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Starch  nanocrystals  (SNC)  are  crystalline  square-like  platelet  about  10 nm  thick  and  50–100  nm  equiv-
alent diameters.  Depending  on  the  botanic  origin  of  starch  these  platelets  show  different  features.  The
aim of  the  present  study  was  (i)  to  assess  the  thermal  stability  of  SNC  in different  processing  conditions
(i.e.,  excess  water  and  dry)  and  (ii)  to  investigate  the  potential  influence  of  botanic  origin  on  thermal  sta-
bility. The  thermal  properties  of  five  types  of  starches  (waxy  maize,  normal  maize,  high amylose  maize,
eywords:
tarch
anocrystals
otanic origin
mylose

potato  and  wheat)  and  their  corresponding  SNC  were  characterized  by  differential  scanning  calorimetry
(DSC)  and  thermogravimetric  analysis  (TGA).  SNC  revealed  two  endothermic  transitions.  No  correlation
between  melting  temperature  and  botanic  origin  was  found.  However,  a  review  of  starch  thermal  prop-
erties  allowed  to  postulate  for  the  mechanism  involved  in  SNC  thermal  transitions.  It  was  also  found  that
SNC can  be  used  in  wet  processes  below  100 ◦C and  in dry processes  below  150–200 ◦C  to avoid  melting.
hermal properties

. Introduction

In material science, researchers are looking for more and more
fficient renewable materials in order to face petroleum shortage
nd environmental concerns. Starch is one of the most abundant
aterials produced by nature and this polysaccharide has already

ound numerous industrial applications. It is a multi-scale struc-
ure consisting of concentric alternating amorphous and crystalline
amellae. It is made of mainly two structurally distinct �-d-glucan
omponents: amylose which is linear and amylopectin which is
ighly branched. Each polymer constitutes a family with differ-
nces in size, fine structure and function (Biliaderis, 2009). It is
elieved that the crystalline region is created by the interwin-

ng of amylopectin side-chains (Oates, 1997). Amylose molecules
re thought to occur in the granule as individual molecules, ran-
omly interspersed among amylopectin molecules. Depending on
he botanic origin of starch, amylose is preferably found in the
morphous region (e.g., wheat starch) (Blanshard, 1987), inter-
persed among amylopectin clusters in both the amorphous and
rystalline regions (e.g., normal maize starch) (Kasemsuwan & Jane,
994), in bundles between amylopectin clusters (Blanshard, 1987),
r co-crystallized with amylopectin chains (e.g., potato starch)
Blanshard, 1987). Amylose content should therefore considerably
nfluence the crystalline organization. Depending on their X-ray

iffraction pattern, reflecting long-range ordering in the granule,
tarches are categorized in three crystalline types (polymorphs)
alled A, B and C. However, a property common to most starches
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is gelatinization. It refers to the collapse (disruption) of molecu-
lar order (breaking of H-bonds) within the granule, along with all
concomitant and irreversible changes in properties such as water
uptake, granular swelling, crystallite melting, birefringence loss,
starch solubilization and viscosity development (Biliaderis, 2009).
It is now widely accepted that it can be view as a melting process
which can be evidenced as an endothermic thermal transition in
DSC measurements. Depending on the application, this property is
sought for or not.

Carbohydrate chemists have developed products that have
greatly expanded starch use and utility (Whistler & BeMiller, 2009).
Most recent developed products from starch chemistry include
starch derivatives (Ma,  Chang, Yu, & Stumborg, 2009; Salam,
Pawlak, Venditti, & El-tahlawy, 2010) and starch nanocrystals
(SNC). SNC are crystalline platelets obtained by the acid hydrolysis
of amorphous parts of starch. They are believed to correspond the
starch granule’s crystallites. The aim of a previous study (LeCorre,
Bras, & Dufresne, unpublished results) was  to assess if starch from
any source could indifferently be used to prepare SNC, and if
amylose content and/or botanic origin’s influence on SNC’s final
properties. Results showed that for the same amylose content
maize, potato and wheat starches resulted in rather similar size and
crystallinity of SNC proving the limited impact of the botanic origin.
For the same botanic origin (maize), differences in size were more
important indicating the strong influence of the amylopectin con-
tent and molecular structure. Particles tended to show square-like
morphology with increasing initial amylopectin content and A-type

crystallinity (and thus shorter chain length). Also, it was  shown
by X-ray diffraction measurement that although SNC’s crystallinity
was  higher than that of their corresponding native starches, SNC
were not fully crystalline.

dx.doi.org/10.1016/j.carbpol.2011.08.042
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Current potential application for SNC is bio-nano-composites.
hey are added as nano-fillers in a polymeric matrix to improve
ts mechanical and/or barrier properties as described elsewhere
LeCorre, Bras, & Dufresne, 2010; Lin, Huang, Chang, Anderson,

 Yu, 2011). Most work has been oriented towards the use
f new environmentally friendly polymers such as non vul-
anized natural rubber (Angellier, Molina-Boisseau, & Dufresne,
005; Angellier, Molina-Boisseau, Lebrun, & Dufresne, 2005),
aterborne polyurethane (WPU also called organic solvent free
olyurethane) (Chen, Wei  et al., 2008), waxy maize starch
Angellier, Molina-Boisseau, Dole, & Dufresne, 2006; Viguié,

olina-Boisseau, & Dufresne, 2007), cassava starch (Garcia, Ribba,
ufresne, Aranguren, & Goyanes, 2009), pullulan (obtained by

tarch fermentation) (Kristo & Biliaderis, 2007), PLA (Yu et al.,
008), polyvinyl alcohol (PVA) (Chen, Cao, Chang, & Huneault, 2008)
nd soy protein isolate (SPI) (Zheng, Ai, Chang, Huang, & Dufresne,
009). Although early work (Angellier, Putaux, Molina-Boisseau,
upeyre, & Dufresne, 2005; Dufresne & Cavaillé, 1998) reported
omposite preparation by hot pressing, since 2006 authors have
pted for a simpler casting-evaporation method at 40 ◦C for 24 h.
he hot-pressing process consisted in first mixing freeze-dried SNC
ith a copolymer of styrene and butyl acrylate in latex form and
eating the mixture at 90 ◦C for 10 min. It was then hot-pressed
uring 1 min  under 2 MPa  (300 psi) pressure to obtain films about

 mm thick (Angellier, Putaux et al., 2005). However, this process
aises the question of the potential melting of SNC. Similar issue
hould be considered if classical polymer processing methods, e.g.,
xtrusion or injection molding is used. With the casting process, it
as necessary to decrease the temperature of the polymer matrix

efore adding waxy maize SNC to avoid melting (Angellier et al.,
006). However, other authors (Garcia et al., 2009) report casting-
vaporation at 50 ◦C after constant stirring of SNC in thermoplastic
tarch at 90 ◦C for half an hour. Most recently, compression molding
as used to prepare glycerol-plasticized starch nanocrystals com-
osites at 120 ◦C from a freeze-dried powder (Zheng et al., 2009).
ne could wonder if starchy nanoparticles are still crystalline after

his treatment.
The aim of the present study is two-fold. First, it aims at assess-

ng the maximum processing temperature for SNC in the dry state
nd in excess water. Second, it intends to assess the influence of
sing different native starches, with different botanic origin, amy-

ose content and crystalline type, on the thermal properties of
esulting SNC.

. Experiment

.1. Materials

Native starch granules were kindly provided by Cargill (Krefeld,
ermany) according to requirements: waxy maize starch (C�Gel
4201, 98% amylopectin), normal maize starch (Cerestar RG 03453),
mylomaize (Amylogel 03003, 65–75% amylose), potato starch
C�Gel 30002) and wheat starch (Cerestar PT 20002). Sulfuric acid
96–99%, Sigma Aldrich) was used after dilution at 3.16 M with
istilled water.

.2. Preparation of starch nanocrystals

The same optimized hydrolysis process developed by Angellier,
hoisnard, Molina-Boisseau, Ozil, and Dufresne (2004) was  modi-
ed and used for preparing SNC from the five different starches.

riefly, 147 g of native starch was mixed with 1 L of previously
repared diluted sulfuric acid (3 M).  The suspension was  kept
nder 400 rpm mechanical stirring at 40 ◦C, using a silicon oil
ath, for 5 days. The final suspensions were washed by successive
lymers 87 (2012) 658– 666 659

centrifugations in distilled water until reaching neutral pH and
redispersed using Ultra Turrax for 5 min  at 13,000 rpm to avoid
aggregates. The obtained suspensions were filtered on a filter tissue
(40 �m,  ref. 03-41/31 Buisine, France). Sodium azide was added to
the suspensions before storage at 4 ◦C to avoid microbial growth.

2.3. Microscopies

An environmental scanning electron microscope (ESEM) on a
Quanta 200 FEI device (Everhart-Thornley Detector) was used at
high voltage (10 kV) to confirm the morphology of native starches.
Native starches were simply deposited onto carbon tape before
observation.

SNC’ mean size and morphology were studied using a Zeiss Ultra
55 Field Emission Gun Scanning Electron Microscope (FEGSEM). A
thin Au–Pd conductive coating (∼1 nm)  was  deposited to reduce
charge effect. The samples were observed and imaged at a 6-mm
working distance and 10-kV accelerating voltage. These conditions
illustrate the best compromise in terms of SNC contrast and residual
charge effect. In order to obtain the best possible resolution, the
secondary electron imaging mode with the In-lens detector was
used. The average diameter was  determined using digital image
analyses (ImageJ). Image analysis allows measuring the surface area
of SNC. From this area, an equivalent diameter was  calculated with
the approximation that SNC are disc-like particles. Between 70 and
500 measurements were carried out depending on the source to
determine the average diameter and standard deviation.

Atomic Force Microscopy measurements were performed on
a Multimodal AFM (DI, Veeco, Instrumentation Group) with both
tapping and conductive mode (C-AFM). The tips were Multi130
for tapping and MESP for C-AFM. A drop of SNC suspension was
deposited on a mica substrate (split with adhesive tape) and dried
for a few minutes at 40 ◦C. Between 30 and 110 measurements were
used depending on the source to determine the average thickness
and standard deviation.

2.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry measurements were done
with DSC Q100 (TA Instruments, NewCastle) filled with a man-
ual liquid nitrogen cooling system. Freeze-dried SNC powder,
conditioned at 50% relative humidity (RH), was  placed in a her-
metically sealed pan. For samples in excess water (water content
– WC  = 70 wt%), the amount of water necessary to reach a 30:70
starch/H2O ratio was directly added to the pan using a micropipette,
to avoid inhomogeneous withdrawals. The sealed pans were set
aside for 1 day to equilibrate. Each sample was heated from 20 ◦C to
120 ◦C when in excess water and to 260 ◦C when dried with a heat-
ing rate of 10 ◦C min−1. Measurements were done in triplicate to
ensure repeatability. The sample weight was  between 6 and 10 mg.

2.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (STA 6000, Perkin Elmer Instru-
ments model, USA) was  carried out to determine the thermal
stability of samples under oxygen flow of 20 mL  min−1. The samples
were heated from 30 ◦C to 600 ◦C with a heating rate of 10 ◦C min−1.
The sample weight was plotted as a function of temperature for all
samples.

3. Results and discussion
3.1. Starch nanocrystals features

The influence of botanic origin, amylose content and crystalline
type on the morphology of SNC has been very recently studied by
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Fig. 1. Micrograph of native

ur group (LeCorre et al., unpublished results). The main conclu-
ion was that the botanic origin of starch shows only a moderate
nfluence on final properties whereas amylose content and crys-
alline type would be more of influence. Differences in size were
ather moderate whereas differences were more pronounced when
omparing shapes and crystallinity. Fig. 1 shows SEM and FEG–SEM
icrographs obtained for the native starches used in this study and

heir corresponding SNC. Features of native starches and ensuing
NC used in this study are presented in Table 1. All SNC exhibit a
latelet-like morphology with thickness 5–8 nm (Table 1). There-
ore, although platelet with square-like shape should be preferred
or barrier properties, all SNC can be considered as potential fillers
n nanocomposites.

.2. Thermal behavior of starches and their corresponding SNC

SNC and corresponding native starches’ thermal behavior were
tudied both in excess water (70% WC), to simulate use in aqueous
uspension such as coating or water-based composite processing,
nd freeze-dried (0% WC)  to assess processability in “dry processes”
uch as extrusion. Typical responses are presented in Fig. 2a in
xcess water and Fig. 2b in dry state. SNC and starch granules
how completely different thermograms with different number,
ntensity and temperature of thermal transitions. Before comparing
hem, it is important to understand the thermal behavior of each
ind of particles, i.e., starch granules and SNC.

.2.1. Thermal behavior of native starches
The characteristic temperatures observed for the endothermic

ransitions of the 5 native starches in excess water (70%) are
eported in Table 2. As expected, only one endothermic peak was
bserved.

Data for dried samples conditioned at 50% RH are reported in
able 3. Our measurements seem to be in agreement with the
atter described models as for all dry native starches only one

ndothermic peak was observed. For dry native starches (0% WC),
he maximum of the endothermic peak ranged between 120 and
50 ◦C (Table 3). This temperature range is below expectations as
he theoretical melting point of perfect crystallites without water

able 1
ain features of native starches, and diameter and thickness of corresponding SNC.

Botanic origin Referred
to as

Granular size
(�m)

Amylose
(%)a

High amylose maize M70  5–20 65–75 

Normal maize M27  5–20 27 

Waxy maize M1  5–20 1 

Wheat W28 2–30 28 

Potato P21 5–80 21 

a Personnal measurements using Gwyddon.
b Conducted at SMPC, Mons, Belgium.
c Personnal measurements on AFM software.
es and corresponding SNC.

is estimated at 160–210 ◦C (Colonna & Buleon, 2010). This might
be due to the presence of residual moisture in our samples. Sev-
eral authors also reported anhydrous melting point of starches
by linear extrapolation of experimental data (Barron, 1999). For
a given botanic origin, the temperature can also differ by up to
50 ◦C (Barron, 1999). In our study, no influence of the source,
amylose content or crystalline type alone was observed. Indeed,
starch’s heat–moisture induced structural transformations (gela-
tinization) seem to depend rather on the interconnected factors
that are its botanic source, its component molecules (amylose, amy-
lopectin, intermediate material and minor components) content,
its components molecular structure and organization, and its crys-
talline type”. The thermal properties of starch granules have been
widely investigated (Atichokudomchai, Varavinit, & Chinachoti,
2002; Barron, 1999; Biliaderis, Page, Maurice, & Juliano, 1986;
Colonna & Buleon, 2010; Cooke & Gidley, 1992; Randzio, Flis-
Kabulska, & Grolier, 2002; Waigh, Gidley, Komanshek, & Donald,
2000; Zhong & Sun, 2005) and have been shown to be strongly
dependent on the water content. In excess water, an increase
in temperature leads to the appearance of an endothermic peak
(around 50–80 ◦C) linked to the gelatinization of starch. At inter-
mediate water content (30–60%), the first peak is shifted up in
temperature, and a higher temperature second peak is observed. At
very low water content (<20%), only the higher temperature peak
is observed.

Several explanations have been developed to explain the two
peaks generally observed (and referred to as M1 and M2).

First, it was  suggested (Donovan, 1979) that in excess water,
the amorphous growth ring absorbs water and expands. As they
are cross-linked by the amorphous backbone, the semi-crystalline
lamellae are disrupted causing a loss of order and crystallinity
(first peak M1). When the amount of water becomes insufficient
to fully swell the granule, the remaining crystallites melt at higher
temperature (leading to the second peak M2). An alternative expla-
nation (Evans & Haisman, 1982) attributes the first peak (M1)

to the melting of least stable crystallites which upon melting
absorb all remaining water. Thus the second peak (M2) reflects the
melting at higher temperatures of remaining crystallites. However,
this hypothesis did not take into account possible reorganization

Crystalline
type

SNC diameter SNC thickness

(nm) Counts (nm) Counts

B 118 ± 53 190 5 ± 1.6a 76
A 58 ± 36 576 8.3 ± 3.1a 112
A 47 ± 42 71 6.1 ± 1.9b 14
A 100 ± 50 71 3.7 ± 0.6c 30
B 52 ± 4 951 7.6 ± 1.6a 31
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Fig. 2. DSC thermograms for native and SNC from M1 (a) in e

f polymer chains in the amorphous phase and the remaining
rystallites during DSC heating (Biliaderis et al., 1986). Biliaderis,
age, Slade, and Sirett (1985) suggested that the multiple melt-
ng transition profile was due to partial melting (M1) followed by
ecrystallization and final melting (M2). Barron suggested that it
as rather linked to the heterogeneous repartition of water in

tarch (Barron, 1999). Zhong and Sun (2005) attributed them to the
elting of crystallites and amylose lipid complexes, respectively.
Another approach to the understanding of starch thermal

ehavior consists in considering it from a classic polymeric
oint of view, as a semi-crystalline polymer whose specific heat-
emperature curves exhibit the characteristics of both amorphous
nd crystalline polymers (Biliaderis et al., 1986). As for more clas-
ic polymers, Biliaderis et al. (1986) revealed that regardless of the
ater content, the melting point (Tm) is Tg-dependent in that a
revious softening (relaxation) of the amorphous parts is required
efore crystallites can melt. As such, the melting temperature of
tarch crystallites is also affected by plasticizers such as water.
owever, despite good correlation between experimental data and

he two-phase Flory Huggins model at intermediate and low water
ontent, a three-phase model was proposed. It consisted in (i)

 bulk amorphous region responsible for Tg, (ii) a non-ordered
ntercrystalline phase which mobility is restricted by crystallinity-
nduced cross-linking, and (iii) a fully ordered crystalline phase

ith Tg (mobile amorphous) < Tg (rigid amorphous) < Tm(rigid
rystalline).

More recently, other authors (Waigh, Gidley et al., 2000; Waigh,
ato et al., 2000) proposed a liquid–crystal approach to explain

he gelatinization of starch. Considering the side chain liquid
rystal polymer (SCLCP) nature of amylopectin, they described

 first thermal transition corresponding to a smectic (lamel-
ar order)/nematic (orientationally ordered) transition for B-type
tarches, and to a nematic/isotropic phase transition for A-type
tarches (i.e., helix–helix dissociation) (Atichokudomchai et al.,
002; Waigh, Gidley et al., 2000). They also postulated a second
ransition attributed to an helix-coil transition (i.e., unwinding of
ouble helices to a gel phase). In excess water (>60%), the dif-
erence between the two endotherms is immeasurably small for
atives starches and are thought to occur almost simultaneously.
t intermediate water content (30–60%), the two  endotherms can
e evidenced one after the other. At low water content (<30%), a
irect crystalline-to-gel transition occurs as the helices unwind and
nly one peak is observed.
.2.2. Thermal behavior of SNC
Based on starch analysis and proposed models, the thermal

ehavior of SNCs has been characterized and deeply analyzed
o postulate mechanisms. The characteristic temperatures of the
water and (b) in the dry state (0% WC,  50% RH conditioning).

thermal transitions of SNC immersed in water and in the dry state
are reported in Tables 2 and 3, respectively. Two  observations can
be made: (i) two  endothermic peaks can be observed in excess
water content as well as in the dry state, and (ii) a clear shift up
in temperatures is observed compared to native starch granules.

Reports on the thermal behavior of SNC is scarce in liter-
ature with, up to our knowledge, only two studies (Angellier,
2005; Thielemans, Belgacem, & Dufresne, 2006). Thermal behavior
data for freeze-dried waxy maize SNC was reported by Angellier
(2005) to observe the plasticizing influence of water, and by
Thielemans et al. (2006) to compare with grafted SNC. The first
author (Angellier, 2005) reported the existence of two endother-
mal  peaks in excess water with a broad temperature range, and
the disappearance of the first peak in the dry state. The other
authors (Thielemans et al., 2006) presented a DSC thermogram for
waxy maize SNC in dry conditions for comparison and evidenc-
ing of grafting. The thermogram for freeze-dried SNC also showed
two  endothermic peaks. The first maximum peak is located around
150 ◦C and the second one around 200 ◦C. No explanation for these
two  peaks in the dry state could be found in the literature. Also, no
data was found concerning SNC from other sources. The peak tem-
peratures for the first peak in excess water are much higher than
that reported by Angellier (2005) for waxy maize SNC. This could be
attributed to an inhomogeneous water repartition (Barron, 1999)
among SNC in the DSC pan. However, in the dry state, data are
comparable to that of Thielemans et al. (2006).  Angellier (2005)
attributed this first peak to the “gelatinization” of the nanocrystals
and the shift up in temperature to the crystalline nature of SNC.
The broadening of the peak was  attributed to the heterogeneity of
waxy SNC. At 20% WC,  the disappearance of this peak was reported.

Considering a classic polymeric approach (and the fact that
melting temperature (Tm) is Tg-dependent), several factors could
increase the melting temperature of the semi-crystalline polymer,
such as (i) an increase in crystallinity, (ii) a more perfect crystals
or (iii) a decrease in plasticizer content. In the case of SNC, all
explanations are equally possible to explain the shift up in tem-
perature for the first peak. Indeed, it has been demonstrated that
SNC are more crystalline than their native counterparts (LeCorre
et al., unpublished results). Also, due to freeze-drying, it is possible
that SNC, or at least the crystalline parts of SNC, are more tightly
packed and bonded via hydrogen bonds forming more perfect crys-
tals. Finally, it has been suggested that amylose acts as a plasticizer
(dilutant (Tester & Morrison, 1990)) in the starch granule. After
hydrolysis, most of the amorphous starch has been hydrolyzed lim-

iting its effect as plasticizer. Indeed, very recently, the increase in
amylopectin content when hydrolyzing starch into SNC, and thus
the decrease in amylose “plasticizer” content, has been confirmed
(LeCorre et al., unpublished results). If no amorphous starch is left
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Fig. 3. DSC and TGA curves for dry (0% W

hen no more Tg can be evidenced and Tm should be high. How-
ver, it is most likely that some amorphous starch is still present
eading to increased Tg and thus Tm. In excess water, the water can
enetrate SNC and lower their thermal transitions compared to dry
NC.

Under the SCLCP approach, the first peak could be attributed to
he smectic–nematic transition. However, with the hydrolysis of
he backbone and possibly the flexible spacers of amylopectin, it
akes more energy to disassociate and displace the double helixes
rom their lamellar organization (smectic) to nematic or isotropic
tate. Water facilitates this transition, explaining the lower tem-
eratures observed in excess water.

In excess water, the second peak maximum temperatures are
maller (103–107 ◦C) (Table 2) than that reported by Angellier
2005) (140–160 ◦C). Angellier (2005) demonstrated with mass
pectroscopy, that SNC heated up in excess water (80%) and above
10 ◦C had reduced DP. They concluded that the second peak
eflected a heat-induced depolymerization rather than melting.
owever, no TGA data was available to confirm. Literature for cel-

ulose nanocrystals (George, Ramana, Bawa, & Siddaramaiah, 2011;
oman & Winter, 2004; Wang, Ding, & Cheng, 2007) reported sim-

lar lower decomposition temperature for nanocrystals compared
o micro-crystalline cellulose. It was attributed to the small size of
he particles, the high specific surface area and thus to the outer
urface structure including the presence of sulfate groups (Wang
t al., 2007), also found on SNC ((Angellier, 2005) and confirmed by
lemental analysis not presented here). The neutralization of these
ulfate groups shifted the degradation to higher temperatures.

However, under the SCLCP approach, the second peak should
ather be attributed to further melting (i.e., to the helix-coil transi-
ion). This is why the thermal degradation process is detailed latter
n this study.

In dry conditions, data for waxy maize SNC was  in agreement
ith those reported by Thielemans et al. (2006)with a very high sec-

nd peak maximum temperature of about 200 ◦C. The presence of
wo endothermic peak could be attributed, as it is the case for gran-
lar starch according to Evans and Haisman (1982),  to the presence
f weak crystallites (least stable) that melt first (M1  peak) and of
ore stable crystallites that melt at higher temperature (M2  peak).
Combining the polymeric approach and the SCLCP model, the

bserved melting transitions could be explained as such. On the
ne hand, when the experiment starts in excess water, the first
eak should be attributed to the helix–helix dissociation (smec-

ic/nematic or isotropic transition) and the second one, which
appens right after (only 20 ◦C later), to the unwinding of the
elixes (helix-coil transition), which agrees with the interpretation
iven by Biliaderis, Mazza, and Przybylski (1993) and Tester and
% RH) (a) native M70 and (b) M70SNC.

Morrison (1992) to the melting transitions M1  and M2  observed
for granular starch.

On the other hand, when the experiment starts from the dry
state, the two  peaks could be attributed to the direct transition
from smectic to coil (gel state), as reported by Waigh, Gidley
et al. (2000) for starch at low water content of two types of crys-
tallites. Thus, the first peak (corresponding to the M1  peak of
native starches according to Evans and Haisman (1982)) could
be attributed to the melting of least stable crystallites, and the
second one (corresponding to M2)  to the more stable remain-
ing crystallites. Especially since the temperature range observed
for SNC peaks corresponds to the theoretical melting temperature
of crystallites (168–257 ◦C)(Barron, 1999) as mentioned earlier.
To confirm this postulated mechanisms, it was important to
prove that no degradation or depolymerization occurred in these
conditions.

3.3. Thermal degradation of starches and ensuing SNC

To assess the possibility that the second endothermal peak
in dry conditions corresponds to the melting of the crystallites,
TGA measurements were carried out for the five different starch
sources and freeze-dried SNC used for DSC measurements. Typical
superimposed DSC and TGA curves for native starch and SNC are
presented in Fig. 3. For native starches, the mechanism is confirmed
with degradation at temperatures much higher (about 300 ◦C) than
the endothermic peaks (about 120–150 ◦C). Similar results were
obtained whatever the starch source. Concerning SNC, it seems
that the two endothermic transitions observed in DSC measure-
ments occur before the thermal degradation observed in TGA. Even
if initial water evaporation is observed with TGA for freeze-dried
SNC, no early stage depolymerization is observed. The degradation
temperature of SNC is higher than the temperature of the second
DSC peak, whatever the source of starch. This confirms that (i)
the second endotherm reflects the melting of the crystallites (as
extrapolated from calculations) (Barron, 1999) and that (ii) SNC
correspond to starch crystallites described in literature.

It should also be noted, from TGA results presented in Fig. 4,
that slight differences between native starches and SNC can be
observed. Indeed, SNC depolymerization starts earlier than for
native starch. This is attributed to the presence of sulfate groups
at the surface of SNC (Angellier, 2005) which catalyze the reac-
tion as explained earlier. At 200–300 ◦C, the sulfonic acid groups

are thermally decompose (Jiang, Yao, McKinney, & Wilkie, 1999)
and thus the depolymerization rate slows down. The final weigh
is found to be identical. This phenomenon was also observed
when comparing cellulose nanocrystals and MCC (microcrystalline
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Fig. 4. Comparison between TGA curves of native s

ellulose) with comparable acid sulfate content (Wang et al., 2007).
his difference is not observed for M70  SNC as particles are big-
er (Table 1), and thus the specific surface area is smaller and less
ulfate groups can catalyze the reaction. The higher the initial amy-
ose content, the bigger the SNC and the higher the degradation
emperature and the more similar to the initial starch’s thermal

ehavior (as less sulfate groups can catalyze the degradation)
s reported in Fig. 6c. Indeed, considering the proposed mecha-
isms and models (described earlier), amylose might play a role
ot only during hydrolysis but also in apparent particles size and

ig. 5. Evolution of the endothermic peaks for native starch and freeze-dried SNC as a fun
ontent) and (b) in the dry state (50% RH).
and SNC for (a) M1,  (b) M27, (c) M70  and (d) PS28.

plasticization. This is why  a comparison of the different sources is
proposed.

3.4. Influence of starch type
Differences between starches used for preparing SNC are:
amylose/amylopectin ratio, intermediate material content, lipid
content, amylose and amylopectin structure and interchain orga-
nization and crystalline types.

ction of the initial amylose content in native starch (a) in excess water (70% water
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Table 2
Characteristic temperatures observed for the endothermic transitions of starches and corresponding SNC in excess water (starch:H2O 30:70).

Starch type WC  (%) Native Nanocrystals Comparison

Ti (◦C) Tmax (◦C) Tf (◦C) Range � (◦C) Ti (◦C) +/− Tmax (◦C) +/− Tf (◦C) +/− Range � (◦C) Shift of
peak (◦C)

M70  70 P1 69.1 72.5 78.3 9.2 84.5 12.5 93.0 2.1 99.9 1.0 15.4 20.5
P2  106.7 6.3 103.1 3.5 112.9 5.2 6.2

M27  70 P1 63.9 69.4 81.9 18.1 67.6 2.2 85.5 1.3 99.7 0.5 32.1 16.0
P2  100.2 0.1 106.6 2.1 112.9 3.2 12.8

M1  70 P1 65.0 71.4 83.4 18.4 54.5 14.9 79.7 11.6 99.2 0.3 44.7 8.3
P2  99.9 0.5 104.0 1.6 108.6 0.8 8.6

W28  70 P1 53.3 59.1 76.4 23.1 59.0 9.1 77.7 11.8 100.7 1.7 41.8 18.6
P2 101.7  1.1 105.5 0.3 111.3 2.2 9.6

P21 70  P1 59.6 64.0 82.5 22.9 82.1 10.2 91.3 4.3 100.3 0.5 18.2 27.3
P2  101.6 0.4 105.5 0.1 110.0 1.6 8.4

Ti: onset temperature; Tmax: maximum peak temperature; Tf: final temperature; P1: first endothermic peak; P2: second.

Table 3
Characteristic temperatures observed for the endothermic transitions of starches and corresponding SNC in the dry state (50% RH conditioning).

Starch type WC (%) Native Nanocrystals Comparison

Ti (◦C) Tmax (◦C) Tf (◦C) Range � (◦C) Ti (◦C) +/− Tmax (◦C) +/−  Tf (◦C) +/− Range � (◦C) Shift of
peak (◦C)

M70  0 P1 94.6 122.6 231.1 136.5 116.0 2.2 148.3 2.8 178.2 2.5 62.1 25.7
P2  193.3 3.3 205.4 3.8 246.0 0.5 52.6

M27 0 P1 109.6  148.7 255.0 145.4 105.0 7.8 126.1 6.3 161.0 0.2 56.0 −22.6
P2  247.2 1.4 253.5 1.0 256.9 0.0 9.7

M1 0 P1 107.6  124.7 223.5 115.9 123.4 11.2 154.0 2.2 180.3 10.2 56.9 29.3
P2  188.0 9.1 200.0 10.2 234.0 7.4 46.0

W28 0  P1 104.8 130.7 241.4 136.6 186.6 2.5 199.0 9.3 212.8 12.0 26.2 68.3
P2 215.9  13.2 218.9 12.6 248.3 6.4 32.4

P21 0  P1 111.6 147.6 204.8 93.2 178.9 3.0 191.4 9.2 205.4 23.1 26.4 43.8
P2 207.0  21.7 215.3 9.7 245.5 5.6 38.4

Ti: onset temperature; Tmax: maximum peak temperature; Tf: final temperature; P1: first endothermic peak; P2: second endothermic peak.
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Fig. 6. TGA thermograms for (a) native st
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that in dry conditions, maize SNC showed least homogeneous crys-
In excess water, differences among the first endothermic peak
emperature (corresponding to the unpacking of double helices) of
NC from different crystalline types are observed. The results are
resented in Table 2. In its native state, the B-type crystalline pack-

ng is described as less dense than A-type and hence more mobile
nd more prone to disruption (Luo, Fu, Gao, & Yu, 2011). Our results
how opposite tendency. Indeed, for B-type starches SNC (M70 and
21) the first endothermic peak was shifted up to higher temper-
tures by 20–30 ◦C, whereas for A-type starches SNC the shift was
elow 20 ◦C (Table 2). Speculated explanation could be that (i) the
morphous backbone has been hydrolyzed and thus cannot exert
ressure on the “less-densely organized” B-crystallites, and (ii)
ince B-type starches have longer amylopectin helixes, it induces

 “rigidity effect” (Waigh, Gidley et al., 2000) which translates in
he nematic state (i.e., out of lamellar order but still oriented) as
pposed to an isotropic state. In the dry state on the contrary, the
hift to higher temperatures is more important (up to 70 ◦C) as
een in Table 3. However, the second endothermic peak temper-
ture (corresponding to the unwinding of helices) is the same for
ll SNC. No direct correlation between thermal transitions’ tem-
erature and initial amylose content was found as shown in Fig. 5a.
lthough, it seems for maize starch that the higher the amylose
ontent, the higher the first endothermic peak temperature. This
ould be attributed to the fact that for maize starch, amylose con-
ent correlates with branch chain length; and thus the longer, the

ore rigid (as previously described) and the more stable.
In any case, the results also prove that SNC in excess water

hould not be processed at temperatures higher than 80 ◦C for
heat (W28) and waxy maize (M1) starches, 85 ◦C for normal maize

tarch (M27) and 90 ◦C for potato (P21) and high amylose (M70)
tarches. Indeed, if the integrity of the crystal is altered (by the
pening up of the double helixes packing) then there is no point in
sing it as barrier material for example.

In dry conditions, no apparent correlation between thermal
ransitions’ temperature and crystalline type or amylose content

ould be evidenced as seen in Fig. 5b. However, for maize starches,
he two peaks were further apart than for wheat and potato
tarches, indicating that crystallites were less homogeneous.
arches and (b) corresponding SNC.

Concerning degradation temperature, no influence of the starch
source is observed for native starches as presented in Fig. 6a. For
SNC, it could seem (Fig. 6b) that the higher the initial (and possi-
bly residual) amylose content, the latter the onset for degradation.
However, these data correlate better with SNC’s diameter (Table 1)
and thus with potential amount of sulfate groups at the surface as
suggested before. These results show that, to a certain extent, SNC
could be used in dry processing methods where temperature does
not exceed 180 ◦C such as “cold” extrusion.

4. Conclusion

Investigation of the thermal properties of SNC from different
sources by DSC revealed two  thermal transitions, contrary to native
starches which show only one transition. In excess water, the
first peak was  attributed to the first stage of crystallites melting
(unpacking of the double helixes) and the second transition to the
second stage of crystallites melting (unwinding of the helixes). B-
type crystallinity SNC “gained” more stability than A-type SNC as
they consist of more rigid crystallites. In the dry state, the peaks
were attributed to crystallites melting, with a direct transition
from packed helixes to unwinded helixes; and the presence of
two  peaks was attributed to heterogeneity in crystallites quality.
It was  demonstrated by TGA measurements that the second peak
occurred before depolymerization and corresponded to the theo-
retical values of perfect crystallites melting. It confirms that SNC
are individualized crystallites with small polymer chain length and
high melting temperature. It has always been suspected that the
type of starch used for preparing SNC was an important parame-
ter. This study shows that the amylose content of starch shows little
influence on final thermal properties of SNC. On the contrary, differ-
ences between starches observed in the native state are somewhat
compensated when in SNC. However, it seems that in excess water
B-type crystallites (with longer chain length) are more stable and
tallites. Finally, it was  proved that SNC can be used in wet processes,
such as coating, if temperature remains lower than 80–100 ◦C, and
in dry processes at temperatures below 150–200 ◦C.
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