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The  effect  of  citric  acid (CA)  on starch  films  has  been  examined.  A  new  method  to  detect  cross-linking
of  starch  by  CA  in solution-cast  films  by molecular  weight  measurements  is  described.  Furthermore,  we
managed  to distinguished  between  free, mono-  and  di-esterified  CA  and  quantify  di-ester  content  within
starch  films  by  using  a  modification  in  the  method  of complexometric  titration  with  copper(II)-sulfate.
Cross-linking  of starch  by  CA  occurred  at low  temperature,  70 ◦C,  which  we assumed  is  so  far  the  lowest
temperature  reported  where  cross-linking  reaction  occurred.  This  is  essential  for  starch  coating  applica-
tarch-based film
itric acid
ross-linking
olecular weight
ydrolysis

tions  within  paper  industry  since  no  high  temperatures  for curing  will  be required.  However,  curing  at
150 ◦C and high  CA concentrations,  30 pph,  increased  cross-linking  reaction.  Furthermore,  the  physical
properties  like  water  solubility,  gel  content  and  glass  transition  temperature,  were  highly reflected  by
changes  in  the  molecular  structure  i.e. cross-linking  and  hydrolysis,  as well  as  CA  content  and  curing
temperature.
morphous starch
lasticization

. Introduction

Starch is a highly promising biopolymer for the production of
ackaging material since it in native state gives films with good
ensile and gas barrier properties and in addition it is renewable,
vailable in high purity at low cost, and fully biodegradable. How-
ver, non-plasticized starch films are brittle and their hydrophilic
haracter results in poor moisture barrier properties and high water
ensitivity compared with films produced from synthetic polymers
uch as polyethylene or polypropylene. To improve film forma-
ion and material properties of native starch, plasticization and
hemical modification, e.g. cross-linking of the starch is required.
lasticizers such as water, glycerol, xylitol or polyethylene gly-
ol reduce the glass transition temperature, Tg, of the polymer
atrix and prevent the formation of cracks and pinholes (Forssell,

ahtinen, Lahelin, & Myllärinen, 2002; Godbillot, Dole, Joly, Rogé, &
athlouthi, 2006; Stading, Rindlav-Westling, & Gatenholm, 2001).
One major goal in recent research is to overcome the hydrophilic
nd hygroscopic character of thermoplastic starch to improve the
arrier properties against both liquid water and water vapor.
ne approach is to chemically modify the starch, e.g. through
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cross-linking (Ghosh Dastidar & Netravali, 2012; Olivato,
Grossmann, Bilck, & Yamashita, 2012; Reddy & Yang, 2010).
A potential and recently discussed cross-linking agent is citric
acid (CA) (Reddy & Yang, 2010). Citric acid is a naturally occurring
organic acid with three carboxylic groups and is generally classified
as a safe food additive. Hence, it can be used in food contact mate-
rials. It has been shown that the addition of CA decreases moisture
absorption and reduces water vapor permeability in starch films
(Ghanbarzadeh, Almasi, & Entezami, 2011; Olsson, Hedenqvist,
Johansson, & Järnström, 2013). Studies on the mechanical and
thermal properties of starch films have shown that CA improves
tensile strength and thermal stability (Ghanbarzadeh et al., 2011;
Olivato et al., 2012). In addition to cross-linking, CA also acts as a
plasticizer for starch (Ghanbarzadeh et al., 2011; Reddy & Yang,
2010; Shi et al., 2007). Therefore, a CA plasticized and cross-linked
starch as water soluble film forming dispersion can offer great
potential to be used as barrier coating within the food packaging
sector.

Citric acid can react with all three hydroxyl groups in the anhy-
droglucose monomer and with the hydroxyl group of the reducing
end of the chain (Gramera, Heerema, & Parrish, 1966; Klaushofer
& Bleier, 1982). Possible structures of esters formed between CA

and starch are discussed in detail by Bleier and Klaushofer (1983).
An esterification reaction between starch and CA could result in
CA mono-, di-, and tri-esters. Di-esters can be formed either inter-
molecularly between two polymer molecules or intramolecularly

dx.doi.org/10.1016/j.carbpol.2013.03.044
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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ithin the same polymer molecule. An intermolecular cross-link
etween two different macromolecules obviously increases the
olecular weight. For intramolecular di-esterification the forma-

ion of a di-ester within the same anhydroglucose monomer,
etween two  neighboring anhydroglucose monomers, or within
he same polymer molecule are all sterically possible, but this does
ot lead to cross-linking. The probability of tri-esters is doubt-

ul (Bleier & Klaushofer, 1983). Klaushofer and Bleier (1983) have
hown the occurrence of highly substituted regions and weakly
ubstituted regions in starch. It has been proposed that esterifica-
ion mainly takes place around the branching points of amylopectin
Klaushofer & Bleier, 1983).

A concurrent reaction to cross-linking in response to CA addi-
ion is hydrolysis of starch due to lowering of the pH. In addition,
igh moisture content increases the hydrolysis rate. It has previ-
usly been shown that high temperature, high CA concentration,
nd low pH increase the degradation rate (Carvalho, Zambon, da
ilva Curvelo, & Gandini, 2005; Hirashima, Takahashi, & Nishinari,
004; Shi et al., 2007; Wing, 1996).

The aim of this study was to find a suitable method for detecting
ross-linking of starch by CA and to investigate how CA concentra-
ion and curing affects the molecular structure of starch. We  aimed
o improve our understanding of the interactions between starch
nd CA in starch-based films cured at different temperatures, in
rder to facilitate processing of modified starch for industrial pro-
uction of accessible films or coatings for food packaging and to
etter understand barrier properties such as diffusion coefficient
nd moisture content reduction with CA addition shown in a pre-
ious study (Olsson et al., 2013).

. Materials and methods

.1. Materials

The solution-cast starch films consisted of hydroxylpropylated
nd oxidized normal potato starch including different concentra-
ions of CA (0, 5, 10, 20 and 30 parts (by wt.) per hundred parts of
ry starch, pph) and were produced as described elsewhere (Olsson
t al., 2013). In brief, a 10% starch solution was  gelatinized in a
oiling water bath for 45 min  under vigorous stirring. After cooling
o room temperature CA was added and the solutions were cast
n Petri dishes and dried at 70 ◦C for 5 h, with or without subse-
uent curing at either 105 ◦C or 150 ◦C for 10 min. All solvents and
eagents used were of analytical grade. The pH of the solution-cast
tarch films was about 6 for solutions without CA and about 2.5 and
.9 for films containing 5 pph and 30 pph CA, respectively.

.2. Molecular distribution of amylose and amylopectin

The films were dissolved to a concentration of 5 mg/mL in 0.1 M
aOH at room temperature for 2 h. Aliquots of 1 mL  were frac-

ionated by size-exclusion chromatography (SEC), fractions of 1 mL
ere collected and chromatograms were produced by carbohy-
rate analysis and iodine staining according to Altskär et al. (2008).
he experiment was performed in duplicate.

.3. MALLS for determination of weight-average molecular
eight

.3.1. MW after de-esterification

The samples were dissolved as described above and an aliquot

f 75 �L was injected into a high-performance size-exclusion chro-
atography (HPSEC) system connected with multi-angle laser

ight scattering (MALLS) and refractive index (RI) detector for MW
lymers 96 (2013) 270– 276 271

determination (Andersson, Fransson, Tietjen, & Åman, 2009). The
experiment was performed in duplicate.

2.3.2. MW determination of water-soluble starch content and
subsequent de-esterification

The sample preparation in Section 2.3.1 included the dissolution
of starch films in 0.1 M NaOH. However, by doing so, ester-linkages
formed between CA and starch are hydrolyzed and MW determi-
nation only measures changes in the starch molecules. To detect
cross-linking of starch by CA, MW of the water soluble starch con-
tent was measured before and after de-esterification with NaOH.
Therefore, film samples (25 mg)  were weighed out and 5 mL  dis-
tilled water was  added. The mixture was stirred and heated at 70 ◦C
for 2 h and the water-soluble starch content was filtered through
a 0.45 �m filter and an aliquot was directly injected into the
HPSEC-MALLS-RI system for MW determination. Another aliquot
was subsequently de-esterified with 0.1 M NaOH for 2 h at room
temperature before MW determination.

2.4. Complexometric titration of CA with copper (II)-sulfate

The principles of the complexometric titration of CA with cop-
per (II)-sulfate is described in more detail elsewhere (Graffmann,
Domels, & Sträter, 1974). Klaushofer, Berghofer and Pieber (1979)
applied this method to citrate starches to quantify the amount of
free CA and to determine the grade of ester substitution (Klaushofer
et al., 1979). In brief, copper (II)-ions are able to form a stable com-
plex with CA in a stoichiometric copper (II):CA ratio of 1:1. The
endpoint is sharp and can be detected with a metal indicator such
as murexide. Klaushofer and Bleier (1983) discovered that asym-
metric CA mono-methyl esters form similar complexes and react
like free acid. Thus, copper titration will detect free CA, as well as
asymmetrically mono-esterified CA.

Using that fact, we  modified the method and carried out two
independent titrations on the starch films. In one titration, the
cross-linkages in starch film samples were hydrolyzed with KOH to
measure the total amount of CA, including free and esterified CA. In
a second titration, the water-swollen films were titrated directly to
measure free plus mono-esterified CA. Hence, this method allowed
measuring the difference in titration yield which quantifies the
amount of CA di-esters in the starch film that cannot be measured
by titration. We  believe that this is the first time that di-ester con-
tent is quantified.

Starch films of around 300 mg  were cut into pieces. These films
were either hydrolyzed with 50 mL  0.1 M KOH for 20 min in a boil-
ing water bath or swelled with 2 mL  of distilled water for 20 min.
After cooling to room temperature, the pH of the solution was
adjusted to 8.5 with 5 N acetic acid and 25 mL of a borax/boric acid
buffer (pH 8.5). The solution was made up to 250 mL  with distilled
water and a spatula tip of murexide (Merck, Darmstadt, Germany)
was used as indicator. Titration was  carried out with 0.02 M cop-
per (II)-sulfate solution where 1 mL  consumed copper solution is
equivalent to 3.842 mg  CA.

The difference in the yield of CA titration between the
hydrolyzed and non-hydrolyzed CA measurements was then calcu-
lated. The degree of di-esterification, DDE, of starch was  calculated
as:

DDE = 2 · mCA · wdiester · MAGU

MCA · mstarch
(1)

where mCA is the amount of CA added (5, 10, 20, or 30 g), wdiester
is the weight fraction of CA taking part in a diester linkage given

as a percentage, 2 is a factor to reflect that two anhydroglucose
units are esterified by one CA molecule, MAGU is the molar mass of
one anhydroglucose unit (162 g/mol), MCA is the molar mass of CA
(192 g/mol), and mstarch is the amount of starch in the CA-containing
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Fig. 1. (a) Chromatograms (lines) and �max (dots) of starch films CA0, CA5, and
CA30, non-cured and fractionated on Sepharose CL-2B (error bars indicated at 62
and  134 mL  elution volume for CA0). (b) Chromatograms (lines) and �max (dots) of
72 C. Menzel et al. / Carbohydr

lm (100 g). DDE is defined as the number of anhydroglucose units
n the starch chain that is di-esterified by CA. The experiment was
erformed in triplicate.

.5. Water solubility

The amount of water-soluble matter used for MW determination
as determined as anhydroglucose concentration (g anhydroglu-

ose/100 g starch) using the phenol sulfuric acid method described
n Altskär et al. (2008) and using a glucose calibration curve multi-
lying by 0.9 in view of anhydroglucose monomers. The experiment
as performed in duplicate.

.6. Gel content in formic acid

The gel content was measured according to Reddy and Yang
2010). In brief, 0.1 g film sample was placed in 5 mL  formic acid
nder mild stirring for both 24 h at 23 ◦C and 5 h at 50 ◦C. The gel
ontent was determined as the dry weight of the material that did
ot pass through a stainless steel mesh (Tyler mesh 30) and was
xpressed as percentage of dry film weight. The experiment was
erformed in triplicate.

.7. Starch film structure and morphology by wide-angle X-ray
cattering (WAXS)

WAXS measurements were performed at the 911-2 beamline
t the MAX-lab Synchrotron, Lund University, Sweden (Mammen
t al., 2002). The wavelength was 1.04 Å, and the sample-to-
etector distance was 149.8 mm.  Silicon powder was  used as a
alibration standard for peak positions. Two-dimensional images
ere recorded using an area-CCD detector (active area diameter:

65 mm,  Marresearch GmbH, Norderstedt, Germany) with 5 min
f data acquisition. Parasitic scattering was subtracted from all
iffractograms. Four to five starch film pieces were stacked on top
f each other with a total thickness of 1 mm and placed in a sam-
le holder for X-ray scattering. The data were analyzed using the
oftware FIT2D (Hammersley et al., 1995).

.8. Thermal analysis

The effects of CA and curing temperature on Tg of the starch films
ere determined by modulated differential scanning calorime-

ry, MDSC. A TA system DSC Q2000 (TA Instruments, New Castle,
SA) was used for the experiments. The scans were performed
y heating the samples from 0 to 170 ◦C with an underlying
eat rate of 2 K/min, a modulated heat amplitude of 0.318 K,
nd a period of 60 s. Pre-trials were performed from −70 to
70 ◦C to detect any glass transition at low temperatures orig-

nating from the plasticizer that would prove phase separation.
ilm samples stored at 23 ◦C and 50% RH were cut into small
ieces weighing 10.05 ± 0.05 mg  and placed in hermetically sealed
luminum pans. An empty pan was used as reference. The mea-
urements were performed in at least triplicate. The data were
nalyzed using TA Universal Analysis 2000 software (TA Instru-
ents, New Castle, USA). The inflection point in the reversible

eat flow curve was taken as the glass transition temperature,
g.

. Results and discussion

.1. Molecular characterization of amylose and amylopectin
The method was used to identify molecular changes in amy-
ose and amylopectin caused by acid hydrolysis during drying and
uring. The chromatographic profiles of the starch films showed
the  starch films CA0 non-cured and CA30 non-cured and cured (105 ◦C and 150 ◦C)
fractionated on Sepharose CL-2B (error bars indicated at 62 and 134 mL for CA0).

two major peaks (Fig. 1a). The first peak eluted between 55 and
70 mL  and corresponded to large amylopectin molecules (Altskär
et al., 2008). Maximum absorbance, �max, was about 540–550 nm,
which is typical for branched molecules with short �-1,4 linked
glucose chains (Morrison & Laignelet, 1983). The second large
peak eluting roughly between 110 and 160 mL,  and with �max

up to 610 nm,  corresponded to amylose, but also to partially
degraded amylopectin (Altskär et al., 2008). Results for the amy-
lopectin peaks area (peak area under elution fraction 55–70 mL)  are
shown in Table 1 and are further discussed below in connection to
MW.

Films containing CA showed a shift in the chromatogram with
increasing CA concentration (Fig. 1a). The relative absorbance
of the first eluting peak decreased significantly, whereas it
increased concomitantly for the second eluting peak (Fig. 1a).
Besides this, �max for the material eluting between 110 and
160 mL  shifted to lower values. Hence, large amylopectin
molecules were degraded to smaller size and eluted together
with amylose in the second peak, resulting in lower �max val-
ues.

Films cured at 150 ◦C showed the strongest decrease of the first
eluting peak with increasing amount of acid (Fig. 1b). In addition,
the chromatographic profile of the starch film containing 30 pph
CA consisted of only one peak eluting between 80 and 160 mL
(Fig. 1b) indicating the strongest degradation of amylopectin due

to acid hydrolysis. Amylose molecules were most likely degraded
as well, although the method used did not differentiate between
the two molecular fractions. It was shown that all CA-containing
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Table  1
Sample abbreviation, amylopectin peak area (peak area under 55–70 mL)  and weight-average molecular weight (MW) of non-cured and cured (105 ◦C and 150 ◦C) starch films
with  and without CA.

Sample abbrev. CA content [pph] Amylopectin peak [AU]a MW [106 g/mol]a in NaOH

Non-cured 105 ◦C 150 ◦C Non-cured 105 ◦C 150 ◦C

CA0 0 21.4 ± 0.46 20.7 ± 1.55 20.8 ± 0.36 9.0 ± 0.37 9.9 ± 0.03 9.5 ± 0.14
CA5  5 17.3 ± 0.34 15.3 ± 0.63 7.1 ± 1.13 7.4 ± 0.27 6.7 ± 0.08 3.4 ± 0.12
CA10  10 16.0 ± 0.52 17.0 ± 0.42 2.9 ± 0.53 8.4 ± 0.26 5.5 ± 0.61 1.8 ± 0.02
CA20  20 16.3 ± 0.94 15.2 ± 0.34 1.3 ± 0.46 6.6 ± 2.13 7.4 ± 0.02 1.5 ± 0.02
CA30  30 13.7 ± 0.28 13.0 ± 1.19 0.74 ± 0.46 6.1 ± 0.08 5.8 ± 0.05 0.2 ± 0.01

a Mean value of duplicates ± standard deviation.

Table 2
Weight-average molecular weight (MW) of water-soluble starch before (water) and after subsequent de-esterification with NaOH (PlusNaOH).

Sample Water soluble MW [106 g/mol]a

Non-cured 105 ◦C 150 ◦C

Water PlusNaOH Water PlusNaOH Water PlusNaOH

CA0 9.9 ± 0.19 9.6 ± 0.05 9.9 ± 0.20 9.8 ± 0.22 9.2 ± 0.76 8.9 ± 0.78
CA5  8.3 ± 0.99 6.1 ± 0.27 6.5 ± 0.09 5.2 ± 0.42 5.1 ± 0.05 2.2 ± 0.07
CA10  7.4 ± 0.54 5.9 ± 1.05 7.3 ± 0.85 6.2 ± 0.19 6.1 ± 0.05 5.0 ± 0.54
CA20  3.9 ± 0.01 3.3 ± 0.39 4.1 ± 0.43 3.1 ± 0.43 1.8 ± 0.44 0.31 ± 0.44
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CA30  0.41 ± 0.11 0.33 ± 0.01 0.27 ±
a Mean value of duplicates ± standard deviation.

lms, i.e. non-cured and cured, were significantly degraded com-
ared to starch films without CA (amylopectin peak area, Table 1).
owever, films with up to 20 pph CA showed only small differ-
nces in the chromatographic profile compare to films without
A and hence were only slightly affected by the acid hydrolysis.
tarch films cured at 105 ◦C showed similar profiles to the non-
ured films for all CA concentrations. Consequently, curing at 105 ◦C
id not significantly affect starch hydrolysis. We  conclude that
cid hydrolysis of the glycosidic linkages in starch was  favored
t high temperature and at high CA concentrations, i.e. 30 pph,
hich is consistent with previous reports (Carvalho et al., 2005;
livato et al., 2012; Shi et al., 2007). One reason could be that
t high temperature residual moisture could evaporate, increas-
ng the effective CA concentration, thereby lowering pH and hence
nhancing hydrolysis of starch. Shi et al. (2007) reported a sim-
lar significant hydrolysis of the starch chains when CA content
ncreased above 20% in melt blended starch at elevated temper-
tures. An adjusted degradation by controlling CA concentration
nd drying conditions could be used to improve processing prop-
rties such as viscosity and open a wide field of applications of CA
ontaining starch films.

.2. MALLS to determine weight-average molecular weight

The results of the MW measurements are shown in Table 1.
he solution-cast starch films produced without CA had a MW
f about 9.0 × 106 g/mol. In general, MW decreased slightly with
ncreasing CA content for all cured and non-cured films (Table 1).
ilms containing 30 pph CA showed the greatest reduction in MW,
rom 6.0 × 106 g/mol for non-cured films to 0.2 × 106 g/mol for films
ured at 150 ◦C, implying a MW decrease by 62–97% compared with
he film without CA. The decrease in MW was due to an induced
cid hydrolysis at high temperature as discussed above. There were
nly small changes in MW between the non-cured films and films
ured at 105 ◦C, which is consistent with results shown in the amy-
ose and amylopectin distribution (Table 1). The acid hydrolysis of

tarch evaluated by the determination of amylose and amylopectin
istribution (the peak area under the 55–70 mL  eluted fraction)
ere strongly correlated with the measured MW as seen in Fig. 2

r2 = 0.923).
 0.22 ± 0.02 0.42 ± 0.12 0.13 ± 0.12

3.3. MW of the water-soluble starch content before and after
de-esterification

By comparing the MW before and after de-esterification with
NaOH, cross-linking of starch by CA can be proven. Cross-linking
reaction can increase MW due to covalent ester-bonds of one CA
molecule to two starch molecules which, however, can be broken
by NaOH resulting in lower MW. However, only the water-soluble
starch content could be studied by this method. The results of
the MW measurements in water are given in Table 2. Starch films
without CA were neither degraded by NaOH-treatment nor cross-
linked.

The MW of starch films containing CA showed a 10–85% decrease
after NaOH-treatment (Table 2). This evidently proves intermolec-
ular cross-linkages in starch by CA in all starch films, even in the
Amylopectin peak [AU]

Fig. 2. Scatterplot of molecular weight (MW) and amylopectin peak (peak area under
55–70 mL)  of films with and without CA, cured and non-cured (R2 = 0.935).



274 C. Menzel et al. / Carbohydrate Polymers 96 (2013) 270– 276

0

20

40

60

80

100

CA0 CA 5 CA1 0 CA2 0 CA3 0

w
a
te

r 
so

lu
b
le

 s
ta

rc
h

[g
 A

n
h
yd

ro
g
lu

/ 
1
0
0
 g

 s
ta

rc
h
]

F ◦

–
s

s
t
r
M
w
w

t
c
a
a
s
b
s

3

F
i
c
t
2
i
r
t
m
(
1

e
m
l
c
a
c
c

3

a
s
a

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

CA5 CA10 CA20 CA30

D
e
g
re

e
 o

f 
d
i-

e
st

e
ri

fi
ca

tio
n

jected to formic acid for 24 h at 23 ◦C containing 0, 5 or 10 pph CA
indicating that cross-linking reaction was not sufficient. Further,
for film with 20 pph CA only the film cured at 150 ◦C had mea-
surable gel content (23.2%). However, films containing 30 pph CA

Table 3
Tg from MDSC for non-cured and cured (105 ◦C and 150 ◦C) starch films with different
CA  content.

Sample Tg [◦C]a

Non-cured 105 ◦C 150 ◦C

CA0 94 ± 5.8 93 ± 2.8 99 ± 1.8
CA5 86 ± 3.1 92 ± 1.7 103 ± 1.8
ig. 3. Water soluble starch content of non-cured (light gray) and cured (105 C
 gray, 150 ◦C – dark gray) film samples (mean value of duplicates, bars indicate
tandard deviation).

tarch film part than in 0.1 M NaOH (Tables 1 and 2) which indicates
he cross-linking between starch molecules since only cross-linking
eaction can increase MW of starch. Of course, the determination of

W of the water-soluble starch content is not representative of the
hole starch film, since the starch films are only partly soluble in
ater.

Nevertheless, to the best of our knowledge this is the first time
hat CA cross-linking of starch has been shown in correlation to MW
hange. Further, it was shown that cross-linking occurred already
t low temperature drying, i.e. already at drying at 70 ◦C without

 subsequent curing step. This is crucial for industrial applications
uch as coating of paper where cross-linking has been claimed to
e initiated by curing which from these results will not be neces-
ary.

.4. Water solubility

The results of the water solubility measurements are shown in
ig. 3. Water solubility of the starch films decreased with increas-
ng CA concentration. Cross-linking and esterification reactions
an reinforce the starch network both chemically and physically,
hus resulting in lower water solubility (Ghanbarzadeh et al.,
011; Krumova, López, Benavente, Mijangos, & Pereña, 2000). Cur-

ng did not significantly affect the solubility of starch, which is
ather surprising since high temperatures are commonly used
o induce cross-linking of starch by CA in order to obtain a

ore dense structure and to improve resistance to dissolution
Klaushofer, Berghofer, & Steyrer, 1978; Reddy & Yang, 2010; Wing,
996).

By combining the results from MW determination after de-
sterification, showing low MW values, and water solubility
easurements, suggest that primarily small molecules (both cross-

inked and free) were dissolved in water (Table 2 and Fig. 3). Highly
ross-linked and high MW molecules can be expected to remain
s water-insoluble matter. Our results showed that the CA con-
entration had a higher impact on the water solubility than the
uring.

.5. Complexometric titration of CA with copper (II)-sulfate
For the first time, the amount of di-esterified CA was measured
s the difference in CA titration for hydrolyzed and non-hydrolyzed
tarch films and can be expressed as both a percentage of total CA
nd as DDE of starch (Eq. (1); Fig. 4). In all CA-containing starch
Fig. 4. Degree of di-esterification (DDE according to Eq. (1)) of non-cured (light gray)
and  cured (105 ◦C – gray, 150 ◦C – dark gray) CA-containing starch films (error bars
represent standard deviation of triplicates).

films, di-esters were present in concentrations ranging from 2.2
to 21.3% of total added CA (data not shown). The highest concen-
tration of CA, 30 pph, gave the highest DDE, ranging from DDE
0.008 (every 125th anhydroglucose monomer being di-esterified)
up to DDE 0.054 (every 19th anhydroglucose monomer being
di-esterified) for non-cured and 150 ◦C cured films, respectively.
Citric acid concentrations between 5 and 20 pph resulted in lower
DDE values of between 0.002 and 0.006. There was no linear
correlation between curing temperature and DDE  up to 20 pph CA.
These results do not differentiate between inter- or intramolecular
di-esters, as described earlier (Bleier & Klaushofer, 1983). However,
considering the results from the MW measurements in water, with
MW decreases of 85% after de-esterification, there is clear proof
of intermolecular di-esters, i.e. cross-linkages, in the starch films,
since intra-molecular di-esters would not cause a reduction in MW.

We concluded that the 30 pph CA-containing starch films were
highly cross-linked, since they exhibited most CA di-ester, highest
MW decrease after de-esterification and lowest water solubility.
Further, the results clearly indicate cross-linkages in starch films
without curing at high temperature, which to the very best of our
knowledge, have not been achieved or demonstrated by any other
study.

3.6. Gel content in formic acid

Measurement of the gel content of a polymer in a selected sol-
vent indicates the amount of a film that is sufficiently cross-linked
(Larson, 1999). There was no gel content detectable in films sub-
CA10 85 ± 3.5 81 ± 4.1 81 ± 4.2
CA20 59 ± 0.7 55 ± 0.7 54 ± 0.5
CA30 58 ± 0.9 60 ± 0.7 58 ± 0.2

a Mean value of at least triplicates ± standard deviation.
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ubsequent curing (2- 105 ◦C and 3- 150 ◦C); dotted line indicates the position of
he 300 reflection of the B-type crystalline phase with d-spacing 5.1 Å.

howed a gel content of 74.0%, 75.3%, and 52.8% for films non-cured,
ured at 105 ◦C, and cured at 150 ◦C, respectively. Curing at 150 ◦C
educed the gel content further, probably due to the strong hydrol-
sis of starch as seen in the MW determination (Table 3). All starch
lms subjected to formic acid for 5 h at 50 ◦C were completely dis-
olved except for the film sample with 30 pph CA cured at 150 ◦C,
hich had a gel content of 8.4%. The resistance to dissolution under

hese tough conditions might be due to isles within the starch film
ith a high cross-linking density. This assumption would be consis-

ent with earlier reports describing highly and weakly substituted
egions in starch films (Klaushofer & Bleier, 1983). The results of
he molecular distribution of amylose and amylopectin (Fig. 1a and
) showed that the amylopectin fraction was highly degraded with

ncreasing CA concentration when the films were cured at 150 ◦C. It
as been proposed in the past that small molecules or short chains
re more favorable to cross-linking reactions due to more flexibility
n space (Wing, 1996). In general, gel content was  highly reflected
y molecular structure, i.e. hydrolysis and modest cross-linking up
o 20 pph CA resulting in no gel content whereas at 30 pph CA high
el content was detectable due to the stronger cross-linking.

.7. Starch film structure and morphology by WAXS

The WAXS diffractograms of the starch films showed rather
imilar film morphology, i.e. two peaks of high intensity with aver-
ge d-spacings of 4.7 Å and 2.6 Å, respectively (Fig. 5). These peaks
ere mainly due to the presence of an amorphous phase in the

tarch film structure. A small peak (Fig. 5, indicated by a dotted
ine) with a d-spacing of 5.1 Å was observed for the non-cured
lms with 0 and 5 pph CA, and the film without CA cured at 105 ◦C
2D data for 0 pph CA content is reported in the supplementary
ig. I). No such peak was found for the films containing 10 pph
Fig. 5), or 20 and 30 pph of CA (data not shown). The small observed
eak is most likely related to the presence of B-type crystalline
tructure, which is typically observed for the potato starch, and
s identified as the 300 reflection (Myllärinen, Buleon, Lahtinen,

 Forssell, 2002; Zobel, 1988). Complementary SAXS measure-

ents also revealed the presence of the 100 reflection (results

ot shown), confirming the structural identification of the residual
rystalline phase. Films containing 0 to 5 pph CA seemed to have
ven lower crystallinity with increasing curing temperature, and
lymers 96 (2013) 270– 276 275

curing at 150 ◦C resulted in a completely amorphous structure for
all the films containing CA (Fig. 5). Despite the existence of some
crystalline features in the present scattering data, the intensities
of the scattering peaks are low and therefore the degree of crys-
tallinity is negligible. No attempts of crystallinity quantification
were done.

3.8. Thermal analysis

The results of the MDSC measurements are shown in Table 3.
There were only small changes in Tg with CA content up to 10 pph,
where the addition of CA led to anti-plasticization behavior. This
is consistent with previous reports of moisture uptake at 50%
RH, where films with 0–10 pph CA are shown to be in the anti-
plasticized region where all the CA theoretically should be bound
to the hydroxyl groups of starch. Citric acid, which has been pro-
posed to form strong hydrogen bonds with starch, would then limit
the molecular movement of the films (Yu, Wang, & Ma,  2005).
There was  a clear reduction in the Tg when the CA content was
increased from 10 pph to 20 pph. However, there was  no continuous
decrease in Tg when the CA content was increased to 30 pph, which
might be due to the phase separation behavior at high CA content
described in a previous study (Olsson et al., 2013). The strong reduc-
tion in Tg observed at 20 and 30 pph CA could be explained with
the presence of a phase with mainly free CA molecules facilitating
extra movement in the material. A constant Tg for high plasticizer
content has also been shown for glycerol, in which the system
was phase-separated as seen by two  separate Tg. Neither constant
Tg with increasing plasticizer concentration nor two separate Tg

was reported for the lower plasticizer contents (Lourdin, Bizot, &
Colonna, 1997). However, in the case of CA it was not possible to
detect any second Tg close to the location of Tg for pure CA (284 K)
(Lu & Zografi, 1997) from the MDSC measurements. Curing affected
the Tg of the starch films differently depending on the concentra-
tion of CA. Up to 5 pph CA, there was  a significant increase in Tg with
increasing curing temperature. At higher CA contents there were
much smaller differences between Tg at the different curing tem-
peratures. There is a number of possible reasons for this behavior.
The increase in Tg with increasing curing temperature for the films
without CA and with 5 pph CA could be explained by the decrease
in moisture content (supplementary Table I), reduction of MW due
to hydrolysis (Table 1), increase in MW with cross-linking (Table 2)
and by the indicated decrease in crystallinity with increasing curing
temperature (Fig. 5).

4. Conclusions

The addition of CA to starch films is a suggested method to pro-
duce starch films with enhanced water and water vapor barrier
properties at high relative humidity. In this study, the effect of
CA content and high curing temperature has been examined. For
the first time, it was  shown that no high temperature is needed
to cross-link starch with CA. However, the degree of cross-linking
increased with higher temperature, at least for films with 30 pph
CA. Furthermore, it was  seen that starch was  degraded during both
drying and curing when CA was  present and that curing at 150 ◦C
resulted in severe hydrolysis. We  believe that this is the first study
that detected and quantified CA di-ester using a modification of
the complexometric titration with copper (II)-sulfate. Furthermore,
a method to detect cross-linking with regard to MW changes in
the starch polymer has been described for the first time. Moreover,

measurements of physical properties such as water solubility, gel
content and Tg confirmed the results of the molecular analyses.
The here described CA starch films are an easy way  to produce
cheap materials for water vapor barrier coatings for e.g. packaging
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aterial without a necessary curing step. The material showed
ncreased water vapor barrier properties (Olsson et al., 2013) and
an be used for food contact materials since CA is approved as a
ood additive.

uthor contributions

The manuscript was written with contributions from all authors.
ll authors have given their approval for the final version of the
anuscript.

cknowledgments

This study was performed within the project Renewable Func-
ional Barriers, which is part of the BFP research program jointly
aunched by the Swedish Governmental Agency for Innovation Sys-
ems (VINNOVA), The Swedish Forest Industries Federation, and
rä-och Möbelföretagen (TMF). The authors thank VINNOVA and the
ther funding bodies of the project for their financial support. MAX-
ab is acknowledged for the beamtime provided under proposal
0110162 for beamline 911-4 and 711-574 for beamline 711.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.carbpol.
013.03.044.

eferences

ltskär, A., Andersson, R., Boldizar, A., Koch, K., Stading, M., Rigdahl, M.,  et al. (2008).
Some effects of processing on the molecular structure and morphology of ther-
moplastic starch. Carbohydrate Polymers, 71,  591–597.

ndersson, R., Fransson, G., Tietjen, M.,  & Åman, P. (2009). Content and molecular-
weight distribution of dietary fiber components in whole-grain rye flour and
bread. Journal of Agricultural and Food Chemistry,  57,  2004–2008.

leier, J., & Klaushofer, H. (1983). Versuche zur Aufklärung der Struktur von
Citratstärken. 2. Mitteilung. Strukturmodelle einzelner Citronensäureester der
Amylose und des Amylopektins. Starch – Stärke,  35,  12–15.

arvalho, A. J. F., Zambon, M.  D., da Silva Curvelo, A. A., & Gandini, A. (2005). Ther-
moplastic starch modification during melt processing: Hydrolysis catalyzed by
carboxylic acids. Carbohydrate Polymers, 62,  387–390.

orssell, P., Lahtinen, R., Lahelin, M.,  & Myllärinen, P. (2002). Oxygen permeability
of  amylose and amylopectin films. Carbohydrate Polymers, 47,  125–129.

hanbarzadeh, B., Almasi, H., & Entezami, A. A. (2011). Improving the barrier and
mechanical properties of corn starch-based edible films: Effect of citric acid and

carboxymethyl cellulose. Industrial Crops and Products, 33,  229–235.

hosh Dastidar, T., & Netravali, A. N. (2012). ‘Green’ crosslinking of native starches
with malonic acid and their properties. Carbohydrate Polymers, 90,  1620–1628.

odbillot, L., Dole, P., Joly, C., Rogé, B., & Mathlouthi, M.  (2006). Analysis of water
binding in starch plasticized films. Food Chemistry,  96,  380–386.
lymers 96 (2013) 270– 276

Graffmann, G., Domels, H., & Sträter, M.  L. (1974). Schnelle Bestimmung von Citrat
in  Wasch- und Reinigungsmitteln durch Titration mit  Cu-Lösung. Fette, Seifen,
Anstrichmittel,  76,  218–220.

Gramera, R. E., Heerema, J., & Parrish, F. W.  (1966). Distribution and structural form
of  phospahte ester groups in commercial starch phosphates. Cereal Chemistry,
43,  104–111.

Hammersley, A. P., Svensson, S. O., Thompson, A., Graafsma, H., Kvick, E., & Moy, J. P.
(1995). Calibration and correction of distortions in two-dimensional detector
systems. Review of Scientific Instruments, 66,  2729–2733.

Hirashima, M.,  Takahashi, R., & Nishinari, K. (2004). Effects of citric acid on the
viscoelasticity of cornstarch pastes. Journal of Agricultural and Food Chemistry,
52,  2929–2933.

Klaushofer, H., Berghofer, E., & Pieber, R. (1979). Quantitative Bestimmung von
Citronensaure in Citratstärken. Starch – Stärke,  31,  259–261.

Klaushofer, H., Berghofer, E., & Steyrer, W.  (1978). Stärkecitrate–Produktion und
anwendungs-technische Eigenschaften. Starch – Stärke,  30,  47–51.

Klaushofer, H., & Bleier, J. (1982). Versuche zur Aufklärung der Struktur von
Citratstärken. 1. Mitteilung. Spaltung der Esterbindung unter milden Reaktions-
bedingungen. Starch – Stärke,  34,  271–273.

Klaushofer, H., & Bleier, J. (1983). Versuche zur Aufklärung der Struktur von Cit-
ratstärken. 3. Mitteilung. Ergebnisse von Abbauversuchen mit amylolytischen
Enzymen. Starch – Stärke,  35,  237–242.

Krumova, M.,  López, D., Benavente, R., Mijangos, C., & Pereña, J. M.  (2000). Effect of
crosslinking on the mechanical and thermal properties of poly(vinyl alcohol).
Polymer,  41,  9265–9272.

Larson, R. G. (1999). Polymer gels. The structure and rheology of complex fluids. New
York: Oxford University Press.

Lourdin, D., Bizot, H., & Colonna, P. (1997). Antiplasticization in starch-glycerol
films? Journal of Applied Polymer Science, 63,  1047–1053.

Lu, Q., & Zografi, G. (1997). Properties of citric acid at the glass transition. Journal of
Pharmaceutical Sciences, 86,  1374–1378.

Mammen, C. B., Ursby, T., Cerenius, Y., Thunnissen, M.,  Als-Nielsen, J., Larsen, S.,
et  al. (2002). Design of a 5-station macromolecular crystallography beamline at
MAX-lab. Acta Physica Polonica A, 101, 595–602.

Morrison, W.  R., & Laignelet, B. (1983). An improved colorimetric procedure for
determining apparent and total amylose in cereal and other starches. Journal of
Cereal Science, 1, 9–20.

Myllärinen, P., Buleon, A., Lahtinen, R., & Forssell, P. (2002). The crys-
tallinity of amylose and amylopectin films. Carbohydrate Polymers, 48,
41–48.

Olivato, J. B., Grossmann, M.  V. E., Bilck, A. P., & Yamashita, F. (2012). Effect of organic
acids as additives on the performance of thermoplastic starch/polyester blown
films. Carbohydrate Polymers, 90,  159–164.

Olsson, E., Hedenqvist, M.  S., Johansson, C., & Järnström, L. (2013). Influence of citric
acid and curing on water sorption, diffusion and permeability of starch films.
Carbohydrate Polymers, 94,  765–772.

Reddy, N., & Yang, Y. (2010). Citric acid cross-linking of starch films. Food Chemistry,
118,  702–711.

Shi, R., Zhang, Z., Liu, Q., Han, Y., Zhang, L., Chen, D., et al. (2007). Characteriza-
tion  of citric acid/glycerol co-plasticized thermoplastic starch prepared by melt
blending. Carbohydrate Polymers, 69,  748–755.

Stading, M., Rindlav-Westling, Å., & Gatenholm, P. (2001). Humidity-induced struc-
tural transitions in amylose and amylopectin films. Carbohydrate Polymers, 45,
209–217.

Wing, R. E. (1996). Starch citrate: Preparation and ion exchange properties. Starch

–  Stärke,  48,  275–279.

Yu, J., Wang, N., & Ma, X. (2005). The effects of citric acid on the properties of
thermoplastic starch plasticized by glycerol. Starch – Stärke,  57,  494–504.

Zobel, H. F. (1988). Starch crystal transformations and their industrial importance.
Starch – Stärke,  40,  1–7.

http://dx.doi.org/10.1016/j.carbpol.2013.03.044
http://dx.doi.org/10.1016/j.carbpol.2013.03.044
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00285-3/sbref0155

	Molecular structure of citric acid cross-linked starch films
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Molecular distribution of amylose and amylopectin
	2.3 MALLS for determination of weight-average molecular weight
	2.3.1 MW after de-esterification
	2.3.2 MW determination of water-soluble starch content and subsequent de-esterification

	2.4 Complexometric titration of CA with copper (II)-sulfate
	2.5 Water solubility
	2.6 Gel content in formic acid
	2.7 Starch film structure and morphology by wide-angle X-ray scattering (WAXS)
	2.8 Thermal analysis

	3 Results and discussion
	3.1 Molecular characterization of amylose and amylopectin
	3.2 MALLS to determine weight-average molecular weight
	3.3 MW of the water-soluble starch content before and after de-esterification
	3.4 Water solubility
	3.5 Complexometric titration of CA with copper (II)-sulfate
	3.6 Gel content in formic acid
	3.7 Starch film structure and morphology by WAXS
	3.8 Thermal analysis

	4 Conclusions
	Author contributions
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data


