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A B S T R A C T

In this paper, we investigate whether the Flory-Huggins-Free-Volume (FHFV) theory can describe the rich
thermodynamics of the ternary mixtures of starch, polyol, and water. These systems exhibit 1) non-monotonic
moisture sorption with increasing plasticizer concentration, 2) phase separation, and 3) antiplasticization. After
extending the FHFV theory with 1) the proper formulation of the chemical potential of water and polyol, and 2)
the proper composition dependency of the interaction parameter between starch and water, the theory is well
able to describe the above described complex thermodynamic behavior, showing good agreement with ex-
perimental data. Furthermore, our analysis shows that phase separation can already occur when the ternary
mixture is still in the glassy state. Overall, the phase separation happens after the antiplasticization/plastici-
zation transition, which can be linked to the minimum in moisture sorption, when increasing the polyol con-
centration at equal water activity. We think that the extended theory will become an important tool for analysis
and design of complex food materials, pharmaceutical systems, and biopolymeric films having carbohydrates as
plasticizers.

1. Introduction

We have questioned earlier whether ternary mixtures of a biopo-
lymer, water, and polyhydroxy compounds as polyols and sugars can
phase separate (van der Sman, 2013b; van der Sman et al., 2014).
Polyols and sugars can be viewed as co-plasticizers, which interact with
biopolymers and water via hydrogen-bonding. One finds more reports
on phase separation for mixtures containing polyols than for mixtures
containing sugars. Furthermore, mixtures of proteins, polyols, and
water also show phase separation (Duval, Molina-Boisseau, Chirat, &
Morel, 2016; McMahon, Adams, & McManus, 2009; Sobral, Menegalli,
Hubinger, & Roques, 2001).

By several authors it is hypothesized that water is partitioned be-
tween polymer-rich and carbohydrate-rich phases (Izutsu, Yomota, &
Kawanishi, 2011; Loveday, Hindmarsh, Creamer, & Singh, 2010, 2009;
Newman et al., 2008; Vasanthavada, Tong, Joshi, & Kislalioglu, 2004).
Experimentally it is never clearly shown at which conditions there is
phase separation. Indirect evidence of phase separation is the occur-
rence of two glass transitions, the crystallization of the co-plasticizer or
the occurrence of two peaks in δtan( ) of DMTA experiments (Mikus
et al., 2014).

Phase-separated systems exhibit two glass transitions, while

homogeneous systems exhibit only a single peak. Recently, one has
found via DSC multiple glass transitions for low moisture starch/sugar
systems, albeit that the transitions show significant overlap (Roudaut &
Wallecan, 2015). Hence, it requires sophisticated deconvolution tech-
niques to separate the transitions. For ternary biopolymer/polyol/water
systems one has also found two glass transitions (Coppola, Djabourov, &
Ferrand, 2008; Duval et al., 2016; van der Sman, 2013b), which are
better separable than in systems with sucrose (Roudaut & Wallecan,
2015).

The crystallization of the co-plasticizer needs to be preceded by
phase separation of the ternary mixture. The growth of crystals requires
cooperative movement of molecules, which is only possible via α-re-
laxations in the rubbery state (Fung & Suryanarayanan, 2017). Yet,
nucleation is made possible in the glassy state via β-relaxations (Kissi
et al., 2018; Mehta, Ragoonanan, McKenna, & Suryanarayanan, 2016).
Hence, crystallization is indicative that ternary mixture of biopolymer,
disaccharide, and water indeed can phase separate. In natural food
systems, it is expected that sugar crystallization is kinetically inhibited
(Buera, Schebor, & Elizalde, 2005). Crystallization is observed in
amorphous mixtures of disaccharides, proteins, and water upon sorp-
tion of water (Chinachoti & Steinberg, 1988; Haque & Roos, 2004),
though gelatin and casein (random coil-like proteins) delay
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crystallization very significantly compared to globular proteins. Similar
observations of crystallization are made for mixtures of PVP/sucrose/
water and PVP/trehalose/water (Zhang & Zografi, 2001), and pullulan/
lactose/water (Biliaderis, Lazaridou, Mavropoulos, & Barbayiannis,
2002). PVP is often taken as a model system for proteins, and hence
these observations are relevant to food.

There are many reports on phase separation for the starch/glycerol/
water system, as shown by the references listed in Table 1. Hence, it can
serve as a good model system to investigate whether phase separation
can be predicted theoretically via the extended Flory-Huggins-Free-
Volume theory (FHFV), as we have developed in earlier papers (van der
Sman & Meinders, 2011; van der Sman, 2013a, 2017). In these papers,
we have shown that ternary mixtures of biopolymers, sugars, and water
can be described, as well as ternary systems containing sugars, polyols,
and water, where the solutes can crystallize (van der Sman, 2017).

However, the starch/polyol/water system poses another extra
challenge for the modeling, namely the occurrence of antiplasticization
(Ayadi & Dole, 2011; Godbillot, Dole, Joly, Rogé, & Mathlouthi, 2006).
Addition of small amounts of polyol to glassy systems can give rise to
so-called antiplasticizing behavior, which is different to what one
normally expects of plasticizers. In the antiplasticization regime one
can observe a) increase of density, b) decrease of free volume, c) in-
crease of mechanical strength, d) increase of β-relaxation times, e) re-
duction of enthalpy relaxation and f) decrease of water vapour and
oxygen permeability, if one increases the amount of plasticizer (Díaz-
Calderón, MacNaughtan, Hill, Mitchell, & Enrione, 2018; Lourdin,
Coignard, Bizot, & Colonna, 1997; Seow, Cheah, & Chang, 1999;
Ubbink, 2016).

More importantly, one observes the decrease of the amount of ab-
sorbed moisture at the increase of the polyol at equal water activity
(Lourdin et al., 1997; Ubbink, Giardiello, & Limbach, 2007). The
plasticizer makes stronger hydrogen bonds with starch, making the
matrix denser and consequently, there is less room for water to absorb
in the matrix (Liang & Ludescher, 2015). Yet, still one observes the
lowering of the glass transition temperature with the amount of polyol.
The antiplasticization behavior changes over to normal plasticization
behavior at a critical ratio of plasticizer to the matrix. This transition
from antiplasticization to normal plasticization happens already deep in
the glassy state (Ubbink, 2016). The transition of antiplasticizing to
plasticizing behavior is due to the competition of the enhancement of

hydrogen bonds strength and the increase of free volume via the ad-
dition of plasticizer and water (Liang & Ludescher, 2015).

It is claimed that antiplasticizers interact strongly against phase
separation (Anopchenko, Psurek, VanderHart, Douglas, & Obrzut, 2006;
Sauvant & Halary, 2002) Simultaneous occurrence of antiplasticization
and phase separation has been observed experimentally for other sys-
tems, namely hydrophobically-modified starch with sucrose (Hughes
et al., 2016), and zein with glycerol (Liang et al., 2015). Also, the
stability of amorphous solid dispersions, used in pharmacy to deliver
poorly water-soluble drugs, is based on antiplasticization. If the
moisture content of this system exceeds a critical value above the glass
transition, the insoluble drug will crystallize over time (Konno &
Taylor, 2008; Purohit & Taylor, 2015; Duong & van den Mooter, 2016).

In this study, we investigate whether phase separation, as well as
antiplasticization of starch/polyol/water systems, can be described by
the extended Flory-Huggins-Free-Volume theory. The FHFV theory ex-
tends the classical Flory-Huggins theory into the glassy state, following
the original approach of Vrentas and Vrentas, and assumes the Flory-
Huggins interaction parameter between biopolymer and water is com-
position dependent. We will allow the phase separation to happen in
the glassy state, for which we require knowledge of the chemical po-
tential of the polyol in the glassy state, which is not given in the free-
volume theory of Vrentas and Vrentas. Therefore, we go back to the
original paper of Vrentas and Vrentas, and extend their derivation to-
wards ternary systems, and derive the expression of the chemical po-
tential of the polyol in the ternary glassy system.

After our exposition of the extended FHFV theory, we first in-
vestigate systems showing multiple glass transitions, which are in-
dications of phase separations. Their behavior can be described by the
volumetric density of intermolecular hydrogen bonds, as we have
shown earlier (van der Sman, 2013b). Subsequently, we investigate the
sorption isotherms of starch/polyol/water systems, with the polyol
being glycerol, xylitol, and sorbitol. Via tuning the Flory-Huggins in-
teraction parameter between starch and polyol, we show that the
theory can predict both the phase separation and the antiplasticization.
Main results will be summarized and discussed in the final section.

2. Theory

2.1. Flory-Huggins-Free-Volume theory for ternary mixtures

Similar to the classical Flory-Huggins theory we assume that the
components populate a lattice with a unit volume equal to the mole-
cular volume of solvent, which is water in our case. The free energy
density functional for ternary mixtures is as follows (Huang, de La Cruz,
& Swift, 1995):
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The chemical potential of component i, μ̂i in units of J m( / )3 , is de-
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with ≠ ≠i j w. ϕi is the volume fraction of compound i, and =μ μ νˆ /i i i,
with νi the molar volume and μi the molar chemical potential. The
index s indicates starch, w indicates water, and g the second plasticizer,
like glycerol.

For biopolymer solutions we have shown that Flory-Huggins applies
if 1) the interaction parameter is made composition dependent, and 2)

Table 1
Data sources for investigation of glass transition, with the code following the
Matlab plotting convention.

System Reference Code Code

Upper Lower

Starch/glycerol/water (Forssell et al., 1997) ro bo
(Myllarinen et al., 2002) rs bs
(Mathew & Dufresne, 2002) bx
(Lourdin, Colonna, & Ring, 2003) rv
(Chang, Karim, & Seow, 2006) r*

Starch/xylitol/water (Mathew & Dufresne, 2002) co
Starch/xylose/water (Kalichevsky et al., 1993) ys cs

(Biliaderis, Lazaridou, &
Arvanitoyannis, 1999)

c*

Starch/sorbitol/water (Biliaderis et al., 1999) cv
(Mathew & Dufresne, 2002) cd
(Lourdin et al., 2003) yo

Amylopectin/fructose/
water

(Kalichevsky & Blanshard, 1993) yd cd

Maltopolymer/
maltose/water

(Ubbink et al., 2007) mo

Starch/sucrose/water (Poirier-Brulez, Roudaut,
Champion, Tanguy, & Simatos,
2006)

ms
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