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a  b  s  t  r  a  c  t

This  work  revealed  that the  interactions  between  starch,  the  ionic  liquid  1-ethyl-3-methylimidazolium
acetate  ([Emim][OAc]),  and  water  might  contribute  to  the  phase  transition  (gelatinization,  dissolution,
or  both)  of native  starch  at reduced  temperature.  Using  mixtures  of  water  and  [Emim][OAc]  at  certain
ratios  (7.2/1  and  10.8/1  mol/mol),  both  the  gelatinization  and  dissolution  of  the  starch  occur  com-
petitively,  but  also  in  a synergistic  manner.  At  lower  [Emim][OAc]  concentration  (water/[Emim][OAc]
molar  ratio  ≥  25.0/1),  mainly  gelatinization  occurs  which  is  slightly  impeded  by the  strong  interaction
eywords:
tarch
iopolymer dissolution

onic liquid
-Ethyl-3-methylimidazolium acetate
elatinization

between  water  and  [Emim][OAc];  while  at higher  [Emim][OAc]  concentration  (water/[Emim][OAc]  molar
ratio ≤ 2.8/1),  the  dissolution  of  starch  is  the  major  form  of  phase  transition,  possibly  restricted  by  the
difficulty  of [Emim][OAc]  to  interact  with  starch.

© 2013 Elsevier Ltd. All rights reserved.
hase transition

. Introduction

Starch is a natural polymer with particular properties unlike
hose of traditional polymers. As a heterogeneous material, it has

acromolecular structures bound in a granular superstructure; it
ormally has both linear (amylose) and branched (amylopectin)
olecules; and it contains both amorphous and crystalline regions
ithin its granules (Pérez & Bertoft, 2010). When native starch

ranules are heated in water, their semicrystalline nature and
hree-dimensional architecture are gradually disrupted, resulting
n a phase transition from the ordered granular structure into a dis-
rdered state in water, which is known as “gelatinization” (Atwell,
ood, Lineback, Varrianomarston, & Zobel, 1988; Lelievre, 1974;

atnayake, Jackson, & Steve, 2008). Gelatinization is an irreversible
rocess that includes several, often sequential steps, such as gran-
lar swelling, native crystalline melting (loss of birefringence),

Abbreviations: WMS,  waxy maize starch; RMS, regular maize starch; G50, Gelose
0;  G80, Gelose 80; [EMIM][OAc], 1-ethyl-3-methylimidazolium acetate; To, onset
emperature; Tp, peak temperature; Tc, conclusion temperature; �T,  temperature
ange, i.e. Tc–To; �H, enthalpy.
∗ Corresponding author. Tel.: +61 7 3346 3199; fax: +61 7 3346 3973.

E-mail addresses: fwhsieh@gmail.com, f.xie@uq.edu.au (D.F. Xie).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.01.024
and molecular solubilization (Russo et al., 2009). The gelatiniza-
tion process is essential in the processing of foods and emerging
biodegradable starch-based materials.

For improving starch’s processibility and product properties,
adding new functionalities, and expanding the current applica-
tions, it is not uncommon to carry out processing of starch in
environments containing substances other than water. Various
plasticizers and additives for starch processing that have been
used include polyols (glycerol, glycol, sorbitol, etc.) and nitrogen-
containing compounds (urea, ammonium derived, and amines)
(Liu, Xie, Yu, Chen, & Li, 2009; Xie, Halley, & Avérous, 2012). How-
ever, these plasticizers or additives either are not stable under
normal processing conditions, can be lost from the final prod-
uct, or are hydroscopic. An alternative class of materials known
as ionic liquids (ILs), now commonly defined as salts which
melt below 100 ◦C, has recently attracted much interest for the
processing of biopolymers including starch. Many ILs, especially
ones based on the imidazolium cation, outperform other plasticiz-
ers and additives as they directly dissolve polysaccharides such as
starch and thus can be used as an excellent media for polysaccha-

ride plasticization and modification (Biswas, Shogren, Stevenson,
Willett, & Bhowmik, 2006; El Seoud, Koschella, Fidale, Dorn, &
Heinze, 2007; Wilpiszewska & Spychaj, 2011; Zakrzewska, Bogel-
Łukasik, & Bogel-Łukasik, 2010; Zhu et al., 2006). Furthermore,

dx.doi.org/10.1016/j.carbpol.2013.01.024
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:fwhsieh@gmail.com
mailto:f.xie@uq.edu.au
dx.doi.org/10.1016/j.carbpol.2013.01.024


S. Mateyawa et al. / Carbohydrate P

N

N O

O

F

s
m
I
r
p
r
A
&
L
Z
C
w
a
a
h

t
(
o
(
B
s
t
t
c
C
h
a
m
s
h
a
i

s
[
w
m
s
T
t
w
t
s

[
e
w
e
t
l
(
T
F
L

t

ig. 1. Chemical structure of 1-ethyl-3-methylimidazolium acetate ([Emim][OAc]).

tudies have shown that starch-based ionically conducting poly-
ers or solid polymer electrolytes could be developed by using

Ls as plasticizers, such as 1-allyl-3-methylimidazlium chlo-
ide ([Amim][Cl]), 1-butyl-3-methylimidazolium hexafluorophos-
hate ([Bmim][PF6]), or 1-butyl-3-methylimidazolium trifluo-
omethanesulfonate ([Bmim][CF3SO3]) (Liew, Ramesh, Ramesh, &
rof, 2012; Ramesh, Liew, & Arof, 2011a; Ramesh, Shanti, Morris,

 Durairaj, 2011b; Ramesh, Shanti, & Morris, 2012; Wang, Zhang,
iu, & He, 2009a; Wang, Zhang, Wang, & Liu, 2009b; Wang,
hang, Liu, & Han, 2010b). Sankri et al. (2010) and Leroy, Jacquet,
oativy, Reguerre, & Lourdin (2012) have already done pioneering
ork using 1-butyl-3-methylimidazolium chloride ([Bmim][Cl])

s a new plasticizer in melt processing of starch-based materi-
ls and improvements in plasticization, electrical conductivity, and
ydrophobicity were demonstrated.

It is worth noting that many of the ILs used previously to plas-
icize starch contained the corrosive [Cl−] anion (e.g. [BMIM][Cl])
Wilpiszewska and Spychaj, 2011). By heat dispersion in this type
f IL, macromolecular degradation of starch could be observed
Kärkkäinen, Lappalainen, Joensuu, & Lajunen, 2011; Stevenson,
iswas, Jane, & Inglett, 2007), due to acidic hydrolysis of glyco-
idic bonds in starch-based materials. Specifically, the reason for
his degradation is the formation of HCl (as a result of the pro-
onation of [Cl−] anion in the presence of moisture), which can
atalyze the depolymerization of starch (Kärkkäinen et al., 2011).
onsidering these issues, it has been suggested that ILs with non-
alogen-containing anions such as 1-ethyl-3-methylimidazolium
cetate ([Emim][OAc]) (see Fig. 1 for chemical structure) may  be
ore suitable for the development of high-performance functional

tarch-based materials. [Emim][OAc] has a very low vapor pressure,
igh thermal stability, and relatively low viscosity at room temper-
ture (Liu & Budtova, 2012), which enables it to be used with starch
n a wide range of processing conditions.

Very recently, Liu and Budtova (2012) carried out a quality
tudy of gelatinization/dissolution of waxy maize starch in water/
Emim][OAc] mixtures of different ratios by microscopy. Compared
ith pure water or neat [Emim][OAc], the water/[Emim][OAc]
ixtures of certain ratios produced better gelatinization and dis-

olution of starch at elevated temperature (Liu and Budtova, 2012).
heir results also showed that the dependence of gelatiniza-
ion/dissolution parameters on the ratio of water/[EMIM][OAc]
as quite complex. However, the mechanism of such gelatiniza-

ion/dissolution was not well understood and it is unlikely that
tarch–IL gelatinization is best revealed using solely microscopy.

This paper focuses on understanding the role of water/
Emim][OAc] mixtures in starch gelatinization/dissolution and the
stablishment of the corresponding mechanisms. Maize starches
ith different amylose contents have been used. They are inter-

sting because that they can be directly provided by nature and
he varied amylose content has an impact on the native granu-
ar structures, processing behaviors, and final product properties
Chaudhary, Miler, Torley, Sopade, & Halley, 2008; Chaudhary,
orley, Halley, McCaffery, & Chaudhary, 2009; Li et al., 2011; Tan,

lanagan, Halley, Whittaker, & Gidley, 2007; Wang, Yu, Xie, Chen,
i, & Liu, 2010a; Xie et al., 2009, 2012).

The three most recognized techniques for starch gelatiniza-
ion characterization were used; namely differential scanning
olymers 94 (2013) 520– 530 521

calorimetry (DSC), rapid visco analysis (RVA), and microscopy. DSC
provides the possibility of analyzing the transition temperatures
as well as the transition enthalpies, which correspond to the melt-
ing of crystalline structures in starch during heating. RVA, which is
used as an industrial standard, detects the viscosity change of starch
slurries during a pre-set controlled heating and cooling, where the
gelatinization process (which results in viscosity changes) can be
revealed. Microscopy is a simple but reliable method in the study of
starch as it reveals the morphology (under normal light) and crys-
talline structures (under polarized light) of starch. To the best of
our knowledge, this is the first work involving the use of these dif-
ferent techniques in the study of starch phase transitions in ionic
liquid–water environments and the exploration of the possibility to
dissolve starch at reduced temperature. Basic knowledge related to
the use of ILs in starch processing is thus provided, which is valuable
for future work.

2. Materials and methods

2.1. Materials

Four varieties of commercially available maize starches were
used in this work, including waxy maize starch (Mazaca 3401X)
(WMS), regular maize starch (Avon Maize Starch) (RMS), Gelose
50 (G50), and Gelose 80 (G80). RMS  was supplied by New Zealand
Starch Ltd. (Onehunga, Auckland, New Zealand) and the other three
starches were supplied by National Starch Pty Ltd. (Lane Cove
NSW 2066, Australia). All starches were chemically unmodified
and the amylose contents for these four types of starches were
3.4%, 24.4%, 56.3% and 82.9%, respectively, as measured by Tan
et al. (2007) using the iodine colorimetric method. The original
moisture contents of the four starches were 12.4%, 14.1%, 13.6%,
and 14.4%, respectively. Deionized water was  used in all instances.
[Emim][OAc] of purity ≥90%, produced by BASF, was supplied by
Sigma–Aldrich. [Emim][OAc] was  used as received without further
purification but the purity was  considered for molar ratio calcu-
lation. As [Emim][OAc] was  in liquid form at room temperature,
different ratios of water/[Emim][OAc] mixture could be easily pre-
pared in vials for subsequent studies. Water and [Emim][OAc] were
completely miscible according to the [Emim][OAc] specifications
provided by BASF. The mass ratios of water/[Emim][OAc] used were
10/0, 9/1, 7/3, 5/5, 4/6, 2/8, and 0/10; and the related molar ratios
were 1/0 (pure water), 96.0/1, 25.0/1, 10.8/1, 7.2/1, 2.8/1, 0.1/1 (also
in Appendix A). Molar ratio will be used in Sections 3 and 4.

2.2. DSC

A TA Q2000 DSC (TA Instruments, Inc., New Castle, DE 19720,
USA) was used to investigate the thermal transition of native
starches in water/[Emim][OAc] mixtures. 1.5–3 mg  of starch was
weighed into the 40 �L Tzero aluminium pan (TA Instruments), to
which was then added, by a microsyringe, the water/[Emim][OAc]
mixture, in the amount 10 times that of the starch. Then, a pin was
used to gently mix  starch with the plasticizer. After sealing, the
pan was  gently shaken for a few seconds. The mixing and shaking
were to ensure the starch granules were completely immersed and
equally dispersed in the liquid but did not sediment at the bottom
of the pan. The pans thus prepared were transferred into the DSC
machine for immediate analysis to avoid sedimentation of starch
granules or time effects of the water/[Emim][OAc] mixture on
starch. An empty pan was used as a reference. The pans were heated

from 20 ◦C to 120 ◦C at a scanning rate of 5 ◦C/min. The instrument
was calibrated using indium as a standard. At least two runs were
carried out for each sample to ensure the consistency of the results.
The Universal Analysis 2000 (TA Instruments–Waters LLC) software
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as used to analyze the main gelatinization endotherm of the DSC
races for the onset (To), peak (Tp), and conclusion (Tc) tempera-
ures, the thermal transition temperature range (�T, i.e. Tc − To),
nd the enthalpy (�H).

.3. RVA

The pasting properties of all starch samples were determined
ith a rapid visco analyzer RVA 4 controlled by Thermocline for
indows version 2.2 (Newport Scientific Pty Ltd., Warriewood

SW 2102, Australia). The RVA sample preparation procedure and
eating profile followed a previous study (Torley, Rutgers, D’Arcy,

 Bhandari, 2004). Briefly, a 3.0 g starch sample was  weighed into a
ample test canister and 25.0 g of the water/[Emim][OAc] mixture
as added. The RVA impeller was jogged up and down and rotated

n the canister to suspend the starch in the liquid. The RVA canister
nd impeller were then positioned in the RVA and the trial started.
he test profile involved stirring at 960 rpm for 10 s at 50 ◦C, stirring
t 160 rpm for 50 s at 50 ◦C (this rotation rate was maintained in all
ubsequent stages of the test), heating from 50 ◦C to 95 ◦C within
25 s, holding at 95 ◦C for 300 s, cooling from 95 ◦C to 50 ◦C within
85 s, and holding at 50 ◦C for 300 s. The total test time was 1170 s
19.5 min).

The RVA pasting curve was analyzed to determine a series
f characteristic parameters, including pasting temperature (tem-
erature at which viscosity starts to increase), peak viscosity
maximum viscosity during heating to or holding at 95 ◦C), trough
iscosity or holding strength (minimum viscosity after peak vis-
osity has been reached), and final viscosity (viscosity at the end of
un). Breakdown (difference between trough viscosity and peak vis-
osity) and setback (difference between final viscosity and trough
iscosity) were calculated. However, this kind of analysis was  not
ossible for some of the curves due to the irregularity of shape. The
iscosity in RVA is expressed in rapid visco units (RVU)

.4. Microscopy

A polarization microscope equipped with a CMOS camera was
sed in the experimental work. The magnification used was ×400
40 × 10). Both normal and polarized light were used to obtain the

icroscopic images of the starch samples (native starches, and the
tarch samples from DSC and RVA) at room temperature. At least
hree replicates were performed for each sample to ensure consis-
ent results.

For the observation of native starches, suspensions with 0.5%
tarch were prepared in glass vials. A small drop of starch suspen-
ion was transferred by a microsyringe onto a glass slide which was
hen covered by another glass slide. Silicon adhesive was used to
eal the starch suspension between the two glass slides to avoid
vaporation during observation.

Microscopic observation of starch samples after DSC treatment
as also carried out. After DSC scanning to specific temperatures,

he starch samples were rapidly cooled to room temperature.
mmediately after that, the starch sample was taken out of the
SC pan for microscopic observation using the same method as for
ative starches. The sample was further dispersed if the particles
ere too dense.

.5. pH

All pH values are shown for samples at room temperature. For

easuring the pH value of water/[EMIM]OAc mixture with starch,
axy maize starch was used as an example. In this case, pH mea-

urements were carried out according to the method ISI 26-5e of
nternational Starch Institute.
olymers 94 (2013) 520– 530

2.6. Rheology

Rheological measurements were carried out at 22 ◦C on a TA AR
G2 stress controlled rheometer using a 40 mm Titanium parallel-
plate at a commanded gap of 30 �m;  temperature was  controlled at
the bottom plate using the peltier unit. To limit evaporation, 10 cSt
silicone oil (E200, Esco) was  washed over the outer edge of the plate
and a cover used over the geometry.

By using a narrow gap, we  reduce the required sample vol-
ume  and achieve shear rate of 105 s−1. The narrow gap technique
is detailed elsewhere (Davies & Stokes, 2005, 2008). Briefly, the
gap error that arises from plate misalignment and other factors
must be measured and then several calculations were performed
post-testing: (1) the gap error correction is applied to �; (2) the par-
allel plate correction is applied to �, which accounts for the radial
dependence of the shear rate when using the parallel-plate; and
(3) a check that the Reynolds number (Re = �h2�̇R/�)  is below 100,
which is a test for secondary flow effects.

3. Results

3.1. Effect of water/[Emim][OAc] ratio on the
gelatinization/dissolution of maize starches with different
amylose contents

Fig. 2a–d show the DSC results of maize starches with different
amylose content in water/[Emim][OAc] mixtures of various ratios,
and the endothermic characteristics are summarized in Table 1. The
axes scales in the figures are made the same for better comparison
of the results of different starches.

There are several known transitions that can be seen in the DSC
results of the different starches. It can be seen from Fig. 2a that for
WMS in pure water, there was  a single well-defined endothermic
peak between 64 ◦C and 84 ◦C, which is undoubtedly attributed to
the gelatinization (G) of amylopectin (Liu, Yu, Xie, & Chen, 2006;
Perry & Donald, 2000; Perry & Donald, 2002; Tan, Wee, Sopade,
& Halley, 2004). An additional peak termed M1,  which usually
appears at low water or plasticizer content (H. Liu et al., 2006;
P. Liu et al., 2011), reflecting the helix-coil transformation asso-
ciated with the unwinding of amylopectin double helices and loss
of the starch granular birefringence (Waigh, Gidley, Komanshek,
& Donald, 2000), was  not observed here. The gelatinization peak,
G, related to the transition from smectic to nematic phase for B-
type starches such as G50 and G80, and from smectic to isotropic
phase for A-type starches such as WMS  and RMS  (Waigh et al.,
2000), appears to have completely overlapped with the M1  tran-
sition because of the excess of water/[Emim][OAc] used. The M2
transition is related to the phase transition of amylose-lipid com-
plex (Biladeris, Page, Slade, & Sirett, 1985; Jovanovich & Añón,
1999; Raphaelides & Karkalas, 1988), and, as expected, was not
observed for WMS  because of their rather low amylose content,
but it was observed for G50 and G80. With the variation in the
water/[Emim][OAc] ratio from pure water to 25.0/1 mol/mol, the
gelatinization peak moved to a higher temperature accompanied
with a greater �H (cf. Fig. 2a and Table 1).

Microscopic images in Fig. 3 substantiate the increase in the
gelatinization temperature as, while there was  no apparent change
in starch granules at the To, almost all the granules were destroyed
with the absence of the birefringence at the Tc. However, a further
decrease in the water/[Emim][OAc] ratio resulted in the gela-
tinization peak moving toward a lower temperature and the area

under the peak becoming smaller. When the ratio was changed to
7.2/1 mol/mol, the gelatinization peak shifted to a lower temper-
ature (between 35 ◦C and 48 ◦C) accompanied by an exothermic
peak that partially overlapped this peak at lower temperature.
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Table  1
DSC results of different starches with various water/[Emim][OAc] ratios.

Sample water/[Emim][OAc]
molar ratio

To (◦C) Tp (◦C) Tc (◦C) �T (◦C) �H  (J/g)

WMS  Pure water 64.49 ± 0.09a 71.92 ± 0.03 83.80 ± 0.08 19.29 ± 0.00 19.85 ± 0.69
96.0/1 73.53 ± 0.16 79.82 ± 0.58 91.13 ± 0.00 17.60 ± 0.16 22.17 ± 0.74
25.0/1  75.78 ± 0.09 82.50 ± 0.56 94.69 ± 0.00 18.91 ± 0.09 27.85 ± 0.60
10.8/1  57.29 ± 0.12 63.18 ± 0.02 71.67 ± 0.09 14.38 ± 0.03 16.23 ± 0.21
7.2/1  35.54 ± 0.38 40.83 ± 0.24 47.69 ± 0.05 12.15 ± 0.36 6.95 ± 1.72
2.8/1  Exothermic peak
0.1/1 Exothermic peak

RMS Pure water 61.99 ± 0.08 68.27 ± 0.24 80.09 ± 0.07 18.10 ± 0.07 17.60 ± 1.01
96.0/1  72.36 ± 0.11 77.46 ± 0.26 90.01 ± 0.00 17.66 ± 0.11 17.96 ± 0.30
25.0/1  76.40 ± 0.40 81.33 ± 0.25 89.21 ± 0.06 12.81 ± 0.40 16.82 ± 1.59
10.8/1  53.21 ± 0.23 58.70 ± 0.26 67.60 ± 0.07 14.39 ± 0.30 15.88 ± 0.84
7.2/1  42.47 ± 0.11 47.29 ± 0.14 54.72 ± 0.93 12.25 ± 0.95 6.44 ± 0.30
2.8/1 Exothermic peak
0.1/1 Exothermic peak

G50  Pure water 67.45 ± 0.08 76.78 ± 0.82 111.21 ± 0.10 43.76 ± 0.17 25.20 ± 1.67
96.0/1  73.89 ± 1.26 82.10 ± 0.25 112.44 ± 0.09 38.55 ± 1.17 33.56 ± 0.33
25.0/1 77.91 ±  0.03 85.06 ± 0.04 110.85 ± 0.00 32.94 ± 0.03 24.94 ± 0.70
10.8/1  54.31 ± 0.09 79.07 ± 0.24 96.01 ± 0.09 41.70 ± 0.18 25.09 ± 1.17
7.2/1  Exothermic peak
2.8/1 Exothermic peak
0.1/1 Exothermic peak

G80  Pure water 66.18 ± 0.79 79.51 ± 0.17 108.27 ± 0.00 42.07 ± 0.75 24.32 ± 1.32
96.0/1 69.66 ±  1.65 92.48 ± 0.71 108.36 ± 0.08 38.71 ± 1.56 53.08 ± 1.19
25.0/1  75.70 ± 0.28 88.69 ± 0.65 114.26 ± 0.00 38.57 ± 0.28 32.36 ± 0.06
10.8/1 Endothermic peak, but too

weak to determine
7.2/1 Exothermic peak
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2.8/1
0.1/1 

a Standard deviation.

he gelatinization peak in this case appeared relatively moderate
i.e., with reduced enthalpy, compared to the other peaks at lower
Emim][OAc] content) with a possible reason being that it has been
ffset by the exothermic transition. From the microscopic images
n Fig. 3, it can be seen that immediately after the endothermic
nd exothermic transitions (i.e. 48 ◦C), the granules were largely
wollen and even destroyed, although some granules were still
etained and showed birefringence. The granules were completely
estroyed at 100 ◦C, suggesting that the granules continued to be
roken down between 48 ◦C and 100 ◦C even though there were no
SC peaks found in this temperature range.

When the 0.1/1 water/[Emim][OAc] mixture was used, a very
arge and broad exothermic peak occurred with its peak at a tem-
erature as high as 88 ◦C. In this case, no endothermic transition like
elatinization was observed. This could be either that an endother-
ic  transition did not occur or that it did, but was concealed by

he large exothermic transition. Microscopy (Fig. 3) further shows
hat gelatinization had not started before 48 ◦C (the Tc in the
.2/1 water/[Emim][OAc] mixture); however, complete disruption
f granular and crystalline structures did occur between 48 ◦C and
00 ◦C (or somewhere during the exothermic transition).

It can be seen from Fig. 2 and Table 1 that the water/[Emim][OAc]
atio had a very similar effect on the phase transition behavior of
MS, G50, and G80, as it did on that of WMS  as reported above. With
igher amylose content, the gelatinization peak became less sharp
nd even appeared as a shoulder, which is believed to be related
o the phase transition of amylose-lipid complex (M2) (Biladeris
t al., 1985; Jovanovich & Añón, 1999; Raphaelides and Karkalas,
988). From the microscopic images in Fig. 3, it can be seen that
here had already been some degree of change for RMS  in the 25.0/1

ater/[Emim][OAc] mixture before the To. This change, however,
as not evident for G50 and G80. The microscopic images also show

hat the granules, while swollen, were not fully solubilized at the Tc

or these starches in pure water or the 25.0/1 water/[Emim][OAc]
Exothermic peak
Exothermic peak

mixture. G50 and G80 even maintained some intact granules at
the Tc. This is no surprise since high amylose starches like G50
and G80 are known to have difficulty in reaching complete gela-
tinization (Chen, Yu, Kealy, Chen, & Li, 2007; H. Liu et al., 2006;
P. Liu et al., 2011). Gelatinization of these high amylose materials
typically requires higher temperatures or shear treatment.

With the decrease in water/[Emim][OAc] ratio from pure water
to 96.0/1 mol/mol, and then to 25.0/1 mol/mol, the �H first
increased and then decreased for RMS, G50, and G80, which is dif-
ferent from the case of WMS.  This trend was  more prominent when
the amylose content was higher. In addition to these, it is note-
worthy that the exothermic transition for the four starches in the
7.2/1 water/[Emim][OAc] mixture gradually moved to higher tem-
perature (33 ◦C, 40 ◦C, 41 ◦C, and 47 ◦C, respectively) with higher
amylose content. However, when the 0.1/1 water/[Emim][OAc]
mixture was used, this trend was not observed. Nonetheless,
RMS  had a higher peak temperature of the large exothermic
transition than any other maize starch. The microscopic results
show that while RMS  and G50 showed similar results to WMS
— in that the 7.2/1 water/[Emim][OAc] mixture displayed some
degree of change before the Tc of the endothermic/exothermic
transition — much less change was  observed for G80. Again,
in the 7.2/1 water/[Emim][OAc] mixture, most of the structural
change occurred at higher temperature than the Tc. In the 0.1/1
water/[Emim][OAc] mixture, higher temperature was  needed for
the structural breakdown to start, when compared to the 7.2/1
water/[Emim][OAc] mixture.

3.2. Effect of water/[Emim][OAc] ratio on the pasting properties
of maize starches with different amylose contents
Fig. 4 shows the RVA results of maize starches with dif-
ferent amylose contents as affected by the water/[Emim][OAc]
ratio; and the characteristic parameters of RVA pasting curves are
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Fig. 2. DSC results of different starches (a–d: WMS,  RMS, G50, and G80, respectively)
in  water/[Emim][OAc] mixtures of different ratios.
olymers 94 (2013) 520– 530

summarized in Table 2. The axes scales of the figures are made the
same for better comparison of the results from different starches.

It can be seen from Fig. 4a that the water/[Emim][OAc] ratio
had a significant impact on the RVA profile of WMS.  The past-
ing temperature of WMS  in pure water was  72 ◦C; and this
temperature was increased to 81 ◦C and to 82 ◦C for the sam-
ple in the 96.0/1 water/[Emim][OAc] mixture and the 25.0/1
water/[Emim][OAc] mixture, respectively (cf. Table 2). How-
ever, when the water/[Emim][OAc] ratio was further reduced to
7.2/1 mol/mol, the pasting temperature decreased to <50 ◦C. This
shows the same trend as observed by DSC.

It is no surprise to see the difference between the pasting
temperature obtained by RVA and the To obtained by DSC as the
change in crystalline structures should be prior to the increase
in viscosity as a result of granular swelling during gelatinization.
Previous studies (Liu, Lelievre, & Ayoung-Chee, 1991; Xie, Yu,
Chen, & Li, 2008) have also shown that different techniques detect
starch gelatinization in different ways giving slightly different
values. On the other hand, the decrease in water/[Emim][OAc]
ratio resulted in an upward shift of the entire pasting curve to
higher viscosity values. This is especially the case for the sample
in the 7.2/1 water/[Emim][OAc] mixture. The peak viscosity is as
high as 14235 RVU, which is much higher than those (3741 RVU,
3795 RVU, and 4411 RVU, respectively) of the samples in pure
water, in the 96.0/1 water/[Emim][OAc] mixture, and in the 25.0/1
water/[Emim][OAc] mixture.

However, when the 0.1/1 water/[Emim][OAc] mixture was
used, a different curve profile was observed. The pasting tem-
perature (80.6 ◦C) was similar to that of the sample in the 96.0/1
water/[Emim][OAc] mixture and the peak viscosity was  lower
than those in all other cases. In the 0.1/1 water/[Emim][OAc]
mixture, the breakdown viscosity was small but there was a rel-
atively big setback viscosity (cf. Table 2). Furthermore, the final
viscosity of WMS  in the different mixtures was  in the order
pure water <96.0/1 mol/mol, <25.0/1 mol/mol, <7.2/1 mol/mol, and
<0.1/1 mol/mol (cf. Fig. 4), corresponding to, but not necessarily
solely contributed by, the viscosity of the mixture.

From Fig. 4b–d and Table 2, it can be observed that WMS,  RMS,
G50, and G80 also showed the same effects of water/[Emim][OAc]
ratio on pasting temperature and viscosity. Again, the effects
from RVA corresponded well to the results from DSC, except
that the gelatinization temperature of the samples in the 0.1/1
water/[Emim][OAc] mixture could not be detected by DSC. It is
also worth noting that the final viscosity of RMS  in the 7.2/1
water/[Emim][OAc] mixture was  lower than in the other mixtures.
Another noteworthy fact is that high-amylose starches G50 and
G80 showed irregular RVA curves because of their difficulty to gela-
tinize; i.e., they required much higher temperatures to complete
gelatinization (H. Liu et al., 2006). Trough viscosity could not be eas-
ily identified, as an increase in viscosity during temperature holding
at 95 ◦C could be observed in some cases. This could be due to the
fact that a prolonged process of granular swelling (which resulted in
a viscosity increase) occurred in parallel with the granular disrup-
tion (which contributed to a viscosity decrease). This is especially
the case for G50 in the 25.0/1 water/[Emim][OAc] mixture. More-
over, negligible or very small increases in viscosity were observed
for G80 in pure water, or in the 96.0/1 or 25.0/1 water/[Emim][OAc]
mixtures, showing very limited granular swelling. However, in the
case of G50 or G80 in the 7.2/1 water/[Emim][OAc] mixture, a
prominent increase in viscosity and a typical RVA curve pattern
could still be observed, representing the “gelatinization process”
and the following pasting behavior, which is in contrast to the

results from DSC where no endothermic transition could be found.
The initial viscosity increases in this case were much more remark-
able that those of G50 and G80 in the 0.1/1 water/[Emim][OAc]
mixture. Furthermore, while the final viscosity as a result of a strong
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Table  2
Characteristic parameters of RVA pasting curves of different starches with various water/[Emim][OAc] ratios.

Sample Water/[Emim][OAc]
molar ratio

Pasting
temperature (◦C)

Peak viscosity
(RVU)

Trough
viscosity (RVU)

Final viscosity
(RVU)

Breakdown
viscosity (RVU)

Setback
viscosity (RVU)

WMS  Pure water 72.1 3741 1398 1814 2343 416
96.0/1 80.7 3795 1609 1901 2186 292
25.0/1 82.4 4411 2100 2559 2311 459
7.2/1  <50 14,235 2613 3585 11,622 972
0.1/1  80.6 2611 2385 5019 226 2634

RMS  Pure water 74.0 3293 1668 3018 1625 1350
96.0/1 80.2 3520 2068 3024 1452 956
25.0/1 84.0 6025 2289 3790 3736 1501
7.2/1 ≤50  10,046 1511 2165 8535 654
0.1/1  79.8 2973 2946 7392 27 4446

G50  Pure water 73.5 1046 – 685 – –
96.0/1  81.3 767 – 422 – –
25.0/1  86.6 1933 – 1010 – –
7.2/1 ≤50  6046 3698 4567 2348 869
0.1/1  75.6 1742 1672 5208 70 3536

G80 Pure water – – – – – –
96.0/1  – – – – – –
25.0/1  85.8 136 119 136 17 17
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7.2/1  81.2 3180 

0.1/1  73.8 323 

etback for WMS,  RMS, and G50 in the 0.1/1 water/[Emim][OAc]
ixture was higher than those of these samples in the aqueous
ixtures, this was not the case for G80, of which the final viscosity

n the 0.1/1 water/[Emim][OAc] mixture was much lower than that
n the 7.2/1 water/[Emim][OAc] mixture.

Fig. 5 shows the microscopic images of the four starches before
nd after the RVA process. Compared with the native starches
hich have intact granules and bright birefringence patterns, the

amples after the RVA process have different degrees of gelatiniza-
ion as influenced by the water/[Emim][OAc] mixtures.

For WMS,  full gelatinization in any of the mixtures could be
onfirmed by both the normal light images which show complete
issolution except for just a few granular remains and the polarized

ight images which show no residual polarization (black).
For RMS, pure water and the 96.0/1 (not shown in the fig-

re) and 25.0/1 water/[Emim][OAc] mixtures resulted in a textural
attern under normal light, despite that no birefringence was
bserved under polarized light. This textural pattern, however, was
ot shown for RMS  in the 7.2/1 water/[Emim][OAc] mixture. This
ould correspond to the lower final viscosity of RMS  in the 7.2/1
ater/[Emim][OAc] mixture as mentioned above. Full dissolution
as also observed for RMS  in the 0.1/1 water/[Emim][OAc] mixture.

For high-amylose starches such as G50 and G80, the granules,
hough expanded, were largely retained after RVA treatment with
ure water, or the 96.0/1 (not shown in the figure) or 25.0/1
ater/[Emim][OAc] mixture. The polarized light images show very

light birefringence for G80 in the 96.0/1 (not shown in figure) or
5.0/1 water/[Emim][OAc] mixtures. It is known that, at least in
ure water, G50 and G80 cannot be fully gelatinized under 95 ◦C
the highest temperature used in RVA) (H. Liu et al., 2006). Never-
heless, the granules became blurred and no birefringence could be
bserved after RVA treatment with the 7.2/1 water/[Emim][OAc]
ixture. Complete dissolution was observed for all the starches in

ure [Emim][OAc] after RVA treatment.

. Discussion

.1. Gelatinization vs. dissolution (endothermic transition vs.

xothermic transition)

Our discussion starts with WMS  because it is considered espe-
ially interesting due to its high amylopectin component. As
42 3482 638 940
85 781 38 496

shown in the DSC (Fig. 2) and RVA (Fig. 4) data above, a decrease
in water/[Emim][OAc] ratio from pure water to 25.0/1 mol/mol
resulted in an increase in the gelatinization temperatures, but a fur-
ther decrease to 7.2/1 water/[Emim][OAc] molar ratio contributed
to a decrease in the gelatinization temperature. Though DSC could
not reveal the gelatinization process (only a large exothermic peak
was observed) in the 2.8/1 or 0.1/1 water/[Emim][OAc] mixture,
microscopic images (cf. Fig. 3) and RVA results (cf. Fig. 4) showed
that “gelatinization” was moved to a higher temperature (a temper-
ature similar to that of the sample in the 96.0/1 water/[Emim][OAc]
mixture). Similarly, Liu and Budtova (2012) also observed an unex-
pected effect of water/[Emim][OAc] on the phase transition of
WMS.

The unexpected trend described above lead us to consider
that two  processes control the phase transition of starch in
the water/[Emim][OAc] mixtures, i.e., gelatinization and disso-
lution. Gelatinization is known to be an endothermic process
which requires energy to break the internal hydrogen bonds
and to melt the native crystalline structures. In gelatinization,
granular swelling and disruption occur before molecular solubi-
lization. It has been shown by nuclear magnetic resonance (NMR)
spectroscopy and molecular dynamics that solvation involves
the formation of hydrogen bonds between the anions of the
imidazolium salt and the hydroxyl hydrogen atoms of the car-
bohydrate in approximately a stoichiometric ratio (Moulthrop,
Swatloski, Moyna, & Rogers, 2005; Novoselov, Sashina, Petrenko,
& Zaborsky, 2007; Remsing, Swatloski, Rogers, & Moyna, 2006;
Youngs, Holbrey, Deetlefs, Nieuwenhuyzen, Costa Gomes, &
Hardacre, 2006; Youngs, Hardacre, & Holbrey, 2007). The dis-
solution of starch in [Emim][OAc] appears to be an exothermic
process possibly due to the interaction between starch and
[Emim][OAc].

Koganti, Mitchell, Ibbett, & Foster (2011) studied the thermal
transitions of starch in a mixture of water and N-methyl morpho-
line N-oxide (NMMO) (starch concentration in the mixed liquid
was fixed at 10%) and found that, while there was an endothermic
transition when the water/NMMO ratio was high, an exothermic
transition appeared when NMMO  became the major component

in the mixture liquid. P. Liu et al. (2011) suggested that the OH
bond interaction between dried starch and glycerol could gen-
erate a great amount of heat during “solvation of plasticizer”
with increasing temperature. Therefore in this study, the type of
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Fig. 3. Normal and polarized light (NL and PL, respectively) microscopic images of different native starches, and the related post-DSC samples in water/[Emim][OAc] mixtures
o efer t
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f  different ratios (pure water, 25.0/1 mol/mol, 7.2/1 mol/mol, and 0.1/1 mol/mol). R

ransition (endothermic or exothermic) could demonstrate
hether complete gelatinization or direct dissolution played a
ajor role.
In the case of WMS  in pure water or the 96.0/1, or 25.0/1

ater/[Emim][OAc] mixture, dissolution was negligible or only
layed a minor role before and/or simultaneously with the gela-
inization process in the phase transition. This can be demonstrated
y the microscopic images in Fig. 3 which show little change in
tarch until the To of gelatinization. For RMS, G50, and G80, the
issolution could play some role before and/or along with the gela-
inization process when the water/[Emim][OAc] molar ratio was
5.0/1, as shown by a decrease in the �H, and the microscopic
esults (especially of RMS).

At a water/[Emim][OAc] molar ratio of 7.2/1, the dissolution
layed the dominant role as evidenced by the exothermic peak

nd the reduced (for WMS  and RMS) or absent (for G50 and G80)
elatinization peak. For WMS  and RMS, the dissolution process in
.2/1 water/[Emim][OAc] mixture could “disrupt” the native gran-
lar structure, facilitating partial crystalline melting (cf. Fig. 2) and
o Appendix B for the definitions and values of T1 and T2.

granular swelling at lower temperature. Granular swelling would
involve the trapping of water and/or [Emim][OAc] molecules into
amylopectin aggregates, resulting in a viscosity increase as shown
in Fig. 4. Further gradual dissolution disrupts the remaining granu-
lar and crystalline structures. Also dissolution enabled G50  and G80
to undergo granular swelling at higher temperature, as evidenced
by an increase in viscosity measured by RVA (cf. Fig. 4). Despite the
granular swelling, it is considered that the crystalline structure of
G50 and G80 was completely destroyed by dissolution rather than
traditional melting since no endothermic transition was observed
in the DSC (cf. Figs. 2 and 3).

For all the starches, the 7.2/1 water/[Emim][OAc] mixture con-
tributed to a higher degree of structural disruption and dissolution
at the end of the RVA test than any other mixture with higher
water/[Emim][OAc] ratios (cf. Fig. 4). This conclusion was not

confirmed by the final viscosity, however other factors such as
the amylose/amylopectin ratio in starch, the degree of gelatiniza-
tion/dissolution, the molecular weight of the starch molecules
dissolved, and the related sensitivity to shear treatment and
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Fig. 4. RVA results of different starches (a–d: WMS,  RMS, G50, and G80, respectively)
in  water/[Emim][OAc] mixtures of different ratios (pure water, 96.0/1 mol/mol,
25.0/1 mol/mol, 7.2/1 mol/mol, and 0.1/1 mol/mol).
olymers 94 (2013) 520– 530 527

solubility (accounting for the viscosity breakdown) and retrogra-
dation (accounting for the viscosity setback) could be in play here.
Another thing that is worth noting here is that the exothermic peak
moved to higher temperature with an increase in amylose content
(cf. Fig. 2). This might demonstrate that the higher the amylose con-
tent, the more difficult is it for the dissolution to take place because
of the more compact structure (Chen, Yu, Simon, Petinakis, Dean,
& Chen, 2009).

For all the starches in the 0.1/1 water/[Emim][OAc] mixture
compared to those in 7.2/1 water/[Emim][OAc] mixtures, the phase
transition occurred at higher temperature (as seen in microscopic
images in Fig. 3 and RVA results in Fig. 4). While it is difficult
to know if an endothermic transition representing the crystalline
melting occurred because of the large exothermic peak covering
a wide temperature range, it could be proposed that the lack of
water resulted in the delay of the phase transition. Specifically, the
absence of water in the solution allowed more free hydroxyl groups
in starch to interact with [Emim][OAc] (demonstrated by the large
exothermic peak) whilst in other mixtures water interacted with
some hydroxyl groups in starch, leaving less for the interaction with
[Emim][OAc].

Accompanied by the gradual starch–[Emim][OAc] interaction,
a moderate increase in viscosity with very small viscosity break-
down in RVA (cf. Fig. 4) demonstrated that the granular swelling
and the structural disruption and dissolution happened simulta-
neously and continuously during temperature increasing to and
holding at 95 ◦C. Furthermore, a higher degree of dissolution
of starch molecules could be favorable for retrogradation dur-
ing cooling, resulting in a large viscosity setback in the 0.1/1
water/[Emim][OAc] mixture (cf. Fig. 4).

4.2. Role of the ionic liquid (gelatinization agent vs. solvent)

The concentration of [Emim][OAc] in the solution and the
related solution viscosity could play important roles in the dissolu-
tion of starch. The basicity of IL anions is primarily responsible for
the dissolution of biopolymers (Remsing et al., 2006). When starch
granules are dispersed in [Emim][OAc], the IL is able to sequentially
destroy the semicrystalline structure of native starch granules and
disrupt the intermolecular and intramolecular hydrogen bonding
network between hydroxyl groups of starch biopolymer.

Water acts as an anti-solvent and the strong interactions
between water and the IL ions are also exothermic. Water
can effectively tie up acetate ions forming acetic acid and
strong hydrogen bonds which prevent acetate–starch hydro-
gen bonding. When large amounts of water are present
(water/[Emim][OAc] ≥ 25.0/1 mol/mol), there is not enough [OAc]−

to interact with the polymer and gelatinization will be the
dominant process over dissolution. When larger amounts of
[Emim][OAc] are present (water/[Emim][OAc] ≤ 10.8/1 mol/mol),
more “free” acetate anions are available to disrupt the starch hydro-
gen bonding network and solubilize the starch.

When the water/[Emim][OAc] ratios are 10.8/1 mol/mol or
7.2/1 mol/mol, there can be both some free [OAc]− anions to inter-
act with starch for a dissolution function, and some free water
to interact with starch, for a gelatinization function. Here gela-
tinization and dissolution occurs simultaneously, as water and
[Emim][OAc] are both interacting with starch hydroxyls (possibly
in a competitive way).

When [Emim][OAc] at high concentration (water/[Emim]
[OAc] ≥ 2.8/1 mol/mol) is used, the interaction between [OAc]−
anions and starch hydroxyl groups might be restricted by
insufficient penetration through crystalline regions at lower tem-
peratures. Nevertheless, the exact cause will be probed in future
work.
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Fig. 5. Normal and polarized light (NL and PL, respectively) microscopic images of different native starches, and the related post-RVA samples in water/[Emim][OAc] mixtures
of  different ratios (pure water, 25.0/1 mol/mol, 7.2/1 mol/mol, and 0.1/1 mol/mol).
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. Conclusions

This study suggests that gelatinization and/or dissolution
ccount(s) for the phase transition of various starch systems and

he water/[Emim][OAc] ratio determines whether gelatinization or
issolution plays the dominant role. In contrast to gelatinization
hich is known to be an endothermic process, dissolution involves

he interaction between starch hydroxyl groups and [OAc]–anions,
hich is an exothermic process. At high water/[Emim][OAc] ratios

>25.0/1 mol/mol), the strong interactions between [Emim][OAc]
nd water decrease the available free [Emim][OAc] making dissolu-
ion more difficult, and thus gelatinization is mainly responsible for
he phase transition of the starch. The <7.2/1 water/[Emim][OAc]

ixture represents a solvent for which the phase transition of
tarch is predominantly influenced by dissolution. Dissolution by
Emim][OAc] can have the same impact as, and/or assist, gelatiniza-
ion by water in disruption of starch native granular and crystalline
tructures. In this case, water and [Emim][OAc] competitively inter-
ct with starch but play a synergistic role in the phase transition.
he dissolution process, however, become less easy when water
s absent in the system, which may  be due to decreased diffu-
ion to or through the starch. While starch with higher amylose
ontent is generally more difficult to be dissolved/gelatinized, the
ffect of water/[Emim][OAc] ratio on the gelatinization/dissolution
f different starches shows similar patterns.

While pure IL is widely used to dissolve polysaccharides, this
tudy demonstrates that there is a water/[Emim][OAc] mixture of
pecific ratio (7.2/1 mol/mol) that is effective in disruption of starch
ative granular and crystalline structures at reduced temperature.

n addition, different types of starch products (e.g. soluble starch,
re-gelatinized starch, starch solutions of different viscosities,
tc.) could be generated by using starches with different amylose
ontents and water/[Emim][OAc] mixtures of different ratios. Fur-
her understanding of the mechanism of gelatinization/dissolution
f starch in water/[Emim][OAc] mixtures would allow the design of
olvents for a wide range of starch applications such as production
f plasticized starch and chemical modification of starch. Work is
urrently under way in our laboratories toward this end.
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Appendix A. pH values and viscosities of the
water/[Emim][OAc] mixtures of different ratios.

t starch) pH (with starch) Viscosity (Pa s)

5.34 0.0009 ± 0.0000b

6.31 0.0013 ± 0.0000
6.50 0.0025 ± 0.0000
7.79 0.0061 ± 0.0000
n/ac 0.0104 ± 0.0002
10.58 0.0241 ± 0.0005
13.73 0.1120 ± 0.0096

Ac] is considered for calculation.

Appendix B. Temperatures used for microscopic
observation shown in Fig. 3.

Sample water/[Emim][OAc] molar ratio T1 (◦C)a T2 (◦C)a

WMS Pure water 64 84
25.0/1 75 95
7.2/1 48 100
0.1/1 48 100

RMS  Pure water 61 81
25.0/1 76 90
7.2/1 55 107
0.1/1 55 107

G50 Pure water 67 112
25.0/1 77 111
7.2/1 50 115
0.1/1 50 115

G80 Pure water 66 109
25.0/1 75 115
7.2/1 55 115
0.1/1 55 115

a For all the starches in pure water or the 22.5/1 water/[Emim][OAc] mix-
ture, T1 = To (DSC) and T2 = Tc (DSC); for all the starches in the 7.2/1 or 0.1/1
water/[Emim][OAc] mixture, T1 is the Tc of the endothermic/exothermic transition
in  7.2/1 water/[Emim][OAc] mixture and T2 is the Tc of the exothermic transition in
the  0.1/1 water/[Emim][OAc] mixture.
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