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a  b  s  t  r  a  c  t

We  investigated  hydration  of  acid  hydrolyzed  potato  starch  (maltodextrin)  employing  a  multi-method
approach.  In particular,  synchrotron  radiation  X-ray  scattering  and  differential  scanning  calorimetry
were  used,  and,  for the first  time,  the material  was  investigated  with  sorption  calorimetry  and  a  newly
developed  quartz  crystal  microbalance  with  humidity  scanning.  The  dry starch  was  found  to  be  in an
amorphous  state.  During  hydration  it exhibits  a glass  transition  in both  bulk  and  thin  film  samples,
eywords:
lass transition
rystallization
orption calorimetry
CM-D
-ray scattering

followed  by  an  exothermic  event  where  the  starch  crystallized.  Recrystallized  bulk  samples  displayed
neither  a pronounced  glass  transition  nor  crystallization  upon  hydration  whereas  both  events  occurred
in thin  film  samples.  The  hydration-driven  crystallization  resulted  in an X-ray  pattern  consistent  with
the  coexistence  of  A and B type  crystallites;  however,  at higher  water  concentrations  only  the  B  form
occurred.  The  results  were  used  to  construct  the  first ever  acid  hydrolyzed  starch–water  phase  diagram.

©  2014  Elsevier  Ltd. All  rights  reserved.

SC

. Introduction

Starch is a readily available biopolymer synthesized in densely
acked granules in plants for energy storage. Used in several
pplications in, e.g., the food, paper and packaging, and the phar-
aceutical industry, starch is a carbohydrate composed of the

wo polysaccharides amylose and amylopectin. While amylose
s essentially linear, amylopectin is highly branched with short
hains organized in clusters (Buléon, Colonna, Planchot, & Ball,
998; French, 1972). The granular organization of starch com-
rises alternating amorphous and semi-crystalline growth rings
Pérez & Bertoft, 2010). Native starch structure is an active research
rea and some of the major findings include the lamellar stack-
ng of amylopectin double helixes in the semi-crystalline growth
ings and that the amylopectin double helixes in the lamellae
an be organized in various ways such as the A and B type crys-
allinity (Hsein-Chih & Sarko, 1978a; Hsien-Chih & Sarko, 1978b).

hile cereal starches preferentially show A type crystallinity, tuber
tarches, such as potato, show B type crystallinity.
The native form of starch is not very useful in industrial
pplications; however, in the presence of water, starch under-
oes gelatinization upon heating. There is some debate in the
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italy.kocherbitov@mah.se (V. Kocherbitov).
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
literature about what the term gelatinization includes
(Karapantsios, Sakonidou, & Raphaelides, 2002; Lelièvre & Liu,
1994; Vermeylen et al., 2006b), but generally it is considered the
process where the starch granules swell, lose their long-order
structure, and, at least partially, dissolve. Starch gelatinization
has been widely studied by means of, e.g., differential scanning
calorimetry (DSC), X-ray and neutron scattering techniques, and
microscopy (Donovan, 1979; Jenkins & Donald, 1998; Karlsson &
Eliasson, 2003; Lelièvre & Liu, 1994; Morikawa & Nishinari, 2000;
Vermeylen et al., 2006a, 2006b; Waigh, Gidley, Komanshek, &
Donald, 2000). After the gelatinization process, starch can undergo
retrogradation upon storage below the gelatinization temperature
(Karlsson & Eliasson, 2003).

Another important material property of starch is its glass tran-
sition where the molecules in the amorphous fraction of the starch
transform from a frozen to a mobile state. Glass transitions of starch
have been measured by, e.g., DSC (Thiewes & Steeneken, 1997), and
it has been found that they are sensitive to the addition of plasticiz-
ers, i.e., small molecules such as water or glycerol, which shift the
glass transition to lower temperatures (Lourdin, Coignard, Bizot,
& Colonna, 1997). The presence of crystallites in the material can
make the detection of the glass transition in DSC difficult since the
fraction of amorphous material can be small and the step in the
heat capacity thus small. It should be noted that parts of the same

chain can be in a crystallite whereas another part is in a disordered
state in semi-crystalline polymers (Thiewes & Steeneken, 1997).

One way  of increasing the usefulness of starch for industrial
applications is by treating it with acid at elevated temperature.
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t is mainly the amorphous part of the native starch that is sub-
ected to acid hydrolysis and the method is used as a pretreatment
n various industrial applications (e.g., for gums, pastilles, jellies)
o decrease viscosity and increase gel strength (Knill & Kennedy,
005). Acid hydrolysis is also used to determine the degree of crys-
allinity of native starches (Buléon et al., 1998) and to prepare starch
anocrystals (Lin, Huang, Chang, Anderson, & Yu, 2011).

In the present work, we characterize mixtures of spray-dried
cid hydrolyzed potato starch (maltodextrin) and water using

 combination of sorption calorimetry, small- and wide-angle
-ray scattering, humidity scanning quartz crystal microbalance
ith dissipation monitoring, and differential scanning calorime-

ry. Although acid hydrolyzed starch to some extent has been
haracterized before, there is a lack of systematic studies. The
im of the present study is thus to investigate the hydration or
emperature-induced reorganization of the material. Moreover,
ased on all obtained data we construct the first to our knowledge
emperature–composition phase diagram of the acid hydrolyzed
otato starch–water system.

. Materials and methods

.1. Materials

Spray-dried acid hydrolyzed potato starch (maltodextrin) was
roduced by Lantmännen Reppe AB (Växjö, Sweden). The mass
istribution of the material was supplied by the manufacturer (Sup-
lementary Material, Figure S1). Native potato starch was  obtained
rom Lyckeby Starch AB (Kristianstad, Sweden).

Samples for differential scanning calorimetry (DSC) and
mall/wide-angle X-ray scattering were prepared either by adding
ater directly to dried starch or by equilibrating the dried starch

n controlled relative humidity using saturated salt solutions
Greenspan, 1976). Recrystallized acid hydrolyzed starch was pre-
ared by equilibrating the material at 97.3% RH (in the presence
f a saturated K2SO4 solution) for 1 week. The material was  subse-
uently dried in vacuum in the presence of 3 Å molecular sieves and
round in a mortar. Before use, the recrystallized starch was further
ried in vacuum for 24 h at room temperature in the presence of
Å molecular sieves.

Completely dry material is required for sorption calorimetry
xperiments, i.e., the water activity and the water content should
nitially be zero. Therefore, after drying for 24 h in vacuum at room
emperature in the presence of 3 Å molecular sieves, the sample
as transferred to the sorption calorimetry cell inside a glove box
ith a dry atmosphere.

.2. Scanning electron microscopy

The appearance of acid hydrolyzed potato starch in comparison
o native starch was examined with a scanning electron microscope
Zeiss EVO LS10 SEM). The experiments were performed at 25 ◦C
nder vacuum and then at defined relative humidity. The mate-
ial was dried in vacuum to ensure minimal moisture content, and
eposited on a standard sample holder covered with graphite.

.3. Sorption calorimetry

Hydration of starch was investigated with the sorption
alorimetry method, which simultaneously measures the water
ctivity aw and the partial molar enthalpy of mixing of water Hmix

w ,
lso called the hydration enthalpy, as a function of water con-

ent (Wadsö & Markova, 2002). The experiments were performed
t 25 ◦C or 40 ◦C in a two-chamber calorimeter cell inserted in a
ouble-twin microcalorimeter (Wadsö & Wadsö, 1996). The dry
ample is loaded into the upper (sorption) chamber whereas water
lymers 112 (2014) 569–577

is injected into the lower (vaporization) chamber of the calorimeter
cell. Evaporated water diffuses through the tube connecting the two
chambers and the thermal powers of the upper and lower cham-
bers are recorded. The thermal power of evaporated water recorded
in the vaporization chamber is used to calculate the water activ-
ity as described elsewhere (Kocherbitov, 2004). The partial molar
enthalpy of mixing of water is calculated from the relation below:

Hmix
w = Hvap

w + Hvap
w

Psorp

Pvap

where Psorp and Pvap are the recorded thermal powers in the sorp-
tion and vaporization chambers, respectively, and Hvap

w is the molar
enthalpy of vaporization of pure water (Wadsö & Markova, 2002).

2.4. Humidity scanning quartz crystal microbalance with
dissipation (HS-QCM-D)

The quartz crystal microbalance (QCM-D) is a very sensitive
technique, which allows measurements on very small amount of
sample. Simultaneous measurements of changes in frequency and
dissipation allows determination of mass, thickness, swelling and
rheological properties of the sample at defined moments. The mea-
surement is based on the shift in oscillation frequency caused by
the application of a mass on the quartz sensor. For rigid films the
Sauerbrey equation applies (Sauerbrey, 1959):

�f

n
= −2mf 2

0
Zq

where �f  is the shift in frequency, n is the overtone number, m
is the mass in kg m−2, f0 is the fundamental frequency, and Zq is
the acoustic or mechanical impedance of quartz. For viscoelastic
films, additional modeling is needed to determine the mass of the
sample (Johannsmann, 1999). In parallel, the rheological properties
are tracked by the dissipation monitoring. The dependence of sam-
ple behavior on the water activity can be studied using a humidity
module. It is built up from two chambers separated by a porous
membrane that ensures permeation of water vapor but not liq-
uids. Pumping media (e.g., nitrogen, aqueous salt solutions, water)
through one of the compartments determine the relative humidity
above the sample-covered sensor located in the second compart-
ment. A novel method recently developed in our lab makes use of a
continuous dilution of a saturated lithium chloride solution which
results in a continuous scanning of water activity above the sample
film (Graf & Kocherbitov, 2013).

For analysis of the starch system with respect to changing
humidity the use of quartz crystal microbalance with dissipation
monitoring (QCM-D, Q-sense E4) was  combined with a Q-sense
humidity module 401. AZ-cut, 5 MHz  quartz sensors with silica sur-
face (QSX 303, silicon dioxide, 50 nm,  Biolin Scientific AB, Västra
Frölunda, Sweden) were used. The sensor was drop-coated with
the sample and placed in the humidity module; 0% relative humid-
ity was  achieved by flowing dry nitrogen through the chamber. A
flow of saturated lithium chloride solution through the chamber
was then started and a continuous increase of the relative humid-
ity was ensured by dilution of the LiCl solution by water. Analysis
of the result was performed in Q-soft and Q-tools (Q-sense AB) and
in Matlab (The MathWorks Inc.).

2.5. Small/wide-angle X-ray scattering (SAXS/WAXS)

SAXS and WAXS experiments were performed at the MAX

IV Laboratory, Lund, at Beamline I911-4 described elsewhere
(Labrador, Cerenius, Svensson, Theodor, & Plivelic, 2013). The
wavelength of the beam was 0.91 Å and the sample to detector dis-
tance was  1327 mm  (SAXS) or 319.85 mm (WAXS). The software
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Fig. 1. Micrographs of native potato starch (left) and acid hydrolyzed potat

it2d was used for data evaluation (Hammersley, 1997). Back-
round subtraction (empty solid sample holder or capillary filled
ith water) was performed using programs written in Matlab.

.6. Differential scanning calorimetry (DSC)

A DSC1 from Mettler Toledo was used to analyze mixtures of
cid hydrolyzed starch and water. Hermetically sealed 40 �l alu-
inum crucibles containing the samples were cooled down to
50 ◦C and subsequently heated to 100 ◦C at a scanning rate of
ither 1 ◦C min−1 or 10 ◦C min−1. For one selected sample com-
osition several lower scanning rates were also used in order to
xtrapolate the endset of melting of ice to zero scan rate. Indium
as used as a calibrant and an empty aluminum crucible (40 �l)
as used as a reference.

. Results and discussion

The obtained spray-dried acid hydrolyzed starch was a white
owder with an aqueous solubility between 1 and 2 wt% at room
emperature. However, it was found that the material strikingly
hanged its physical properties when exposed to humid air: When
quilibrated at room temperature for several days in a relative
umidity of approximately 97.3%, the material turned into a brittle
olid. We  used a multi-method approach in order to characterize
his starch material and to investigate hydration- and temperature-
riven phase transitions.

.1. Scanning electron microscopy

Scanning electron microscopy was used to characterize the acid
ydrolyzed starch granules. For the sake of comparison, both native

nd acid hydrolyzed starches were observed. To minimize the
nfluence of moisture, vacuum conditions were used. As shown in
ig. 1, the micrographs revealed major differences in shape, sur-
ace roughness, and size distribution between the two  materials.
ch (right) in vacuum at room temperature at two different magnifications.

Native potato starch granules are smooth and oval with long-axis
lengths between 15 and 75 �m.  In contrast, the acid hydrolyzed
starch appears in the form of wrinkled spheres with multiple cracks
and holes on the surface. As Fig. 1 shows, there is a significant
difference in the size distribution, which for the acid-treated mate-
rial is broader with diameters between 5 and 120 �m.  The acid
hydrolyzed starch was also examined at different levels of water
activity. The micrographs taken at different relative humidities
showed a gradual swelling and disruption of the granules (Sup-
plementary Material, Figure S2).

3.2. Sorption calorimetry

In order to investigate the nature of the aforementioned
hydration-driven physical transition, we  investigated the starch by
means of sorption calorimetry which, in one experiment, gives the
sorption isotherm and the partial molar enthalpy of mixing of water
(hydration enthalpy). Completely dry starch was loaded into the
sorption calorimeter cell under a dry atmosphere and the water
activity was subsequently continuously slowly increased. In a sec-
ond experiment, starch, which was  first exposed for 1 week to a
relative humidity of approximately 97.3% (in the presence of a satu-
rated K2SO4 solution) at room temperature and subsequently dried
in vacuum and ground in a mortar, was  investigated. The resulting
sorption isotherms and hydration enthalpy curves are shown in
Fig. 2.

In Fig. 2(a) we  note that the two  sorption isotherms are strikingly
different: while the moisture exposed material shows no sudden
events upon hydration, the spray-dried material displays a step
in aw at a water concentration of approximately 21.5 wt%. This is
indicative of a phase transition. At low water activities, the spray-
dried material takes up more water than the moisture-exposed

material, which suggests that the former is in a less ordered state. At
water activities between approximately 0.37 and 0.59 as well as for
water activities above approximately 0.96, the sorption isotherms
essentially coincide.
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ig. 2. Sorption isotherms (a) and enthalpies of hydration (b) for untreated spra
ydration (black curves). Both experiments were performed at 25 ◦C. (For interpre
ersion of the article.)

Like the sorption isotherms, the hydration enthalpy curves
or the two differently pretreated materials also show large dif-
erences, see Fig. 2(b). The moisture-exposed material shows a
ink at approximately 15 wt% of water. The spray-dried mate-
ial has a large endothermic step at 16.5 wt% of water and a
harp exothermic peak at 21.5 wt% of water; the former indicates

 glass transition whereas the latter indicates a phase transi-
ion. It should be noted that the exothermic event observed in
he hydration enthalpy plot coincides with the step found in
he corresponding sorption isotherm. The lack of an endother-

ic  step (glass transition) in the pre-hydrated material suggests
hat it is predominantly in a crystalline state. It should be
oted that the enthalpy of hydration at zero water content for
he untreated material but not for the pre-hydrated is close to
18 kJ mol−1, a value found for several biopolymers (Kocherbitov,
rnebrant, & Soderman, 2004; Kocherbitov, Ulvenlund, Briggner,
ober, & Arnebrant, 2010; Kocherbitov, Ulvenlund, Kober, Jarring,

 Arnebrant, 2008; Znamenskaya, Sotres, Engblom, Arnebrant, &
ocherbitov, 2012).

For the spray-dried starch, another experiment was  performed
t 40 ◦C (Supplementary Material, Figure S3). Qualitatively, the
esults were very similar to those recorded at 25 ◦C; however, com-
arison of the sorption isotherms and hydration enthalpy curves
btained at different temperatures reveals that both the glass tran-
ition and the exothermic event occurred at slightly lower water
ontents at the elevated temperature. Thus, the glass transition
ccurred at 15.5 wt% of water at 40 ◦C (16.5 wt% at 25 ◦C) and the

xothermic event occurred at 19.2 wt% of water at 40 ◦C (21.5 wt%
t 25 ◦C). Apart from the position of the step, the sorption isotherms
ecorded at 25 ◦C and 40 ◦C were almost identical at water activities
elow 0.85 and above 0.95.

ig. 3. Sorption isotherms obtained by QCM-D for different film thicknesses in compariso
or  selected overtones for the 123 nm thick starch film (b). The arrows point at events cor
d acid hydrolyzed starch (red curves) and the same material recrystallized prior
 of the references to color in this figure legend, the reader is referred to the web

3.3. Quartz crystal microbalance with dissipation monitoring

While sorption calorimetry gives information on the bulk prop-
erties of a material, quartz crystal microbalance with dissipation
monitoring (QCM-D) may  be used to obtain data for thin films
(Fogel & Limson, 2011; Lubarsky, Davidson, & Bradley, 2007;
Znamenskaya et al., 2012). Due to its high sensitivity, this technique
delivers real-time analysis of the thickness, swelling, and rheologi-
cal properties of the sample. We  used a newly developed humidity
scanning QCM-D method (Graf & Kocherbitov, 2013) to investigate
starch films of various thicknesses which were prepared by drop-
coating the sensor with dilute aqueous solutions of acid hydrolyzed
starch. As Fig. 3(a) shows, the sorption isotherms obtained with the
QCM-D method are in close agreement with the sorption calorime-
try data.

Strikingly, in the sorption isotherms recorded with the QCM-
D method we also observe the step that we previously found in
sorption calorimetry and related to a crystallization phase tran-
sition. The water activity at which the step appears is in close
agreement with the calorimetric data. The small differences in sorp-
tion isotherms that the two methods produce could be resulting
from the fact that sorption calorimetry measures bulk properties
whereas QCM-D examines thin films, and so consequently the dif-
fusion rates within the materials as well as the equilibration times
should be different. Also, crystallization during preparation of the
sample for QCM-D experiments plays a role. As Fig. 3(b) shows,
the dissipation is close to 0 until the water activity reaches around

0.85; at this point an increase is noted. Such a behavior corre-
sponds to a transition from a rigid into a flexible state which can be
ascribed to the glass transition of the material. At even higher water
activity, ca 0.93, we observe a peak. As discussed in the sorption

n to sorption calorimetric data (a), and the water activity-dissipation dependence
responding to glass transition (1) and crystallization (2).
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ig. 4. WAXS spectra (intensity vs. the scattering vector, q) of acid hydrolyzed starch
t  different starch concentrations. The legend shows the starch content in wt%.

alorimetry section above, this event is related to crystallization of
he starch.

It is important to point out that the QCM-D samples were
uspended in water prior to measurement as the sensor was  drop-
oated. Surprisingly, the results are comparable to those from
orption calorimetry which indicate that the film is to a large extent
n an amorphous state in the beginning of the QCM-D experi-

ent. This shows that, despite exposure to high water activity
uring coating of the QCM-D sensor, the sample does not undergo
omplete crystallization. The reason is probably in the time of
quilibration, since the suspension was prepared directly before
overing the sensor. Also, effects of the presence of the solid surface
f the sensor may  play a role. Later, during the scanning experiment
hat takes several hours the equilibrium is being slowly achieved
nd the remaining amorphous part of the sample undergoes further
rystallization.

.4. Wide-angle X-ray scattering

In order to investigate the structural changes of the starch as a
unction of hydration, samples in a broad composition range were
repared and analyzed with wide-angle X-ray scattering (WAXS).
he results are shown in Fig. 4. No Bragg reflections were found in
amples with water contents below 17.9 wt%; this indicates a lack of
olecular order, i.e., the amorphous state of the material. Samples
ith higher water content show several distinct Bragg reflections

ndicating crystalline ordering. It should be noted that the Bragg
eflections from the samples containing 25 and 50 wt%  of starch
re in good agreement while the Bragg reflections for the sample
ontaining 72.8 wt% (equilibrated in the presence of a saturated
2SO4 solution) of starch are partially different.

The WAXS spectrum of 25 wt% of acid hydrolyzed starch was
ompared to that of native potato starch at the same concentration
Supplementary Material, Figure S4). It was found that the Bragg
eflection patterns for the two materials were almost identical,
hich indicates the same type of structure, i.e., the B type crys-

allinity typically found in tuber starches. However, it should be
oted that while the 9 nm lamellar peak is present in native potato
tarch it is absent in the acid-treated material. The B type symmetry
as confirmed by detailed analysis of the peak positions. Compari-

on to literature data suggest that all Bragg reflections obtained for

5 and 50 wt% match the hexagonal unit cell created by the left-
anded double helixes of starch which correspond to the B type
rystallinity (a = b = 1.85 nm,  c = 1.04 nm,  P61 space group) (Hsein-
hih & Sarko, 1978a; Imberty & Pérez, 1988).
Fig. 5. Schematic representations of A and B type crystalline structures.

As noted above, the sample containing 72.8 wt% of acid
hydrolyzed starch shows a different Bragg reflection pattern. Anal-
ysis of the peak positions shows that only a part of the peaks
originates from the B type crystallites. The additional reflections,
occurring at q values of 10.8, 12.8, and 16.4 nm−1, are instead char-
acteristic for the A type crystallinity pattern (Cardoso & Westfahl,
2010; Cheetham & Tao, 1998). Since we clearly observe reflections
from both structures we can conclude that A and B type crystallites
coexist in this sample. Such an allomorph is sometimes referred to
as C type starch (Cardoso & Westfahl, 2010; Cheetham & Tao, 1998).
Schematic representations of A and B type crystallites are found in
Fig. 5.

The type of crystallinity expressed in certain plant species
strongly depends on the length of the short chain fraction in amy-
lopectin (the chain fragments between the branching points). Two
starch helixes can associate as soon as their degree of polymeriza-
tion exceeds nine. Above DP of 10, the duplexes can form crystals.
On average shorter chains (DP 10–12) form A type crystallites
whereas longer form B type (>12 DP) (Imberty, Buléon, Tran, &
Pérez, 1991; Tester, Karkalas, & Qi, 2004). Another factor is the
incorporation of water. To form B structure both long enough chains
and a sufficient number of water molecules are required (Cleven,
van Den Berg, & van der Plas, 1978). As discussed above, in the acid
hydrolyzed starch hydration induces an ordered structure. At low
water content, the helixes are packed in tight monoclinic A type
crystallites. With increased moisture content the B type is formed,
because there are a sufficient number of water molecules to fill the
central cavity of its hexagonal structure. That reflects the general
rule that A type starch appears in plants growing in warm and dry
conditions (e.g., in cereal grain), whereas the B type is found in wet
and cold environment (e.g., in potato tuber) (Buléon et al., 1998;
Pérez & Bertoft, 2010).

3.5. Small-angle X-ray scattering

Small-angle X-ray scattering was  used to determine structural
changes resulting from hydration or thermal processing of either
amorphous or recrystallized acid hydrolyzed starch.

We  distinguished four different patterns in the SAXS spectra
for samples in the range of 25–100 wt% of the initially amorphous
starch, see Fig. 6(a). Bragg reflections appear for the three lowest
starch concentrations: 25.0, 50.0 and 72.8 wt%. However, the latter
differs in shape which, as indicated in the WAXS discussion, is
due to the presence of a different crystalline structure in this
material. The positions of the peaks in SAXS are the same as for
the corresponding peaks in WAXS. In all samples with a starch
concentration above 82.1 wt%, no Bragg reflections are present;
however, there is a pronounced difference between the results for
82.1 wt% of starch and those obtained for higher starch concen-
trations. We  suggest that the reason for these differences is the

occurrence of the glass transition between 82.1 and 85.9 wt%  at
room temperature. Indeed, according to the sorption calorimetric
data, at 25 ◦C the glass transition is at 16.5 wt%  of water, i.e.,
83.5 wt% of starch. Furthermore, all of the samples were examined
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Fig. 6. Comparison of SAXS patterns for different concentrations at 25 ◦C (a) and for a sample of 25 wt%  of starch at different temperatures (b). The Bragg reflections for samples
o ompa
S (e) and

a
F
o
i

f  various concentrations of recrystallized acid hydrolyzed starch at 25 ◦C (c) and c
AXS  for dilute acid hydrolyzed starch and glucose at concentrations of 0.5 and 1% 
t several temperatures ranging from 25 to 80 ◦C. As an example, in
ig. 6(b) temperature scans for 25 wt% of starch are presented. All
f those showed decreased intensity of the Bragg reflections with
ncreased temperature. In SAXS data for several compositions at
rison of its positions for the untreated and recrystallized starch (d). Comparison of
 a temperature scan for a sample of 0.5% of acid hydrolyzed starch (f).
80 ◦C, we  note that the glass transition occurs in the same interval
as that found at 25 ◦C (Supplementary Material, Figure S5).

Analysis of the peak area as a function of temperature revealed
that for 25 and 50 wt%  of starch, all of the peaks decay with
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Fig. 7. DSC thermograms for selected compositions showing the water melting peak for samples (in order from the top) of 25, 40, 50, 60 wt% of starch (a), gelatinization
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eak  both first (black) and second (red) scans for 62.6, 68.7, and 71.2 wt%  of starch 

f  starch (c). (For interpretation of the references to color in this figure legend, the r

igmoidal dependence, with the midpoint around 59 ◦C (Supple-
entary Material, Figure S6). However, the behavior of the sample

ontaining both A and B type crystallites is slightly different. We
bserve that the first peak (q equal to 4.0 nm−1) characteristic for
he B type pattern decays as in the other samples while the fol-
owing peaks are less affected. The decreased intensities of the
eflections most probably correspond to a gradual disruption of the
rystalline structure. These results suggest that the A type crystal-
ites are disrupted at higher temperature than the B type structure.

Recrystallized samples, regardless of the level of hydration,
howed three Bragg reflections in the SAXS spectrum which sug-
est that the hydration-induced crystallites are stable upon drying,
ee Fig. 6(c). A comparison of the SAXS patterns for the untreated
nd the recrystallized materials is presented in Fig. 6(d). We  note a
light change of the peak positions to lower q values for the recrys-
allized starch with increased hydration. We  link this observation
o the fact that the helixes within the crystallites contract during
rying and then swell upon hydration as water fills the voids. Heat-

ng the recrystallized samples leads to decreased peak intensities as
he structure is disrupted; however, all of the samples except that
orresponding to 25 wt% of starch retain the main peak (q = 4 nm−1)
n the studied temperature range (Supplementary Material, Figure
7). SAXS measurements were also performed for solutions of 0.5
nd 1 wt% of starch as well as for the same concentrations of glu-
ose. As presented in Fig. 6(e), the plots partially coincide indicating
hat in the high q range the signal comes from individual glucose
nits within the starch molecule. When heated the intensity at high
 values increases, probably as a result of shifts in the glucose con-
ormation, see Fig. 6(f). Finally, three regimes can be distinguished
n the SAXS plots for dilute starch samples (Supplementary Mate-
ial, Figure S8). The shape of the middle part of the curve in the
d the glass transition found in the first (black) and second (red) scans for 82.1 wt%
 is referred to the web version of the article.)

range of q values of 0.4–3 nm−1 is dependent on the polymer chain
conformation in the solution. From the slope of the linear part of the
curve, the value of the Flory exponent for acid hydrolyzed starch
was calculated to be to 0.53.

3.6. Differential scanning calorimetry

We used differential scanning calorimetry (DSC) in order to
investigate thermal events of the starch–water system. Results for
a few selected sample compositions are shown in Fig. 7. From
the enthalpy of melting of water we  determined the amount of
nonfreezing water in acid hydrolyzed starch to be 0.34 g/g (corre-
sponding to an average of 3.0 water molecules for each repeating
unit of starch, Supplementary Material, Figure S9) while for native
starch the value was  found to be 0.36 g/g (3.2 water molecules
for each repeating unit). The lower value for acid hydrolyzed
starch may  be interpreted as a difference in the crystalline fraction
between the two  materials (it should be noted that native potato
starch comprises a significant amorphous fraction).

A broad endothermic event was found; it should be noted that
this event showed up in the first scan but not in a second scan per-
formed directly after the first, Fig. 7(b). However, upon storage for
several days this event reappeared. The event may be attributed
to crystalline melting and unwinding of the helixes upon ther-
mal  treatment (gelatinization). The reappearance of the peak might
thus be attributed to restoring of the structure upon time (retro-

gradation). Furthermore, it was  noticed that the DSC scan rate
affected the shape and position of the peak. In particular, the transi-
tion occurred at slightly higher temperatures for higher scan rates,
which indicates that a kinetic contribution plays a role.
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ig. 8. Phase diagram of the acid hydrolyzed starch–water system. Symbols: (�)
tands for QCM-D, (�) for DSC, (©) for sorption calorimetry data, x for SAXS data.
he  dashed line in the right upper corner corresponds to the sub-Tg event.

For starch concentrations up to ca. 77 wt% the glass transitions
ccurred at temperatures below ice melting. Above this concentra-
ion the glass transition temperature increases rapidly as the water
ontent decreases. An example of glass transition found with DSC
s presented in Fig. 7(c). For amorphous samples we found what
as been referred to as a sub-Tg endotherm (Thiewes & Steeneken,
997). The temperature at which this event occurred increased
lightly with decreasing water content.

.7. Phase diagram

Taken together, the information obtained from all methods was
sed to construct a phase diagram, which is shown in Fig. 8 and can
e compared to the one for native starch found in the literature
van der Sman & Meinders, 2011). To the best of our knowl-
dge, this is the first phase diagram presented for acid hydrolyzed
tarch–water. The melting of ice was found as an endothermic peak
n DSC. The glass transition was observed in several methods as
escribed above and it separates regions containing glassy and rub-
ery/flexible starch. Above the glass transition the polymer can
earrange which allows crystallization. This event was observed
oth in sorption calorimetry and QCM-D measurements and the
ype of crystallinity was determined by WAXS. With increasing
emperature the crystalline structure is disrupted, which is a pro-
ess included in the gelatinization phenomenon. The gelatinization
ine was drawn based on the DSC result as well as on the evaluation
f the decay of the peaks found in SAXS.

As it was shown that depending on moisture content different
ypes of crystallinity are expressed, we deduce that there should be
nother phase border that ideally would correspond to pure B type
tarch. In reality, probably neither A or B structures are fully crys-
alline, therefore the phase boundary shown as a vertical dashed
ine is approximate and can be dependent on the history of sample.

. Conclusions

Employing a multi-method approach, we have examined the
hysical properties of spray-dried acid hydrolyzed potato starch
maltodextrin) upon hydration and found that:

The dry material is, initially, in an amorphous, glassy state.
The glass transition at 25 ◦C occurs at a water content of 16.5 wt%,
and at a water content of 21.5 wt% the flexible starch crystallizes.

The sorption isotherms and hydration enthalpy plots for the
amorphous and recrystallized dried materials are strikingly
different indicating the influence of non-equilibrium effects in
the system.
lymers 112 (2014) 569–577

• Glass transition and crystallization were found in both bulk sam-
ples and thin films.

• The presence and type of crystallinity expressed by the starch is
strongly related to the hydration level; thus A and B type crystal-
lites coexist at low hydration levels whereas only B crystallites
are present at higher water contents.

• The crystalline structures are gradually destroyed at elevated
temperatures; however, the A type crystallites appear to be less
sensitive to temperature than the B type crystallites.

• The amount of nonfreezing water was  found to be 0.34 g/g (3.0
water molecules per repeating unit of starch). This value is lower
than that for native potato starch and thus indicates a more
ordered system.

Our findings were used to construct the first phase dia-
gram of acid hydrolyzed starch–water, and illustrate principles of
hydration-induced phenomena in biopolymers.
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