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Abstract

The thermodynamic properties of mixtures of two biopolymers, namely maltodextrin and gelatin, have been studied from

the gelation as well as from the solution properties points of view. Differential scanning calorimetry has been used to monitor

the changes in enthalpy due to the melting of the gel and to evaluate the cooperativity parameter of the gelatin in dilute and

semi-dilute concentration. Heats of dilution of the single biopolymers and heats of dilution of the mixed biopolymer solutions

have been used to evaluate the Flory interaction parameters within the framework of a new experimental procedure. These

data are useful in the description of the thermodynamics of mixed biopolymers and complement other data in progress on this

or similar systems. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mixtures of food biopolymer systems exhibit a

variety of behaviours which are much more complex

than those occurring in the synthetic polymer ®eld.

This is mainly due to the fact that, in addition to the

several phase transitions and possible phase separa-

tion, they are often characterised by a local order±

disorder equilibrium, not very common in other poly-

mers. Compatibility regions have to be, therefore,

identi®ed in the phase diagrams with the additional

speci®cation about the molecular conformational fea-

tures which may also be responsible for some of the

phenomenological features [1,2].

The mixture of two or more biopolymers with water

is an almost constant occurrence in all food prepara-

tions, and the interest in the ordered±disordered con-

formational states in food biopolymers is now being

recognised with a thorough characterisation of the

structural and thermodynamic features. However, con-

cerning industrially important biopolymers, such as

gelatin, either reliable enthalpy data in dilute and

semi-dilute aqueous solutions are not available or

low sensitivity calorimeters are used (�0.03 mW, or

lower). For example, the only direct calorimetric study

on the melting enthalpy of gelatin in a wide range of

concentrations (�5±100%) appears to be that of Tse-

rately and Smirnova [3], using a Setaram DSC-111.

Furthermore, the fundamental approach to the ther-

modynamics of polymeric solutions seems to have

been completely neglected, even if there is a large

amount of work on the thermodynamic properties of

polymer solutions and polymer blends. Thermody-

namic theories, based on the use of the Flory±Huggins

lattice model [4], or its generalisation thereof [5], are
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broadly accepted for the interpretation of experimen-

tal data. However, in the ®eld of binary and ternary

systems, a search of the literature reveals that the

actual splitting of the excess Gibbs free-energy term

(i.e. the parameter �) in the entropy and enthalpy

contributions (�H and �S) has been almost elusive.

This is due exclusively to the fact that direct calori-

metric measurements on mixed systems are scarce. As

a result, even the formal de®nition of the experimental

quantities involved in the evaluation, say of �H, is

somewhat unsatisfactory.

The current research in our laboratory deals with the

study of the energetics of the interaction between

biopolymer chains in solution and in gel phases [6±

8]. The ®nal aim is the understanding of the structure±

property relationships in these organised macromole-

cular systems (physical gels) and, eventually, the

prediction of the behaviour of mixed polymer systems.

Within the framework of a larger project [9], we

present the results of two stages of investigation on

the aqueous system of a gelatin/maltodextrin mixture.

The ®rst part, given the evidence of gelation phenom-

ena of the biopolymers, deals with the melting process

of the two individual systems and with their behaviour

in the mixtures. It is understood that biopolymer

gelation occurs through an association mechanism

of helical, ordered segments of chains. The second

part is concentrated on the determination of the

enthalpy contributions in the isothermal mixing of

gelatin with maltodextrin under conditions of soluble

macromolecular components. The theoretical frame-

work is the Flory±Huggins approach to the thermo-

dynamics of random coil polymer solutions. The

results are expected to help in an understanding of

the relevance of the enthalpy changes to the phase

stability with temperature and composition.

2. Experimental

2.1. Materials

The gelatin sample (LH1e) is a ®rst extract alkaline-

process sample obtained from lime hide, very kindly

provided by Systems Bio-Industries (SBI). The pI-

value of the biopolymer is ca. 4.5. The solid sample,

used without further puri®cation, contains ca. 12 wt%

of water and an amount of associated salts which was

accurately determined by the producer. All ionic

species, however, were <10ÿ7 mol/g of dry power,

except that Na� and NH4
� were 1.3 � 10ÿ4 and

1.1 � 10ÿ4 mol gÿ1, respectively. Gelatin dispersion

was solubilised by heating up to 658C, under stirring,

for 45 min.

The maltodextrin sample (Paselli SA2, produced by

AVEBE, and provided by Unilever Research, UK) is a

potato starch enzymatic hydrolysate. The original

amylose/amylopectin ratio was 21/79 with molecular

weight (Mw) of 5 � 105 and 3.4 � 108, respectively,

for the linear and the branched fraction. The sample

(SA2) is characterised by a DE (dextrose equivalent)

of ca. 2±3, which gives an approximate Mw of 104.

However, the molecular-weight distribution curve,

determined by DAWN size-exclusion chromatography

coupled with LALLS at Unilever, gives evidence of a

broad bimodal distribution with peak values centred at

ca. Mw of 8 � 105 and 7 � 103. The sample is

assumed to contain polydisperse linear, and branched,

fractions of poly(a-D-glucose). Maltodextrin solutions

were prepared by dispersing the powder in water and

the dispersion was heated and held at 908C for half-an-

hour. Solutions were prepared by weight.

2.2. Scanning calorimetry

The thermal behaviour of binary and ternary sys-

tems was studied by means of differential scanning

calorimetry with Setaram Micro DSC-I and DSC-III.

In order to obtain the actual temperature of the sample,

calibrations were made to correlate the nominal tem-

perature (or the block temperature) with the measured

temperature in the sample cell at the different scan

rates used. All the DSC data refer, therefore, to this

`real' temperature.

The ternary systems were prepared and treated

according to the following steps: (1) the solutions

of maltodextrin and gelatin (prepared as described

above) were mixed at 608C and NaCl was added in

order to reach the desired ionic strength; (2) the

calorimetric cells were ®lled with the ternary systems

(sample weight ranging from 0.6 to 0.8 g); (3) a

heating scan from 258 to 958C with a scanning rate

of 2 K minÿ1 was run to cancel the previous thermal

history; and (4) the sample were then treated accord-

ing to a standard procedure, namely cooling at

1 K minÿ1 from 958 to 108C curing for 16 h and
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subsequent heating with a scanning rate of

0.5 K minÿ1.

2.3. Mixing calorimetry

The measurements of the heats of dilution and of

mixing were carried out with an LKB 10700 batch-

type microcalorimeter, equipped with gold cells. The

electric circuit of the control unit of the calorimeter

was modi®ed to allow it to operate at 458C. Electrical

calibration of the heat effects was performed (aver-

aged over many independent data points). Many

repeated experiments proved to be irreproducible if

the solutions were left to equilibrate for a long time,

given the instability (though slow) of the maltodextrin

solutions at high concentration. Therefore, operation

times were standardised in order to optimise the

equilibrium time of the calorimeter for a suitable

registration of the power±time curve. Experiments

carried out with the standard procedure were occa-

sionally affected by long-term drift and/or curvature of

the signal after mixing. The areas were evaluated by

constantly neglecting these undesirable heat effects,

when they occurred. No such problems were encoun-

tered with the gelatin solution experiments.

3. Theory

Phase diagrams on the composition triangle for

ternary systems consisting of two chemically different

polymers and a pure solvent vary with the compat-

ibility of the polymer components as well as the

polymer/solvent af®nity. The main thermodynamic

factor leading to incompatibility of a three-component

mixture made by two polymers in an otherwise good

solvent is the poor attractive interactions between the

polymer components. In other cases (very seldom

reported in the literature), the polymers may also

undergo induced conformational transitions as func-

tions of the composition and/or the temperature. These

conformational transitions are in themselves concep-

tually analysed as phase transitions, since the polymer

state is characterised by a difference in the structural

and thermodynamic properties. We shall shortly sum-

marise the analyses of the experimental results which

can be obtained by differential scanning calorimetry

on the helix! coil (in this case, gel! sol) confor-

mational transition in linear biopolymer chains.

Thereafter, a derivation of the relevant equations for

the evaluation of the interaction parameter in binary

and ternary systems will be summarised.

3.1. Thermodynamics of helix±coil and gel±sol

transition

Let us brie¯y recall some concepts underlying the

helix±coil `phase' transition in biopolymers [10]. In

the case of globular proteins, it is worth mentioning

that the Gibbs free energy of the native species is often

ca. 40±60 kJ/mol of protein lower than the denatured

random coil form. On account of this low free energy

difference, the temperature of transition between the

two species is higher than the ambient temperature

(i.e. Tm > 258C) only if the whole macromolecule can

be thermodynamically considered a single domain.

The hypothesis was, therefore, made that the dena-

turation is a `cooperative' process between two dis-

tinct, thermodynamically de®ned states, in

equilibrium with each other at the transition tempera-

ture. The con®rmation of the validity of this hypoth-

esis, by means of DSC, has been one of the most

signi®cant milestones in the thermodynamics of bio-

polymer systems [10].

Whenever biopolymers have a regular sequence of

units, which does not give a globular folding, helical

segments are formed, as the stability of ordered struc-

tures is also a function of the chain length with a critical

value above which the helix is interrupted [11]. This

concept was introduced, before the above ®ndings for

globular proteins, by the Zimm±Bragg theory [11]

through the cooperativity parameter �. This parameter

essentiallyde®nes the excess freeenergyofformationof

anisolatedhelicalconformationwith respect to thesame

process occurring as a neighbour of a helical sequence,

forwhich theassociated free-energychangeisdescribed

by the parameter s. Terms like initiation andpropagation

of a cooperative helical transition were then connoted.

The�parameter is related to the sharpness of the change

in any property measured as a function of a variable

inducing helix±coil transition. Without going into the

details of the theoretical treatment [12], the prediction is

that the cooperativity of the transition depends on the

chain length, n, and on the parameter �, whilst the

average transition temperature depends on n and mainly

on the value of s.
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From the calorimetric point of view, the heat of

transition evaluated by DSC experiments differs from

that evaluated by using the van't Hoff isochore for the

apparent equilibrium constant. This discrepancy is a

direct consequence of, and theoretically related to, the

existence of `molecular blocks of monomer units'

which undergo a phase transition, with a change of

enthalpy that is larger than the unitary change (i.e. per

residue) by a factor of N0 � �ÿ1/2. In this approach, N0

is de®ned as the length of the cooperative unit. Calori-

metric measurements directly provide the value of N0

as the ratio of the apparent van't Hoff and the calori-

metric heat of transition.

Here, we do not discuss whether a statistical

mechanical analysis can be made on a biopolymer

which, in addition to the helix±coil transition, exhibits

further changes due to association of helical segments in

larger aggregates and/or supramolecular structures.

Theoretical workson some of these additional processes

have been recently published ([12±14]). At this stage,

only the stability and the size of the thermodynamic

domains are de®ned through the DSC experiments.

Details on the derivation of the thermodynamic

parameters for a triple helix-to-coil transition from

DSC experiments are given elsewhere (Sist et al., in

preparation). The transition can be analysed within the

framework of the polysteric model [13] for conforma-

tional transitions, as it has already been done for the

polysaccharide succinoglycan [7]. The most simple

approach gives the length of the cooperative unit in

terms of the speci®c excess heat capacity of the system

at the transition mid-point, Tm, and of the speci®c

enthalpy change for the transition �h:

�HvH

�Hcal
� 4RT2

Tm
�cTm

p

�h2

where �HvH is the van't Hoff enthalpy of the `equili-

brium process', de®ned in terms of the partition

function Q:

�HvH � RT2 dln Q

dT

3.2. Thermodynamics of binary and ternary systems

Within the logical premises earlier formalised by

Flory [4,15,16], the total excess Gibbs free energy of

mixing (per mole of lattice sites) of a multicomponent

solution containing k components is, in the most

general form:

�G

RT
�
Xk

i�1

�i

Ni

ln�i �
Xk

i6�j

Xk

j�1

�ij�t�j (1)

where � is the interaction parameter (total) and � the

volume fraction. �G must be negative for the mixing

of k components to give a compatible system, although

the stability of the system is determined by the con-

dition that the second derivatives of �G or, in the

general case, the matrix determined of the terms

{�Gij} is zero.

The interaction parameters have formally been split

into the two contributions, enthalpic and entropic,

according to the de®nition � � �H � �S. In this paper,

however, we deal speci®cally with the direct measure-

ment of the heat involved in a change of state (con-

centration) and, therefore, the experimental data by

de®nition are related exclusively to the enthalpic

contributions of the excess free-energy change of

the system. To the best of our knowledge, a clear

derivation from the experimental data of the enthalpic

component of the Flory parameter, �H, is lacking.

Most of the literature data refer either to the determi-

nation of the free-energy parameter, �, from chemical

potential relations or to the evaluation of the enthalpic

component of� from the temperature dependence of�
itself. The full derivation and the limitations of the

equations reported here are given elsewhere (CesaÁro et

al., in preparation); only a short summary is given in

the following.

In a binary (polymer-1/solvent-0) system, the

enthalpy of mixing �mH of a pure solvent with a

pure polymer gives:

�mH � kT�H
0 1N0�1 (2)

where �1 is the polymer volume fraction and N0 the

number of solvent molecules.

The enthalpy of dilution is de®ned as

�dilHc00 c0 � �mHc00 ÿ�mHc0 , where c0 and c00 are

the initial and ®nal concentrations for the dilution

process. It is easy to verify that the concentration-

dependent Flory enthalpic parameter, �H, can be

extracted by a simple evaluation of the heat of dilution

as a function of the polymer concentration:

�H
01 � ÿ

Qdil

RT���1n0� (3)
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where the term �(�1n0) is the change in the volume

fraction of the polymer times the number of moles of

the solvent.

Although the evaluation of �H is done here by using

Eq. (3), a comment is necessary on other approxi-

mated equations which can be derived, for example,

with the assumption that the dilution process is in®-

nitesimal; such approximate equations have been used

even without an in®nitesimal dilution process being

made [17,18]. In general, the validity of the approx-

imations relies on the condition that �H does not

depend on the concentration and, furthermore, that

an in®nitesimal dilution experiment is made.

For a ternary system (polymer-1, polymer-2, sol-

vent-0) some methods have been suggested based on

thermodynamic cycles involving the dissolution of the

solid polymer into the solvent. These cycles always

contain an algebraic summation of several steps of

relatively large heat measurements, leading to a rela-

tively large error accumulation. Alternatively, the

interaction parameter between two polymeric solutes

can be extracted from the equations already derived

for the evaluation of cross-interaction coef®cient hij,

from the excess enthalpy of a solution containing two

low-molecular weight solutes [19]. A straightforward

experimental procedure is obtained by diluting the

ternary systems at a constant polymer-1/polymer-2

ratio by the addition of a solvent, such as that already

applied for low-molecular weight solutes within the

framework of the McMillan±Mayer theory of solu-

tions [20,21].

In this way, the �H
1 2 for the ternary system can be

derived, once the parameters for the binary systems

are known in addition to the operational quantity �*

which de®nes the excess property of the ternary

system.

�H
1 2 �

	1�
H
0 1 � 	2�

H
0 2 ÿ ��

	1	2

(4)

and

�� � ÿ Qdil

RT���totn0� � 	1�
H
0 1 � 	2�

H
0 2 � 	1	2�

H
1 2

(5)

where �(�totn0) is the change in the total volume

fraction of polymer-1 plus polymer-2 in the mixture

times the number of moles of the solvent, and 	1 and

	2, respectively, the volume fractions of polymer 1

and polymer 2 in the total volume of polymer 1 plus

polymer 2. When no formal distinction is made

between polymer-1 and polymer-2, the dilution of a

ternary systems gives, in analogy with the premises,

Eq. (3). Dilution experiments can therefore be made

on ternary systems of polymer 1/polymer-2/solvent by

adding the pure solvent and, thus, maintaining the

concentration ratios of the two polymers constant.

4. Results

4.1. Thermal behaviour by scanning calorimetry

4.1.1. Binary systems: Gelatin H1e±0.1 M NaCl and

Maltodextrin SA2±0.1 M NaCl

The in¯uence of the cooling rate on the gelation and

on the following melting was studied by DSC for the

binary system, LH1e±0.1 M NaCl. A decrease in the

gelation temperature of LH1e with increasing cooling

rates was observed in agreement with the mechanism

of non-isothermal crystallisation. After a curing of

16 h at 108C, during the subsequent heating the values

of Tm and the enthalpy of melting �Hm of LH1e are

not in¯uenced by the cooling rate (i.e. the curing of

16 h at 108C cancels any difference in the properties of

the gel formed during the cooling step). As for SA2, no

in¯uence of the cooling rate could be detected on the

broad melting curve, also because the gelation occurs

during the cooling with a much slower kinetics (there-

fore, not detected in the cooling mode).

Curing at temperatures >108C gives a slower

kinetics of gelation for gelatin, while the same cannot

be said for maltodextrin, which does not show detect-

able signals. Melting temperatures increase slightly

with the curing temperature for both the components

and melting pro®les do not change appreciably for

curing times >12 h. Because a heating up to 908C
during the ®rst preparation of the samples had to be

carried out in order to solubilise all the material in the

mixed systems, a check on the in¯uence of the upper

temperature limit of the scan on the stability of the

LH1e seemed necessary. Repeated thermal cycles on

the same specimen show that both, the area and

temperature of LH1e peaks shift towards lower values

with the successive heating scans, if the upper tem-

perature is >608C. A cyclic heating±cooling scan (to

608C) without curing (Fig. 1) shows the effect of the
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lower temperature limit of the scan (108, 08,ÿ108 and

ÿ158C, respectively) on the melting behaviour; appar-

ently, a low temperature, e.g. �ÿ108C) over a short

time (�5 min) provide gelation conditions which give

a gel structure similar to that reached by curing at the

higher temperature of 108C for a long time (16 h).

Melting thermograms of gelatin have been analysed

in the theoretical framework of the helix±coil transi-

tion (as mentioned above). The hypothesis was made

of a two-state equilibrium process

�H3�n $ 3�C�n
between a triple-helical segment of n residues per

chain and the random coil chains. The model assumes

that the cooperativity parameter N0 � 3n gives the

number of residues contained in the cooperative unit.

Table 1 shows the results of analysis of the experi-

mental data of gelatin at two different ionic strengths

and at several gelatin concentrations. The melting

temperature of gelatin at 0.025 M (Tm � 27.6 � 0.1)

appears slightly higher than that measured at a high

ionic strength (Tm � 27.3 � 0.1). The cooperativity

parameter N0 (of the order of ca. 200) is a function of

the gelatin concentration and decreases by about 10%,

going from dilute solution to 12 wt% LH1e concen-

tration, while no difference can be detected between

low and high ionic strengths.

4.1.2. Ternary systems: Gelatin LH1e±Maltodextrin

SA2±0.1 M NaCl

The ternary system was studied using the standard

protocol reported in Section 2; each experiment was

Fig. 1. Cyclic heating (!) and cooling ( ) scan of gelatin LH1e (up to 608C) showing the effect of the lower temperature limit of the scan

(108, 08, ÿ108 and ÿ158C, respectively) on the melting peak (4% in 0.1 M NaCl).

Table 1

Calorimetric and van't Hoff enthalpy of transition and cooperativity parameter, N0, for the helix±coil transition of LH1e

CLH1e/(wt%) Csalt/M Tm/8C �Hcal/(J gÿ1) �HvH/(J gÿ1) N0

2 0.1 27.4 2.78 � 103 6.22 � 105 222

2 0.025 27.7 2.67 � 103 6.13 � 105 228

3 0.1 27.3 2.78 � 103 6.22 � 105 222

4 0.025 27.6 2.89 � 103 5.52 � 105 192

6 0.1 27.4 2.82 � 103 5.50 � 105 195

6 0.025 27.6 2.79 � 103 5.38 � 105 192

8 0.1 27.2 2.70 � 103 5.32 � 105 198

12 0.1 27.3 2.63 � 103 4.82 � 105 186
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made with a freshly prepared solution. In addition to

the composition, several experimental conditions were

changed (like the time and temperature of curing, the

heating and cooling scanning rates) to study their

in¯uence (if any) on the separation and/or gelation

process. Fig. 2 shows the features of a heating ther-

mogram for the ternary system after the thermal pre-

treatment and after curing at 108C for 16 h. The ®rst

peak is due to the melting of gelatin while the second,

broader peak is due to the melting of maltodextrin.

Upon cooling, only the gelation of gelatin can be

detected.

Melting temperatures, Tm, of gelatin LH1e in the

mixed systems vary, with few exceptions, within 18C
in the covered range of composition while enthalpies

of melting, �Hm, for gelatin decrease slightly with

increasing maltodextrin content (Fig. 3). As for mal-

todextrin, the values of �Hm slightly increase and

those of Tm decrease for the systems with higher

maltodextrin concentrations. The values of �Hm for

gelatin are lower (by a few J gÿ1) in the mixed systems

than those of gelatin alone (see below). All these small

changes should be interpreted primarily in terms of

gelatin/maltodextrin interaction. However, according

to other experiments, microscopic and macroscopic

phase separation has been eventually observed and tie

lines determined [9]. Therefore, changes in the

enthalpy of melting in a separated phase are actually

expected, because both Tm and �Hm depend on the

polymer concentration. The data reported here for the

ternary systems do not take into account the fact that

the effective concentration of gelatin in the mixture

becomes higher because of the phase separation. For

example, if the two phases are separated in two equal

volumes, the concentration is doubled. As a marginal

fact but relevant for the phase separation process,

visible, concentric phase separation has been observed

in the cylindrical calorimetric cell (ca. 1 ml of volume)

if repeated heating±cooling cycles are run. The phe-

nomenon must be seen as a freeze-thawing process

which facilitates phase extraction of the micro-segre-

gated drops.

4.2. Thermodynamics of mixed solution by

isothermal calorimetry

Heats of mixing have been measured at 458C, where

the gelatin does not form gel, and the gelation of

maltodextrin is slow enough with respect to the calori-

metric experiments to attempt at meaningful results.

The heats of dilution have been measured by mixing a

volume of polymer solution (2 ml) with an equal

volume of the solvent, in order to ensure a measurable

although small heat effect in the calorimeter (up to ca.

ÿ5 mJ and 25 mJ for SA2 and LH1e, respectively).

The heats of dilution can be used, in principle, to

Fig. 2. Heating (!) thermogram for the ternary system (LH1e 4 wt% � SA2 12.5 wt%) after curing at 108C for 16 h. In the following cooling

( ), the gelation of gelatin is shown.
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calculate the apparent molar relative enthalpy, �L2,

and, therefore, converted to a de®nite thermodynamic

quantity which can be compared with other literature

results. Very regrettably, a scrutiny of the literature

reveals that the heat-of-dilution data for biopolymers

are very scarce and none of them reported as �L2.

Some comparison could only be made, therefore, with

the solution properties of monomeric analogues

[22,23] which are, however, not very useful.

Evaluation of the concentration in volume fraction

� has been made by converting the weight concentra-

tion through the relation: � � w%�sol/100�pol, where

�pol and �sol are the inverse of the speci®c volumes of

the solution and that of the polymer. The values of 1.44

and 1.62 g mlÿ1 have been used for � from the litera-

ture values of the speci®c volume of gelatin [24] and

maltodextrin [23], respectively, in aqueous solutions.

Since the purpose of these data was primarily to

calculate the enthalpy part of the interaction parameter

�H
1 2 for the components 1 and 2 of the mixture, the

values of�H
0 1 and�H

0 2 for the binary systems have been

extracted from the heats of dilution (Fig. 4(a) and

Fig. 5(a)) according to Eq. (3). In addition, to facil-

itate an interpretation of the trend of the interaction

parameters vs. polymer concentration, it was decided

that the polynomial equations which could be used to

®t the heats of dilution also had to describe correctly

the concentration dependence of �H
0 1 and �H

0 2. It turns

out that the heat-of-dilution data of Fig. 4(a) and

Fig. 5(a) are expressed by polynomials of the follow-

ing type:

Qdil ÿ n2�dilH � a2x2 � a3x3 � . . .

with the ®rst two terms a0 and a1 equalling zero. Non-

zero values of these two terms would give incorrect

values of �L2 and an unrealistic limit as �H
0 1,�H

02 !1
for the concentration approaching zero.

With these conditions, and by using Eq. (3), the

®tting polynomials have been used to evaluate the

continuous functions of �H
0 1 and �H

0 2 of Fig. 4(b) and

Fig. 5(b), where the data point of the individual

experimental heats of dilution are also reported.

The slight but measurable concentration dependence

of both, �H
0 1 and �H

0 2 supports the current belief that

�H cannot be, in general, extracted by measurements

at a single concentration with the assumption of its

independence from the polymer concentration. The

value of ca.ÿ0.02 � 0.01 can be extracted for �H
0 1 (of

LH1e) at in®nite dilution (in 0.1 M NaCl), while a

smooth negative slope is observed with increasing

concentrations. The curve of LH1e at low ionic

strength diverges from this trend at low polymer

concentrations. This deviation can clearly be ascribed

to the slight polyelectrolytic character of the polymer,

which undergoes coil expansion upon dilution. Let us

simply de®ne the interaction parameter of LH1e at low

Fig. 3. Temperatures of melting, Tm, and enthalpies of melting, �Hm, of LH1e (*) and SA2 (*) as a function of SA2 concentration

(LH1e � 4 wt%).
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ionic strength as an apparent quantity. Whether the

naif Flory±Huggins lattice model could be used to

correctly evaluate the interaction parameter for weak

polyelectrolytes in surely questionable, and deserves

more comment. This is, however, beyond the scope of

the present article.

The values of the interaction parameter �H
1 2 for the

ternary system have been obtained from the heats of

dilution of the ternary system, as outlined in Section 3.

The plot of Fig. 6 shows schematically the values of

�H
1 2 in the portion of the ternary diagram investigated

in this work. These data for the ternary system clearly

demonstrate the enthalpic incompatibility of the two

biopolymers in aqueous solution at 458C, despite the

experimental errors and the experimental dif®culties.

The reported values can be usefully introduced into

the free-energy equations to simulate several features

(e.g. spinodal decomposition) and to understand the

fundamental behaviour of the ternary systems, without

the common practice of using `assumed interaction

parameters'. While the entropic part is more amenable

to modelling with some appropriate solution theory,

Fig. 4. �dilH (a) and �H
0 1 (b) for the LH1e in aqueous solution (ionic strengths 0.025 and 0.1 M).
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the direct calorimetric determination of the enthalpic

component to the Flory interaction parameters must be

appreciated [25].

5. Conclusions

The main result of this work has been the determi-

nation of the enthalpic part of thermodynamic inter-

action parameter(s) in the phase diagram of the ternary

system of gelatin/maltodextrin/water at 458C. These

enthalpic terms can be used together with the parallel

free-energy terms to evaluate the entropic part which

is usually theoretically calculated with appropriate

solution models. No assumptions have been made

in the treatment of the experimental data and a simple

procedure is suggested which can be used to study

ternary systems of two polymers with a third solvent

component. In addition, a characterisation of the

thermal stability of the biopolymers, gelatin and mal-

todextrin, is given. These data are used to control the

conditions for reliable experiments and to study the

Fig. 5. �dilH (a) and �H
0 2(b) for the SA2 in aqueous solution (ionic strengths 0.025 and 0.1 M).
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effect of phase separation on the thermodynamics of

the gelation and melting processes.
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