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a  b  s  t  r  a  c  t

A  model  was  developed  to predict  starch  retrogradation  onset  in  its  aqueous  solution  and  verified  with
the  selected  literature  data.  The  most  probable  chain  helix  distribution  was first  estimated  via minimiz-
ing  the system  free  energy  with  respect  to chain  helix  length.  Later,  the  calculation  was  extended  to
double  helix  formation  among  single  polymer  chains  with �̄2 =  10  as the  retrogradation  criterion. �̄2 is
the  average  double  helix  length  usually  equals  10 implying  the  number  of  participating  residues  in  the
eywords:
elix distribution
onformational loss
ouble helix formation
etrogradation

thickness  of  the thinnest  reported  starch  lamella  in  the  literature.  The  model  prediction  namely  the  retro-
gradation  onset  temperature,  showed  quite  reasonable  agreement  with  the  selected  literature  data.  Equal
chain  conformational  entropy  loss,  �s/kB ≈ −0.7, was  inferred  for  various  starch  aqueous  solutions  due
to the  double  helix  kind of associations.  Nonetheless,  the  studied  systems  showed  distinct  restrictions,
�  =  9 × 10−4–4.7 × 10−3, against  association.
tarch aqueous solution

. Introduction

Starch is one of the most abundant, renewable, low cost and
io-degradable green polymer (Teixeira et al., 2009). It is mainly
omposed of two macromolecular components: linear amylose
ith �-1,4 linked glucan chain, and highly branched amylopectin
ith �-1,6 linkages joining linear chains (Yao, Zhang, & Ding,

002). These macromolecules have been recently identified
s high potential candidates for substituting various synthetic
olymers (Monnet, Joly, Dole, & Bliard, 2010). Thermoplastic
tarch (TPS) is one the most important man-made products for
eplacement of synthetic polymers in certain applications. Starch
rocessing into the plasticized one (TPS), involves some critical
hermal transitions such as gelatinization and retrogradation
Shanks and Gunaratne, 2011). Gelatinization with water or
ther plasticizers occurs through hydrogen bonds disruption
f starch granules via its swelling followed by melting leading
o birefringence loss and solubilization (Perdon, Siebenmorgen,
uescher, & Gbur, 1999). Retrogradation, however, is nearly the
everse process dealing with structural transformation from an
morphous solution into the more ordered crystalline state (Tian,

u, Xie, Zhao, & Jin, 2011). From molecular point of view, both

inear amylose and branched amylopectin participate in the retro-
radation process. Nonetheless, the former mainly experiences the
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early stage transition via an irreversible process, while the latter
spends a longer retrogradation time due to its intrinsic molecular
rigidity. Moreover, retrogradation of the amylopectin dictates
the reversible starch gels rigidity and crystalline state (Iturriaga,
Lopez de Mishima, & Añon, 2010). Therefore, amylopectin plays
the most important role in starch property control through various
thermal transitions. The retrogradation literature is mainly divided
into two sub-divisions namely characterization techniques and
modeling the phenomenon. It is worth mentioning that, most
developed models emphasize on retrogradation kinetics rather
than its thermodynamics using the classical or modified Avrami’s
equations (Del Nobile, Martoriello, Mocci, & La Notte, 2003).

Natural or synthetic linear polymers undergo a local conforma-
tional transition to all-trans or helix forms before their aggregation.
The thermodynamics of junction formation by the helices has been
adequately studied in several papers by Tanaka (2000, 2003) and
Tanaka and Stockmayer (1994). Helix formation in amylopectin
retrogradation, however, occurs in its side chains, complicating the
phenomenon. Therefore, the Tanaka’s model must be recapitulate
briefly of the thermodynamic relation used for the quantitative
description of association and extend them for investigating the
retrogradation of starch. Accordingly, the retrogradation onset of
starch aqueous solutions was predicted as a function of their solid
content and validated with selected experimental data.
2. Theoretical work

In the gelatinization process or heating starch solution, the crys-
talline structure of biopolymer is disrupted followed by partial

dx.doi.org/10.1016/j.carbpol.2013.08.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.08.028&domain=pdf
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elatinization, retrogradation and the linearization of amylopectin molecule.
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Fig. 1. Schematic representation of nano-structural evolution during g

hase separation of amylose and amylopectine and gell ball for-
ation in amylopectine short branches. By cooling the gelatinized

mylopectin, however, the double-helical crystalline structures
eform from their dissociated short-branches (Liu, Xie, Yu, Chen, &
i, 2009), Fig. 1. Theses double-helices contain at least ten residues
r repeating units along their length (Le Corre, Bras, & Dufresne,
010). Equally important, coil to helix transition is the prerequisite
f double association in short branches of amylopectin molecules.
mylopectin treatment as an associative system requires its

inearization besides application of the thermoreversible gelation
oncept. Accordingly, the associated chains of short amylopectin
ranches or backbones with 14–18 residues were treated distinctly
s crystallizable short branches or tie molecules (Le Corre et al.,
010; Liu et al., 2009), Fig. 1.

The effect of solution concentration on its thermal transitions
as considered using a lattice with  ̋ equal volume cells. The cells

ccupants are solvent molecules or same size repeat units of macro-
olecules. Therefore, the number of linear tie molecules forming

he chain backbone is given by

˛ = ˝ϕ˛

n
(1)

here n is the number of hypothetical linear chains repeat units and
˛ is the volume fraction of the amorphous tie-molecules, Fig. 1.

˛ = ϕ(1 − C) = ϕ − ϕC (2)

ere C is the number fraction of crystallizable parts of amylopectin
hains, which is replaced by the crystalline fraction of the sam-
le. Linearized chain with suitable helix conformation takes part

n crystal structure and extends to the nearly whole side chain
ength. Portions of a chain with helical conformation depict func-
ional groups, while their lengths identify their group type (Tanaka,
003). Chains are designated � and � before and after helix for-
ation acting as functional groups (Tanaka, 2000). Here, polymer

hain is characterized only by the number of its functional groups
or simplicity. This is not a drastic restriction and will be revised
ater on via differentiating among them in the final stage of mod-
ling, Fig. 2.

The cluster of type (j;l) is defined to consist lf primary molecules
ith functionality f (f = 0, 1, 2, 3, . . .)  and jk junctions of multiplicity

 (k = 1,2,3,. . .).  The bold letters l {l0, l1, l2, l3, . . .}  and j {j1, j2, j3,
 . .}  are set of numbers that characterize the cluster type (Tanaka,
000), Fig. 3.

If N(j;l) is the number of (j;l) clusters in the system (including
, non-functional, and ˛, amorphous linear parts of amylopectin

olecules), then their number density would be:

(j; l) = N(j; l)
˝

(3)
Fig. 2. Chain carrying different length helices is assumed a functional molecule;
each helix corresponds with an indistinguishable functional group.

In addition, the volume fraction of clusters is

ϕ(j; l) =

⎛
⎝n

∑
f ≥0

lf

⎞
⎠�(j; l) (4)

The volume fraction of whole linearized chains is then given by

ϕ =
∑

j,l

ϕ(j; l) (5)

The volume fraction of crystallizable chains can be calculated from
its relationship with polymer volume fraction:
Fig. 3. Schematic representation of a cluster with tree functional (�)  and two non-
functional (� or ˛) molecules.
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f Nf is the number of molecules with f functional groups, then ϕ
quals:

 =
∑

f ≥0nNf

˝
(7)

n the above equations, f = 0 quantifies � and  ̨ molecules. Accord-
ngly, their volume fractions are ϕ� nN�/  ̋ and ϕ˛ nN˛/˝,
espectively. Therefore, the volume fraction of � molecules would
e:

� = ϕ − ϕ� − ϕ˛ =
∑

f ≥1nNf

˝
(8)

.1. The free energy of amylopectin aqueous solution

The model system is composed of gel balls containing swelled
mylopectin branches with water at temperature of T, and vol-
me  fraction of ϕ. The Flory–Huggins lattice theory is employed
o calculate the system free energy (Flory, 1942; Huggins, 1942),
hile pure solvent and free branches imply the reference states.

he free energy change between the reference states and the equi-
ibrium final state containing clusters, has three major components
Tanaka, 2000)

F  = �Fconf + �Frea + �Fmix (9)

here �Fconf, �Frea and �Fmix are the free energy change due to
he conformational change, the clusters formation, and the mixing
f the clusters with water, respectively.

The conformational free energy change is written as

Fconf = A˛N˛ + A�N� +
∑

j,l

⎛
⎝∑

f ≥1

Af lf

⎞
⎠N(j; l) +

∑
f ≥1

Af NC
f

(10)

here N˛ and N� are the number of ˛-molecules and �-molecules,
espectively. NC

f
is the number of f functional molecules which par-

icipated in amylopectin crystals with the thinnest thickness. A�, A˛

nd Af are the conformational free energy of a single ˛-molecule,
-molecule and �-molecules with f functional groups, respectively.
he activation energy of functionalizing or forming helices in a
olecule is accordingly:

Af ≡ Af − A� (11)

he free energy change to form N(j;l) clusters of type (j;l) from
he primary chains followed by crystallization via NC

f
f functional

olecules will be

�Frea =
∑

j,l

�(j; l)N(j; l) +
∑
f ≥1

ıf (ϕ)NC
f (12)

here  ̌ 1/kBT and kB is the Boltzman constant and �(j;l) is the
ree energy of (j;l) cluster formation from � molecules in undiluted
tate (Tanaka, 2000):

(j; l) ≡ ˇ{�◦(j; l) −
∑

l�◦(j0f ; l0f )} (13)
f

he superscript designates the undiluted state. The second term at
he right hand side of Eq. (12) appears only when some of helices
orm crystalline regions. ıf is the free energy change due to joining

 f molecule to the crystal. Since the degree of association increases
ith polymer concentration, ıf is assumed concentration depend-

nt. Finally, the last term of Eq. (9) implies the free energychange of
te Polymers 99 (2014) 325– 330 327

mixing clusters with water. According to the Flory–Huggins theory,
the mixing energy can be written as:

ˇ�Fmix = N0 ln ϕ0 + N� ln ϕ� + N˛ ln ϕ˛

+
∑

j,l

N(j; l) ln ϕ(j; l) + ˝	ϕ0ϕ (14)

where 	 is the Flory’s interaction parameter. The chemical poten-
tials of the components are required as the prerequisite of the free
energy calculation. The chemical potential of each component is the
derivative of the system free energy with respect to the number of
that component

ˇ��0 = ln ϕ0 + ϕ −
∑

j,l

�(j; l) + 	ϕ2

− [
∑

f

ı′
f (ϕC)�G

f ]ϕC − (1 − C)
n

ϕ (15)

ˇ���

n
= 1  + ln ϕ� + ˇA�

n
− 1 + ϕ −

∑
j,l

�(j; l) + 	ϕ2
0

+ [
∑

f

ı′
f (ϕC)�G

f ]ϕ0C + (1 − C)
n

ϕ0 (16)

ˇ��˛

n
= 1 + ln ϕ˛ + (1 − C)ϕ0 + ˇA˛

n
− ϕ0 −

∑
j,l

�(j; l) + 	ϕ2
0

+ [
∑

f

ı′
f (ϕC)�G

f ]ϕ0C (17)

Then, free energy density of the system equals:

ˇ�F

˝
= ˇ��0ϕ0 + ˇ

���

n
ϕC + ˇ

��˛

n
ϕ˛ (18)

 ̨ and � define the reference states of polymer chains so that A˛

and A� equal zero. Then the free energy density of the system can
be calculated using Eq. (19).

ˇ�F

˝
= fFH(ϕ) + fAS(ϕ) (19)

where fFH and fAS are the mixing and association free energies,
respectively:

fFH(ϕ) = ϕC

n
ln ϕC + ϕ˛

n
ln ϕ˛ + (1 − ϕ) + 	ϕ(1 − ϕ) (20)

and

fAS(ϕ) = ϕC

n
ln

(
ϕ�

ϕC

)
+ ϕ

n
−

∑
j,l

�(j; l) (21)

The functional groups (helices) are now differentiated by the num-
ber of their repeat units. If j� is the number of helices with the
lengths of � = 1, 2, 3, . . .,  n, the number of different ways to select
j {j1, j2, j3, . . .} is the chain helix distribution. Then, free energy
can be minimized with respect to this parameter. The number of
different ways to select j is the most important variable, which is

computed by combinatorial counting method (Tanaka, 2003):

ω({j}) = (n −
∑

�j�)!

(
∏

j�!)(n −
∑

�j� −
∑

j�)!
(22)
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or the double helix case, however, the second and third compo-
ents of the association part of free energy density can be replaced
y

ϕ

n
−

∑
j,l

�(j; l) =
∑

�

1
��

∫ z�

0

zdz (23)

here the temperature dependent ��(T) is the association con-
tant, which indicates the probability of helices with length of �
o bound into a junction. According to the Zimm–Bragg gelation

odel (Zimm & Bragg, 1959), the association constant is written
s:

� = ��(T)� (24)

here � is the probability of an arbitrarily chosen pair of monomers
n different chains start winding. In inter-monomer winding
ithout restriction, � equals unity. On the other hand, �(T) corre-

ates with the hydrogen bond formation probability between two
onomers of a helix and can be estimated in terms of the entropy

nd enthalpy of association:

n �(T) = �S

KB
− εA

KBT
(25)

he activation energy with the enthalpic character (|εA|) can be then
stimated as the average hydrogen bond formation energy between

 hydroxyl group and oxygen (22 kJ/mol (Curtiss & Blander, 1988))
f two starch residues. The chain un-reacted groups, z� , in Eq. (23)
s calculated using the volume fraction of crystallizable polymer
actions:

��j�ϕC

n
= z2

� (26)

y substituting Eq. (23) in Eq. (21), the association part of the system
ree energy can be written as

AS(ϕ) = ϕC

n
ln

(
ϕ�

ϕC

)
+

∑
�

1
��

∫ z�

0

zdz (27)

he volume fraction of � molecules correlates to the volume frac-
ion of crystallizable parts as:

ϕ�

ϕC
= 1

F({z}) (28)

here the F function will be

({z}) ≡
∑
j /=  0

∏
�

[zj�
� ]ω({j}) (29)

.2. The minimization of free energy density

The helix distribution function of a system with specific vol-
me fraction and temperature, can be calculated via its free energy
inimization, ∂(ˇ�F/˝)/∂j� = 0. The solution leads to double helix

istribution function as:

j�
n

= (1 − 
)2t2ϕC��(t2)
�

(30)

 is the probability of an arbitrarily chosen monomer to be in the
andom coil part of the linearized chains and is defined by

 ≡ (1 − 
 − �)
(1 − 
)

(31)

here 
 and � are double helix content and normalized number of

epeat units of the double helices, respectively:

 ≡
∑n

�=1�j�

n
(32)
ate Polymers 99 (2014) 325– 330

�  ≡
∑n

�=1j�

n
(33)

For double helix association, these parameters are simplified as:


 = (1 − 
)2t2ϕCW (2)
1 (t2) (34)

� = (1 − 
)2t2ϕCW (2)
0 (t2) (35)

where Ws  are defined as (Tanaka, 2003)

W (2)
0 (t2) = �2�t2w0(�t2) (36)

W1
(2)(t2) = �2�t2w1(�t2) (37)

while

w0(x) ≡
n∑

�=1

x�−1 (38)

w1(x) ≡
n∑

�=1

�x�−1 (39)

The t parameter can be then calculated using the following equation

(1 − t)

{
1 + w1(�t2)(1 − t)

w0(�t2)

}
= ��ϕCt4w0(�t2) (40)

Finally, the average length of double helices (�̄2) can be calculated
by dividing double helix content to their normalized number of
repeat units

�̄2 = 


�
= W (2)

1 (t2)

W (2)
0 (t2)

(41)

By substituting Eqs. (36) and (37) in Eq. (41) and using Eqs. (25),
(38) and (39) then taking n = 16 as the length of linearized chains,
�̄2 can be calculated as a function of temperature with the following
equation

�̄2 =
16∑

M=1

M

[
16∑

�=1

exp
[

(� − M)
(

�S

KB
− εA

KBT

)]
t2(�−M)

]−1

(42)

2.3. Model validation

The type, amylopectin content, the percentage of crystallinity
and aging condition of selected starches after gelatinization were
extracted and tabulated, Table 1 (Avérous, Fringant, & Moro, 2001;
Kim, Kim, & Shin, 1997; Zeleznak & Hoseney, 1986; Zhou, Baik,
Wang, & Lim, 2010). The retrogradation onset was reported explic-
itly or extracted from the DSC thermographs of the aged aqueous
starch solutions. � and �s/kB of different samples were obtained
from fitting the experimental data on the model predictions. For
the fitting procedure, at first, initial values for � and �s/KB were
estimated and � was calculated using Eq. (25). Then, for concentra-
tions in which experimental onset temperatures were existed t was
calculated with reciprocal Eq. (40). In the next step, temperature
dependency of �̄2 can be obtained by Eq. (42) and by taking �̄2 = 10
as the criterion, retrogradation onset temperatures can be calcu-
lated and compared with experimental data points. Then, iteration
process was continued by amendment of the initial estimations of �

and �s/kB until the difference between calculated and experimen-
tal temperatures became minimized, Fig. 4. �s/KB of the selected
samples from several research works were about −0.7. Therefore,
similar conformational loss is expected for two  adjacent repeat
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Table  1
The type, amylopectin content and the percent of crystallinity of selected starches and their aging conditions, � and �s/kB.

Starch type Amylopetin content (%) Crystallinity (%) Aging condition �s/KB � Reference

Waxy corn 100 31b One day at 7 ◦C and one day at
30 ◦C intermittently for seven days

−0.7324 0.0047 Zhou et al. (2010)

Wheat 83a 36a Seven days at 25 ◦C −0.7173 0.0024 Zeleznak and Hoseney (1986)
Waxy maize 98.4 39a Seven days at 6 ◦C −0.7644 0.0011 Avérous et al. (2001)
Waxy rice 99.3 45a Three days at 18 ◦C −0.7623 0.0009 Kim et al. (1997)

a Le Corre et al. (2010).
b Chen and Evans (2005).

iterati

u
w
d
p
s

w
c

F
p
v

versus the volume fraction of different starch aqueous solutions
Fig. 4. Flowchart of 

nits due to forming hydrogen bonds. However, the calculated �s
ere quite different from 9 × 10−4 up to 4.7 × 10−3 which implies
istinct restrictions against double helix formation. The effective
arameter depends on the amylopectin branching content, type,
ize and branch distribution.
The average length of double helices versus the temperature of
heat starch aqueous solution is shown in Fig. 5. The retrogradation

riterion was selected 10 and showed with a horizontal dash line.

ig. 5. Typical average lengths of double helices versus temperature for wheat sam-
le,  � is 0.0024 and �s/kB is −0.7173. Weight percent of starch in its aqueous solution
aries from curve to curve.
ve fitting algorithm.

Therefore, the retrogradation onset was  determined as the dash
line intercept with various curves.

The retrogradation onset loses its sensitivity by the starch
solution concentration increase. The plot of retrogradation onset
delineated reliable model predictions in comparison with the
experimental results, Fig. 6.

Fig. 6. Retrogradation onset temperature versus concentration for several samples:
(�)  waxy corn, (�) wheat, (�) waxy maize and (�) waxy rice. The dashed curves are
the model predictions.
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It is worth mentioning that data points are limited in certain
ases for generalizing the model reliability. Nevertheless, the pre-
icted trends of experimental data were satisfactory. In addition,
odel predictions regarding the retrogradation onset close to the

eat solvent or very concentrated starch solutions are subjective.
hysically, in low volume fraction starch solutions, the retrogra-
ation would not be feasible due to the requirement of crossing
he threshold concentration for any association. On the other hand,
elatinization and retrogradation of highly viscous starch solutions
re forbidden kinetically (Zeleznak & Hoseney, 1986).

. Conclusions

A model was developed to predict the retrogradation onset
f starch solutions via using thermoreversible gelation concept.
he calculated most probable helix distribution of linearized amy-
opectin chains via free energy minimization with respect to helix
ength led to the probability of double helix formation. Accordingly,
he double helix length of the thinnest amylopectin crystals was
hosen as the retrogradation criterion. The model predictions were
ompared with several selected experimental data point from liter-
ture. While, the entropy change due to hydrogen bond formation
etween two adjacent residues for different starch types were iden-
ical, relatively large differences was detected for � due to distinct
estrictions against double helix formation.
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