of sample preparation.

Analysis of moduli at 58C is restricted (Fig. 5) to the

concentration range 0±12.5 wt% maltodextrin, since at

higher concentrations the strength of the calcium pectinate

network is obscured by gelation of the maltodextrin. The

concentration of free pectin can, however, be characterised

over the full range of maltodextrin concentrations (0±

25 wt%) from moduli recorded at 308C during cooling

(Table 7), before the onset of gelation of maltodextrin

(Picout et al., 2000c) at the highest concentration used. As

shown in Fig. 6, the values obtained for samples prepared by

Method 1 are systematically lower than for Method 2,

although both curves are similar in form. The difference is

consistent with Method 1 giving a higher initial content of

ordered structure, and thus allowing aggregation and preci-

pitation to occur at higher temperatures than in the more

fully dissociated solutions obtained by Method 2.

Eq. (1) implies a linear relationship between maltodextrin

concentration and 1/[free]2, where [free] denotes the calcu-

lated concentration of unprecipitated free pectin. As shown

in Fig. 7, the concentrations of free pectin derived (Fig. 6)

from measurements at 308C for samples from both methods

of preparation give acceptable linearity when plotted in this

way, for maltodextrin concentrations across the full range

studied (0±25 wt%). The values obtained from 100 min

measurements at 58C (Fig. 4) also show reasonable linearity

across the narrower range of concentrations accessible

before the onset of gelation of maltodextrin. Thus the

concept of a solubility-product relationship proposed

(Picout et al., 2000b) for the concentration of unprecipitated

pectin in mixtures with oxidised starch also appears to apply

reasonably well to mixtures with maltodextrin.

Again, however, the above analysis is a simpli®ed treat-

ment, which ignores the effect of precipitated pectin on the
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Fig. 5. Effect of maltodextrin concentration in mixtures with 2.0 wt%

calcium pectinate prepared by Method 1 (open symbols) and Method 2

(®lled symbols) on the concentrations of unprecipitated (ªfreeº) pectin

(circles) and precipitated (ªmissingº) pectin (squares) calculated from

experimental (100 min) values of G 0 at 58C.

Table 7

Variation of G 0, measured at 308C during cooling at 18C/min, with concen-

tration (c) of maltodextrin in mixtures with 2.0 wt% calcium pectinate

prepared by Methods 1 and 2

c (wt%) G 0 (Pa) Equivalent concentration of

ªfreeº pectin (wt%)a

Method 1 Method 2 Method 1 Method 2

0.0 1616 5075 2.00 2.00

3.0 570 3272 1.34 1.67

5.0 389 1840 1.16 1.33

7.5 173 1000 0.86 1.07

10.0 81.0 452 0.65 0.83

12.5 42.0 358 0.52 0.77

15.0 34.3 250 0.49 0.70

17.5 32.6 316 0.48 0.74

20.0 23.2 193 0.43 0.65

22.5 26.9 181 0.45 0.64

25.0 20.5 148 0.41 0.61

a From modulus±concentration curves for calcium pectinate alone.



volume accessible to the free component, and which also

ignores the direct contribution of the dispersed phase to the

overall moduli. The following section reports the results

from the full analysis, which eliminates these approxima-

tions.

2.4. Calculation of co-gel moduli

The method used to derive ®tted values of G 0 was iden-

tical to the procedure outlined in Section 1 for mixtures of

calcium pectinate with oxidised starch. As before (Picout

et al., 2000b), preliminary analyses were made using

deswelling theory and modulus±concentration curves to

calculate G 0 values for the dispersed phase of precipitated

calcium. The moduli derived by both methods were again so

much greater than the values calculated for the continuous

phase that essentially identical ®ts were obtained using the

limiting form of the isostress blending law shown in Eq. (5).

The ®nal ®ts, using Eq. (5), were derived by varying the

two adjustable parameters, K (Eq. (1)) and k (Eq. (2)), to

minimise the overall root-mean-square difference between

observed and calculated values of log G 0 for all ®ve data sets

analysed: 100 min values of G 0 at 58C for mixtures of malto-

dextrin (0±25 wt%) with 2.0 wt% calcium pectinate

prepared by Methods 1 and 2 (Table 4); 400 min values

(Table 5) for the same samples, at maltodextrin concentra-

tions up to 17.5 wt%; and 100 min values for 20 wt% malto-

dextrin in mixtures with 0±3.0 wt% calcium pectinate,

prepared by Method 2 (Table 6). The best overall ®t was

achieved with K � 2:8 and k � 0:059: The calculated

values of log G 0 are shown in the appropriate tables, in

direct comparison with the experimental values.

As before (Picout et al., 2000b), the effect of the indi-

vidual parameters on the calculated curves was explored by

adjusting them manually and observing the resulting

changes. The value of k (which is the reciprocal of the

polymer concentration in the dispersed phase of precipitated

calcium pectinate) is tightly constrained by the experimental

moduli for the mixtures in which maltodextrin concentra-

tion was held ®xed at 20 wt% and the concentration of

pectinate was varied. As shown in Fig. 8, the observed

values of G 0 for these samples agree, to within experimental

error, with the ®tted curve obtained using the value of k �
0:059 required to give the best overall agreement for all ®ve

data sets, which corresponds to a calcium pectinate concen-

tration of ,17 wt%. Decreasing k to 0.05 (20 wt% calcium

pectinate) or increasing it to 0.07 (,14 wt%) gives curves

(Fig. 8) that are, respectively, well below and well above the

experimental values, particularly at high concentrations of

pectin where the reduction in the fraction of the total volume

available to maltodextrin will be greatest.

In the systems where pectin concentration was held

constant (at 2.0 wt%) and maltodextrin concentration was

varied (Fig. 9), the ®tted curves at high concentrations of
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Fig. 7. Solubility-product analysis of the effect of maltodextrin concentra-

tion in mixtures with 2.0 wt% calcium pectinate prepared by (a) Method 1

and (b) Method 2 on the concentration of ªfreeº pectin calculated from

experimental values of G 0 recorded at 308C (W) during cooling from 908C at

18C/min and at 58C (X) 100 min after the start of cooling.

Fig. 6. Effect of maltodextrin concentration in mixtures with 2.0 wt%

calcium pectinate prepared by Method 1 (W) and Method 2 (X) on the

concentrations of ªfreeº pectin calculated from experimental values of G 0

recorded at 308C during cooling from 908C at 18C/min.



maltodextrin (where the overall moduli are increasing) are

again dominated by k (i.e. by the degree of space-occupancy

by precipitated pectin). As would be expected, however, the

calculated ®ts to the initial reduction in moduli at lower

concentrations of maltodextrin are dominated by the solu-

bility product K, which determines the extent of precipita-

tion, and hence the strength of the network formed by

residual free pectin.

The standard of agreement between the observed and

®tted moduli for the four data sets shown in Fig. 9 seems

reasonably acceptable. The worst discrepancies are for

100 min values of G 0 in the centre of the experimental

range of maltodextrin concentrations. These may be due

to inadequacies in the model, or in the procedures used

for calculation of co-gel moduli (such as estimation of the

modulus of the continuous phase by simple addition of the

individual values of G 0 for maltodextrin and free pectin). It

is at least equally likely, however, that they have a more

trivial, practical origin.

At low concentrations, the maltodextrin component is

non-gelling. At high concentrations, there is a rapid increase

in G 0 during cooling, with a much slower increase on hold-

ing at 58C (Picout et al., 2000c). At intermediate concentra-

tions, however, gelation occurs solely, or predominantly,

after the samples have reached 58C, and the 100 min values

are therefore critically sensitive to small variations in the

time±temperature regime. In particular, the deviations

between observed and ®tted moduli for mixtures with

maltodextrin concentrations in the range 10±15 wt%

(Fig. 9) are closely comparable to the observed differences

between 100 min values and moduli recorded 1 min earlier

or later, and therefore lie within the likely range of timing

errors.

3. Discussion

As might be anticipated from their structural similarity,

oxidised starch and potato maltodextrin appear to in¯uence

the network properties of calcium pectinate in very much

the same way, both qualitatively and quantitatively. Quali-

tatively, both materials cause an initial reduction and subse-

quent increase in modulus as their concentration in mixtures

with a ®xed content of calcium pectinate is raised. Quanti-

tatively, the procedures and assumptions used to ®t a single

data set of G 0 values for mixtures of calcium pectinate with

oxidised starch (Picout et al., 2000b) give calculated moduli

that agree, almost to within experimental error, with the ®ve

data sets analysed here for mixtures with maltodextrin.

Although encouraging, this standard of agreement

does not, of course, necessarily imply that the under-

lying model is correct. An obvious alternative possibi-

lity is that the mixtures undergo phase separation during

cooling, into a maltodextrin-rich continuous phase and

pectin-rich dispersed phase. The networks formed below

D.R. Picout et al. / Carbohydrate Polymers 43 (2000) 143±153 151

Fig. 8. Effect of pectin concentration in co-gels of calcium pectinate (stoi-

chiometric Ca21) with 20 wt% maltodextrin on experimental values (X) of

G 0, measured at 58C 100 min after the start of cooling from 908C at

18C/min, and on calculated values (Ð) from the analysis described in the text

(with K � 2:8 and k � 0:059). The dotted lines show curves obtained with

the same value of K, but with k set at 0.07 (upper line) or 0.05 (lower line).

Fig. 9. Effect of maltodextrin concentration in co-gels with 2.0 wt%

calcium pectinate prepared by (a) Method 1 and (b) Method 2 on the

experimental values of G 0 recorded at 58C 100 min (W) and 400 min (X)

after the start of cooling from 908C at 18C/min, and on calculated values (Ð)

from the analysis described in the text.



the onset of gelation of maltodextrin would then come

from the minor pectin component in the continuous

phase and, as in any conventional phase relationship (e.g.

Tolstoguzov, 1995), the concentration of the minor compo-

nent would decrease progressively with increasing concen-

tration of the major, maltodextrin, constituent, giving a

progressive reduction in modulus, as observed. Our reasons

for favouring a precipitation mechanism are summarised as

follows:

1. As discussed previously (Picout et al., 2000a), the

response to changes in degree of esteri®cation of the

pectin component in mixtures with oxidised starch

seems more consistent with extensive aggregation than

with phase separation.

2. The concentrations of ªfreeº pectin calculated from G 0

values for mixtures prepared by two different procedures

and measured at two different temperatures show good

linearity (Fig. 7) when plotted according to the solubility-

product relationship in Eq. (1), as was also found for the

single data set of G 0 values for mixtures of calcium pecti-

nate with oxidised starch.

3. The effect of increasing concentrations of pectin on the

moduli of co-gels incorporating a ®xed (gelling) concen-

tration of maltodextrin seems more consistent (Fig. 4)

with collapse of the calcium pectinate networks to a

constant local concentration than with solvent partition

according to a p-factor (as found in phase-separating

systems).

4. The best-®tting value of k (the reciprocal of the local

concentration in the dispersed phase) obtained in the

present work (0.059) is in close agreement with the

value derived (Picout et al., 2000b) for mixtures with

oxidised starch �k � 0:061�; again indicating that the

extent of collapse is determined by some inherent

property of the calcium pectinate network, rather than

by pro-rata distribution of water between the constituent

polymers.

Nonetheless, we certainly do not rule out the possibility

of a phase-separation mechanism. Indeed, the purpose of

presenting the experimental values of co-gel moduli, and

the calibration data, in tabular form is to allow alternative

interpretations to be tested.

The concept of network collapse to a condensed form by

extensive aggregation (effectively precipitation) of ordered

sequences does, however, have some parallels in the beha-

viour of other systems. In a previous investigation Kasapis,

Morris, Norton and Gidley (1993), concentrated mixtures of

gelatin and potato maltodextrin (Paselli SA6), at a tempera-

ture above the onset of gelation of either component, were

found to give classic phase separation into clear solutions

with compositions lying along a well-de®ned binodal.

Mixtures prepared at concentrations in the single-phase

region below the binodal, however, gave dense precipi-

tates of maltodextrin, demonstrating that phase sepa-

ration, and precipitation of one component, can occur

as separate, distinct responses to segregative interactions

between two different polymers. In a later study of

mixtures of maltodextrin with whey proteins (Manoj,

Kasapis, Hember, Richardson & Morris, 2000), there were

again indications of phase separation and incipient precipi-

tation (network collapse) occurring as separate processes,

although, as in the present work, the evidence came from

interpretation of co-gel moduli, rather than from direct

observation of macroscopic precipitation.

Formation of biphasic composites in which the relative

phase volumes are dictated by the inherent properties of one

component rather than by a p-factor relationship also has a

precedent in the co-gels obtained when starch granules are

gelatinised in solutions of gelling biopolymers (Abdulmola,

Hember, Richardson & Morris, 1996; Mohammed, Hember,

Richardson & Morris, 1998). On gelatinisation, the indivi-

dual granules swell to a ®xed volume (i.e. a ®xed local

concentration of starch), which is unaffected by the polymer

concentration in the surrounding matrix. Network collapse

to a ®xed local concentration is not, of course, directly

analogous to disordering and swelling of highly-branched

amylopectin, but there may be some parallels between the

response of calcium pectinate to the presence of a polymeric

co-solute and the sharp transitions from swollen to

contracted states observed for covalent networks when

exposed to large changes in solvent composition (Tanaka,

1981, 1992).

Finally, there are some central issues that remain unre-

solved:

² why do segregative interactions sometimes cause phase

separation and sometimes lead to precipitation?

² why do some polymers precipitate, or cause precipita-

tion, while others do not?

² what factors determine which component is precipitated

and which remains in solution?

These would be obvious targets for future research.
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