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a  b  s  t  r  a  c  t

Starch  films  with  different  amounts  of  citric  acid  produced  by  solution  casting  were  subjected  to  differ-
ent curing  temperatures  and  compared  with  films  plasticized  with  glycerol.  The  films  were  tested  in  a
controlled  moisture  generator,  which  enabled  the  moisture  sorption  to  be measured  and  the  diffusion
coefficient  and  water  vapor  permeability  to  be calculated.  It was  shown  that  increasing  the  amount  of
citric  acid  added  led  to  a  reduction  in  the  equilibrium  moisture  content,  diffusion  coefficient  and  water
vapor  permeability  of the films,  the values  of  which  were  all  considerably  lower  than  the  values  obtained
eywords:
tarch
itric acid
ross-linking
iffusion
oisture content

ermeability

for  the  films  plasticized  by glycerol.  It was  also seen  that curing  the film  with  30  pph citric  acid  at  150 ◦C
led  to  a  significant  reduction  in  the  equilibrium  moisture  content,  the  diffusion  coefficient  and  the water
vapor  permeability  at high  relative  humidity  which  suggests  that  crosslinking  occurred.  The  calculated
water  vapor  permeability  data  were  comparable  with  the  value  obtained  with  direct  measurements.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

The replacement of synthetic polymers with renewable mate-
ials as barriers for consumer packages is an ongoing research
opic. One candidate is thermoplastic starch, TPS, a renewable
nd fully biodegradable material. However, one of the main prob-
ems associated with TPS is its inherent sensitivity to water due
o the hydrophilic and hygroscopic nature of starch and its plas-
icizers and the high plasticizing power of water (Mathew &
ufresne, 2002). It has been observed that the TPS barrier prop-
rties are significantly reduced with increasing relative humidity,
H (Gaudin, Lourdin, Forssell, & Colonna, 2000) or when the mois-
ure content reaches a critical value (Forssell, Lahtinen, Lahelin,

 Myllarinen, 2002). Water activity is an important factor for
icrobial growth and food texture and the provision of a bar-

ier against water is thus a major concern in food packaging.
ecent research on how to better utilize TPS as a barrier involves
trategies to minimize this water sensitivity such as blend-
ng with a synthetic polymer (Ning, Xingxiang, Na, & Jianming,
010; Shi et al., 2008) or a natural polymer (Gaspar, Benko,

ogossy, Reczey, & Czigany, 2005), the incorporation of inor-
anic fillers such as clay (Magalhães & Andrade, 2009; Park et al.,
003), the incorporation of organic fillers based on cellulose

∗ Corresponding author. Tel.: +46 54 7002172; fax: +46 54 7002040.
E-mail address: erik.olsson@kau.se (E. Olsson).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.02.006
(Averous, Fringant, & Moro, 2001; Lopez-Rubio et al., 2007;
Svagan, Hedenqvist, & Berglund, 2009) or starch (Angellier,
Molina-Boisseau, Dole, & Dufresne, 2006; Habibi & Dufresne,
2008), modifying the starch (Jansson & Jarnstrom, 2005; Jonhed,
Andersson, & Jarnstrom, 2008; Yu, Chang, & Ma,  2010), utilizing
different plasticizers (Huang, Yu, & Ma,  2006; Lourdin, Coignard,
et al., 1997), using co-plasticizers (Shi et al., 2007) and cross-
linking the starch (Seidel et al., 2001; Yoon, Chough, & Park,
2006).

The addition of citric acid (CA) to renewable barrier materials
has been the subject of recent publications due to the potential of
CA to enhance both the mechanical and barrier properties. CA is
a naturally occurring polycarboxylic acid present in fruits such as
lemon and lime. CA is biodegradable and renewable and is gen-
erally classified as safe for food usage and is included in many
food products such as jams, juices and soft drinks. CA has been
shown to affect TPS in several intriguing ways. CA has been shown
to cross-link polysaccharide materials such as starch granules (Xie
& Liu, 2004), starch nano-particles (Ma,  Jian, Chang, & Yu, 2008),
TPS (Jiugao, Ning, & Xiaofei, 2005; Reddy & Yang, 2010), cotton
fibers (Blanchard, Reinhardt, Graves, & Andrews, 1994), xylan films
(Talja & Poppius-Levlin, 2010), chitosan (Moller, Grelier, Pardon,
& Coma, 2004) and hydroxypropyl cellulose films (Coma, Sebti,

Pardon, Pichavant, & Deschamps, 2003). CA also acts as a plasticizer
(Shi et al., 2007) and has been shown to promote starch hydrolysis
by lowering the pH (Hirashima, Takahashi, & Nishinari, 2004; Shi
et al., 2007).

dx.doi.org/10.1016/j.carbpol.2013.02.006
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.02.006&domain=pdf
mailto:erik.olsson@kau.se
dx.doi.org/10.1016/j.carbpol.2013.02.006
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Starch has the potential to be cross-linked by poly-functional
eagents which are able to react with two or more of the hydroxyl
roups. The cross-links can be either intramolecular, within the
ame polymer chain or intermolecular, between different polymer
hains. Intermolecular cross-linking reactions increase the average
olecular weight of the starch (Rutenberg & Solarek, 1984) and

ntroduces chemical bridges between different molecules, which
educes the swelling in liquid water or at high RH. The swelling ten-
ency decreases with increasing number of cross-links (Wurzburg,
986). Cross-linking of TPS is a potential method of improving

ts barrier properties by reducing the moisture content and min-
mizing the molecular movement and hence reducing the diffusion
f small molecules through the film. Typical cross-linkers for TPS
nclude dichloroacetic acid (He et al., 2007), phosphorus oxychlo-
ide (Wang & Wang, 2000), sodium trimetaphosphate (Deetae et al.,
008), epichlorohydrin (Lelievre, 1984), calcium hydroxide, zir-
onium acetate (Shogren, Lawton, Tiefenbacher, & Chen, 1998),
lutaraldehyde (Yoon, Chough, & Park, 2006) and various poly-
arboxylic acids (Seidel et al., 2001). Another route is to modify the
tarch into a more reactive form like dialdehyde starch (Yu, Chang,

 Ma,  2010). One advantage of using CA as a cross-linker in food
ackaging applications is that unreacted CA remnants are consid-
red to be nutritionally harmless and that they act as a plasticizer
or TPS (Shi et al., 2008).

Hydrolysis, leading to a reduction in the starch molecular weight
t low pH and elevated temperature is however reported to be the
redominant reaction between starch and CA at high moisture con-
ent (Shi et al., 2007). Some processes in which hydrolysis of starch
ith CA have been shown to occur are melt processing in the pres-

nce of sufficient amounts of water (Carvalho, Zambon, Da Silva
urvelo, & Gandini, 2005), gelatinization (Hirashima et al., 2004)
nd drying (Wing, 1996). Wing (1996) reports that if the films are
ried at a low temperature, in order to remove most of the water
efore curing where the cross-linking reaction occurs, a higher
eaction efficiency without excessive hydrolysis can be achieved,
esulting in a higher molecular weight (Wing, 1996).

Molecular transport through a polymer film occurs mainly
hrough defects in the film such as cracks, voids and pinholes
here the gas molecules have free passage through the film or by
iffusion through the amorphous regions (Andersson, 2008). The
ddition of a plasticizers such as glycerol (GLY) (Forssell et al., 2002;
tading, Rindlav-Westling, & Gatenholm, 2001), sorbitol (Lourdin,
oignard, et al., 1997; Mali, Sakanaka, Yamashita, & Grossmann,
005), fructose (Kalichevsky & Blanshard, 1993), xylitol (Chaudhary

 Adhikari, 2010) or poly-ethylene glycol (Lourdin, Coignard, et al.,
997) reduces the glass transition temperature, Tg, of the polymer
atrix and helps to avoid the formation of cracks and pinholes. Not

nly the type of plasticizer but also the ratio of plasticizer to starch is
mportant for the plasticization. Diffusion through the amorphous
egions is due to gas molecules jumping between neighboring free
olume holes. In general, the permeability of a solute through a
hase is dependent on the product of the amount of solute in the
hase, its solubility, and the rate at which transport occurs, its
iffusion coefficient (Crank, 1975):

 = D × S (1)

here P is the permeability coefficient, D is the diffusion coefficient
nd S is the solubility.

It has been shown that a plasticizer like GLY tends to have a
ual effect on the moisture sorption in TPS. At low RH and low
lasticizer content, the plasticizer tends to decrease the moisture
orption which has been explained as being due to a competition

or the polar interaction sites on starch between the plasticizer
nd water (Godbillot, Dole, Joly, Roge, & Mathlouthi, 2006). This
ends to reduce the movement of both the plasticizer and the poly-

er  chains, so that the polymer becomes more rigid (Cadogan
lymers 94 (2013) 765– 772

& Howick, 2008). This is called antiplasticization and is known
to result in reduced mobility and more brittle materials. For
instance, for GLY-plasticized TPS, there is a critical GLY content
below 12 wt% at which antiplasticization occurs (Lourdin, Bizot, &
Colonna, 1997a).  At high plasticizer content and high RH, when
the polymer sorption sites are saturated with plasticizer, the plas-
ticizer tends to increase the moisture sorption. This has been
explained in terms of a phase-separation phenomenon into starch-
rich and plasticizer-rich phases where the water is preferably
absorbed by the plasticizer-rich phase (Godbillot et al., 2006). For
a starch–GLY–water system, Tg measurements have shown that
there is a phase transition into starch-rich and plasticizer-rich
regions when the plasticizer content is increased. This behavior
is not specific for GLY and water but has also been shown to occur
with fructose (Kalichevsky & Blanshard, 1993) and sorbitol (Gaudin,
Lourdin, Le Botlan, Ilari, & Colonna, 1999). The phase-separation
behavior is very important for the plasticizing mechanism. It has
been reported elsewhere that the plasticizing effect of GLY is not
due to the formation of a rubbery phase but rather due to clustering
of plasticizer-rich areas (Gaudin et al., 1999).

The aim of the present work was  to study how the diffusivity
and solubility of TPS are affected by CA at different plasticizer con-
centrations and different curing temperatures and how this affects
the water vapor permeability, WVP. A comparison was also made
with GLY, the most widely used plasticizer for TPS, as reported in
the literature.

2. Materials and methods

2.1. Materials

2.1.1. Starch
A hydroxypropylated and oxidized potato starch (Solcoat 155)

was supplied by Solam (Kristianstad Sweden). The starch had an
amylose content of 21%, a degree of substitution of hydroxypropyl
groups of 0.11, an average 0.01 carboxyl groups of per anhydrogly-
cose unit (Jonhed et al., 2008) and a viscosity of 180 cP at 20% solids
content, Brookfield LVDV 100 rpm, and 50 ◦C, for jet cooked starch
according to the supplier.

2.1.2. Additives
CA and GLY was  used as plasticizers. Both CA, anhydrous citric

acid puriss and GLY, glycerol reagent plus (R) were purchased from
Sigma–Aldrich Inc., St. Louis, MO,  USA.

2.2. Methods

2.2.1. Starch gelatinization
The starch solution was prepared by dispersing approximately

25 g of dry starch (50 g in the case of the coated paper) in deionized
water to a total weight of 250 g. The aqueous starch dispersion was
gelatinized by immersion in a boiling water bath under vigorous
stirring for 45 min. Since the addition of CA to starch can cause
hydrolysis at high temperature and high water content, CA was
added after the gelatinization. The same procedure was  used when
GLY was  added. Addition of CA at concentrations from 5 to 30 pph
resulted in pH ranging from 1.9 to 2.5 in the starch solution.

2.2.2. Preparation of free films
Films were cast by pouring 10.0 ± 0.1 g of the starch–plasticizer

solution into 88 mm diameter polystyrene Petri dishes followed by
drying at 70 ◦C in a self-ventilated oven for 5 h, in order to remove

most of the water at low temperature to prevent unwanted hydrol-
ysis. The films were prepared without plasticizers, with 5, 10, 20
and 30 parts (by wt)  per hundred parts of dry starch (pph) CA,
30 pph GLY and a combination of 5 pph CA and 30 pph GLY. The
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ried films were placed in desiccators over dry silica gel for 24 h
t room temperature. For the high temperature curing at 105 ◦C,
30 ◦C (for 30 pph CA only) and 150 ◦C, the dried samples were
emoved from the Petri dishes and placed on aluminum foil for
0 min  in a non-ventilated oven at the desired curing tempera-
ure. All films were equilibrated at 23 ◦C and 50% RH for at least

 week before further investigation. The moisture content of the
lms equilibrated at 23 ◦C 50% RH was determined in at least trip-

icates to provide a reference for the investigation of the moisture
ptake. These films were cut into small pieces, approx 0.1 g, and
ere weighed and dried in an oven at 105 ◦C for 1 h. The experi-
ental data from these films were statistically analyzed by ANOVA

nd the F-test.

.2.3. Preparation of coated paper
Coated paper was used in this study since it was easier to handle

han free films in the measurements of Mocon WVTR. Super Perga
S Parchment (Nordic Paper Säffle, Sweden) was  used as paper

ubstrate and the papers were coated on a bench coater (K202 Con-
rol Coater, RK Coat Instruments Ltd., Royston, UK). The coating was
pplied in two layers with a wire-wound bar, 0.15 mm wire diame-
er, at speed 4 resulting in a total coat weight of 10 g/m2. The coating
onsisted of 100 pph starch with 30 pph CA, with a drying tempera-
ure of 70 ◦C for 90 s after application of each coating layer, followed
y 1 h of post-drying at 70 ◦C in order to simulate the conditions of
he dried films.

.2.4. Thickness of free films
The actual thickness of the films as a function of time could not

e measured directly during the experiment. Neither was it pos-
ible to find one method which worked to measure the thickness
or all the samples before the moisture sorption trials. Some sam-
les were brittle and cracked during measurement and some were
oft and deformed. Therefore, the thicknesses were estimated from
eparately performed density measurements. The increase in film
hickness due to the absorption of water was calculated using the
ractional thickness change, which is an approximation assuming
hat the volumes of water and matrix are additive (Cho, Gällstedt,

 Hedenqvist, 2010):

da

di
=

[
1 + w∞(1 − wn)

(�2/�1) − w∞(1 + wn) + w2∞Wn(�1/�2)

]−1/3

(2)

here da is the actual thickness, di is the calculated thickness at
0% RH, w∞ is the weight fraction of water at 90% RH, wn is the
ormalized weight fraction of water(with respect to the weight

raction of water at 90% RH), and �1 and �2 are the densities of
ater and of the starch/non-volatile plasticizer phase, respectively.

The density of the dry films was determined by Archimedes
rinciple on a Precisa Density Determinations Kit connected to

 Precisa 410AM-FR analytical scale (Precisa Gravimetrics AG,
ietlikon, Switzerland) by immersing the films in octane. All mea-

urements were performed at least in triplicate. The films were
ried at 23 ◦C in desiccators with silica gel for 120 h before the
ensity determinations.

.2.5. Moisture uptake
For the moisture uptake, a Controlled Moisture Generator, CMG

TJT-Teknik AB, Järfälla, Sweden) was used. The weight of the sam-
le was recorded on an analytical balance. The temperature inside
he chamber was set to 23 ◦C. The chamber conditions were moni-
ored every minute during the testing sequence.
Before the sorption trials were performed, the TPS films were
onditioned in a room with controlled temperature and RH con-
itions (23 ◦C and ∼25% RH) for at least 3 days. The RH in
he controlled moisture generator was increased in steps from
lymers 94 (2013) 765– 772 767

50–60–70–80–90% RH at set time intervals in order to obtain mois-
ture sorption isotherms and diffusion coefficients. The diffusion
coefficient was  assumed to be independent on the moisture con-
tent within each step. The dry weight of the films was determined
gravimetrically by drying the films in a well-ventilated oven at
105 ◦C overnight after the sorption experiments. The samples were
thin films, 88 mm in diameter and the thickness varied between
150 and 250 �m depending on the recipe and surrounding RH. The
sorption experiments were performed in single replicates with the
exception of the non-cured 30 pph CA films that were performed
in triplicate to give an estimate of the uncertainty. The data were
statistically analyzed with linear regression analysis and Student’s
t-test with respect to the non-cured 30 pph CA sample. For com-
parison, the moisture uptake of crystalline anhydrous CA powder
was also measured.

For the films that had not reached an equilibrium weight at the
end of each sequence, the equilibrium weight uptake was  deter-
mined by fitting the experimental data points to the equation.

t

mt
= t

m∞
+ 1

Km∞
(3)

where t is the time, mt is the weight uptake at the time t, m∞
is the weight uptake at time infinity and K is a constant. Eq. (3)
was arbitrarily selected as an equation where mt asymptotically
approaches m∞ as t goes toward infinity, with m∞ and K as the
fitting parameters.

Diffusion with a concentration-dependent diffusion coefficient
into a film is described by Fick’s second law (Crank, 1975):

dC

dt
= d

dx

[
D(C)

dC

dx

]
(4)

where t is the time, C is the permeant concentration and x is the
distance along the sample thickness.

The diffusion coefficients were determined by two different
methods based on the analytical solution of Fick’s first law (Crank,
1975) here referred to as method 1* and method 2*. Method 1* (Eq.
(5)) gives the diffusion coefficient from the time it takes to reach
half of the equilibrium uptake, and method 2* (Eq. (6)) gives the dif-
fusion coefficient from the shape of the latter part of the sorption
curve. Both methods assume uni-dimensional diffusion, a constant
diffusion coefficient, no swelling, equilibrium moisture content at
the surface and no moisture gradient at the start of each change in
RH (Crank, 1975).

D = 0.0419/(t0.5/L2) (5)

ln

(
1 − Mt

Meq

)
= ln

8
�2

− �2Dt

L2
(6)

where t0.5 is the time to reach half the equilibrium moisture uptake,
L is the thickness (half of the film thickness due to symmetry), Mt is
the mass uptake at time t and Meq is the mass uptake at equilibrium.

2.2.6. Permeability of coated paper
The water vapor transmission rate, WVTR was measured

in duplicate using a Mocon Permatran-W 3/33 (MOCON, Inc.,
Minneapolis, USA) according to ISO 9932:1990(E) at 23 ◦C. The
measurements were performed as a gradient series across coated
paper with an area of 5 cm2. The series consisted of: 50-0, 60-0,
70-0, 80-0 and 90-0% RH and was performed from low to high
RH. Before the measurements, the specimens were conditioned
at the measurement conditions with 50–90% RH on one side and
dry nitrogen gas on the other until equilibrium was  achieved. The

water vapor permeability, WVP(Dir)  was calculated from the WVTR
results according to:

WVP(Dir) = WVTR × h

p × (R1 − R2)
(7)



768 E. Olsson et al. / Carbohydrate Polymers 94 (2013) 765– 772

Table 1
Mean density and standard deviation for the different recipes without embedded
air  bubbles. These values were used in the calculation of film thickness according to
Eq.  (2).

Recipe Density (g/cm3)

0 CA 1.45 ± 0.07
5  CA 1.49 ± 0.04
10  CA 1.48 ± 0.05
20  CA 1.43 ± 0.10
30  CA 1.44 ± 0.13
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Fig. 1. Equilibrium moisture content at 23 ◦C in CA-plasticized films dried at 70 ◦C
30  GLY 1.49 ± 0.02
5  CA 30 GLY 1.46 ± 0.05

WVP(Calc)  the was calculated from the diffusion and solubility
ata according to:

VP(Calc) = D  × S

p × (R1 − R2)
(8)

here h is the thickness of the coating layer, p is the partial pressure
f water, R1 and R2 are the relative humidity on the high and low
H side of the specimen respectively, D is the diffusion coefficient
nd S is the solubility. The thickness was calculated from the coat
eight and the density of the coating.

In this comparison, some simplifications were made. In reality,
he permeability of the coated paper is dependent on the thick-
ess of the coating layer, the paper and the amount of coating that
as filled the pores of the paper. The influence of the paper on
he WVP  was however neglected and the permeability was  calcu-
ated considering only the coating layer in which the diffusion path
ength was assumed to be uniform for the given thickness. This was
one in order to compare the permeability values calculated from
he diffusion coefficient and solubility with the directly measured
ermeabilities. The WVP  calculated from the diffusion coefficient
nd solubility at a given RH was compared with the WVP  from the
radient between the actual RH and 0% RH.

. Results and discussion

.1. Thickness of films: density determinations

The average densities of the dried TPS films with CA and GLY are
hown in Table 1. In the density determinations, the films cured at
50 ◦C with more than 20 pph CA or with 30 pph GLY had a signifi-
antly lower density and showed a greater scatter in data than the
ther samples (data not shown). This was due to embedded air-
ubbles non-uniformly distributed in the films. These films were
herefore excluded when the average density was calculated. The
able shows data from at least 8 measurements. Due to the rela-
ively high standard deviation of these measurements it was not
ossible to draw any clear conclusions from the density changes
ith increasing CA content or differences between CA and glyc-

rol. These density determinations made it possible to estimate
he thickness at each relative humidity with Eq. (2).  The calcu-
ated thickness of the films varied from approximately 150 to
20 �m.

.2. Moisture sorption

From the equilibrium values in the moisture uptake curves,
nformation was extracted regarding the effect of plasticizer, plasti-
izer content and curing temperatures. Statistical analysis (ANOVA
inear regression) of the data in Table 2 shows that there is
 significant decrease in moisture content with increasing CA
ontent for the non-cured and the 105 ◦C-cured samples. For
he 150 ◦C cured samples, no trend was observed. The data for
0% RH were compared with the measurements performed on
vs.  amount of CA at different ambient RHs. The thick solid line (intersection line)
indicates the boundary between single-phase and two-phase behavior.

the films in the moisture chamber and the same trends were
observed with both methods at all the different curing tempera-
tures.

In Fig. 1, the equilibrium moisture content at different relative
humidities is shown as a function of CA content for TPS films dried at
70 ◦C without subsequent curing. Two  different regions separated
by an intersection line can be observed. To the left of the intersec-
tion line, there is a reduction in moisture uptake with increasing
CA content. To the right, the decrease is smaller and, in fact, the
moisture uptake increases with CA content above 70% RH. This
indicates the presence of a two-phase system on the right-hand
side with a starch-rich and a plasticizer-rich region, as previously
reported elsewhere for GLY-plasticized TPS, where it was  proposed
that the intersection corresponded to monolayer coverage of the
starch hydroxyl interaction sites (Godbillot et al., 2006). In such
a model, the water is mainly adsorbed at interaction sites on the
starch to the left of the intersection line. Whereas all the interac-
tion sites on starch would theoretically be filled with plasticizer and
water molecules on the right-hand side, so that additional water
is mainly absorbed into the plasticizer-rich phase. The intersec-
tion with the x-axis indicates monolayer coverage of the plasticizer
in the absence of water and the stoichiometric ratio of starch to
GLY was  2 (Godbillot et al., 2006). From Fig. 1, it can be seen that
monolayer coverage is reached at about 14 pph of CA. This cor-
responds to a ration between starch and CA of 8.5–1 which is
significantly higher than for glycerol and which might be explained
by the larger possibility for CA to form hydrogen bonds with the
starch.

Fig. 2 shows the effect on the moisture sorption of subsequent
curing at 105 ◦C. The same type of trend as in Fig. 1 suggesting
an intersection line is also shown here. However, the subsequent
curing affects the range in which phase separation occurs. The
slope of the intersection line is reduced significantly and the
point corresponding to CA monolayer coverage is shifted to a
higher CA content than with the non-cured films. This change
in slope may  be explained by an esterification reaction between
the CA and the starch. This reaction can theoretically lead to
both monoester, diester and triester formation and can cross-
link chains. The esterification of the starch by the CA reduces
the amount of CA available to interact with the interaction sites
of the starch, and it also means that some of the CA acts as an
internal plasticizer and reduces the original hydroxyl interaction

sites. It is also possible that cross-linking may  lead to a more
rigid open structure which can incorporate more of the plasti-
cizer in between the starch chains. For the films cured at 105 ◦C,
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Table  2
Moisture content for TPS with standard deviation for different CA-contents and curing temperatures stored in a climate room, 23 ◦C and 50% RH.

Curing temperature % Moisture content

0 CA 5 CA 10 CA 20 CA 30 CA

Non-cured 12.57 ± 0.55 10.93 ± 0.39 10.17 ± 0.20 8.94 ± 0.67 7.99 ± 0.34
105 ◦C-cured 11.33 ± 0.65 10.31 ± 0.21 8.97 ± 0.05 8.39 ± 0.61 7.64 ± 0.39
150 ◦C-cured 10.75 ± 0.25 9.00 ± 0.65 

Fig. 2. Equilibrium moisture content at 23 ◦C in CA-plasticized film dried at 70 ◦C
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nd cured at 105 ◦C vs. amount of CA at different ambient RHs. The thick solid
ine (intersection line) indicates the boundary between single-phase and two-phase
ehavior.

 significant decrease in the moisture content with increasing CA
ontent occurs to the left of the intersection line up to 80% RH.
o the right of the intersection line an increase in moisture con-
ent with increasing CA content is observed, but only the increase
t 90% RH is significant. The explanations of this behavior have
reviously been discussed in detail for the non-cured samples in
ig. 1.

For the films dried at 70 ◦C and cured at 150 ◦C, there are no
lear patterns (data not shown). This can be explained by a poten-
ial cross-linking reaction which would lead to a more rigid open
tructure and the loss of CA as an external plasticizer due to an
sterification reaction between CA and the hydroxyl groups on the

tarch.

Fig. 3 shows the equilibrium moisture content of films with
0 pph CA at different curing conditions and the effect of different

ig. 3. Equilibrium moisture content at 23 ◦C for TPS with 30 pph CA at different
uring temperatures and TPS with different plasticizers without subsequent curing
s.  RH.
8.56 ± 0.89 9.79 ± 0.10 8.64 ± 0.29

plasticizers without curing. It can clearly be seen that, for the films
with 30 pph CA cured at ≤130 ◦C, there are only minor differences in
the equilibrium moisture content which are not significant accord-
ing to Student’s t-test. For the film with 30 pph CA cured at 150 ◦C,
there was a significant difference in the moisture uptake behavior
compared to that at the lower curing temperatures. At low rela-
tive humidity, the 150 ◦C-cured film showed the highest moisture
uptake but at high RH it showed the lowest uptake. This is an indi-
cation of cross-linking, which is known to reduce the swelling at
high RH but to increase the moisture uptake at low RH (Larsson,
Gimåker, & Wågberg, 2008). This originates from a rigid but more
open structure with increasing cross-linking density. When the
uncured films with high plasticizer content are compared with the
unplasticized film dried at 70 ◦C, it is evident that GLY-plasticized
TPS has a much higher moisture absorption than the CA-plasticized
material over the entire RH range. The addition of 5 pph CA to TPS
having 30 pph GLY did not significantly alter the moisture content
compared to that of films plasticized with GLY alone. Compared to
the unplasticized TPS, the CA-plasticized TPS showed a lower equi-
librium moisture content up to almost 80% RH, whereas for the
GLY-plasticized TPS the equilibrium moisture content was  lower
than that of the unplasticized TPS only up to between 25 and 50%
RH. This is most probably explained by differences in the moisture
uptake for the GLY rich and the CA rich phase. The result indicates
that addition of CA can be used to reduce the moisture content of
starch films up to higher % RH values than is possible with addition
of glycerol.

3.3. Diffusion

The diffusion coefficients of the samples with different curing
conditions were determined from the moisture uptake data by
two different methods, each having their limitations, which are
discussed below.

Method 1* (Eq. (5))  is based on the time to reach half the equilib-
rium uptake. In this method, it is assumed that the time to change
the vapor pressure for each change in the target RH is infinitely
small and that the surface has reached the equilibrium moisture
content at the start of the experiment.

Method 2* (Eq. (6))  is based on the rate at which the film
approaches equilibrium. This method is sensitive to small changes
in weight close to equilibrium and uncertainties in the equilibrium
moisture uptake, as can be seen in Eq. (6), especially when the loga-
rithmic expression on the left-hand side of Eq. (6) approaches zero
and the result approaches minus infinity. Thus, to minimize errors,
the diffusion coefficient determination was performed at the range
proposed elsewhere (Balik, 1996): 0.5 ≤ (Mt/Meq) ≤ 0.8.

The results from method 1* and method 2* should theoreti-
cally yield the same diffusion coefficient for a material in which
the solute does not affect the diffusion coefficient (Crank, 1975).
However, when the diffusion coefficient is dependent on the solute

concentration, for instance when the solute acts as a plasticizer,
method 2* is expected to yield a higher diffusion coefficient than
method 1*, since the calculations are performed at a higher solute
concentration.
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Table 3
(a) Diffusion coefficient at 23 ◦C for TPS dried at 70 ◦C without subsequent curing. (b)
Diffusion coefficient at 23 ◦C for TPS dried at 70 ◦C and cured at 105 ◦C. (c) Diffusion
coefficient at 23 ◦C for TPS dried at 70 ◦C and cured at 150 ◦C.

% RH D (×1014 m2 s−1)

0 CA 5 CA 10 CA 20 CA 30 CA 30 GLY 5 CA 30 GLY

(a)
50 17.6 8.91 7.01 1.65 1.18 11.8 11.8
60  12.4 9.22 6.66 4.66 2.33 18.7 19.3
70  10.0 9.17 8.70 5.56 3.12 20.7 21.3
80  13.3 15.4 14.9 12.3 10.6 16.6 17.5
90 19.9  18.5 14.9 9.92 6.16 6.12 7.10

(b)
50  19.1 10.3 6.01 1.42 1.78 14.9 10.7
60  11.2 5.20 3.70 3.76 1.81 21.9 18.9
70  10.9 6.98 5.04 4.50 2.84 22.3 20.1
80  15.4 11.5 11.3 9.06 10.0 18.9 17.3
90  21.2 18.6 11.9 4.76 4.84 6.87 6.57

(c)
50  14.8 10.5 5.12 0.76 2.03 13.6 10.5
60 10.1  6.86 5.09 2.43 2.94 19.8 17.9

the material containing 20 pph CA without curing has a significantly
higher diffusion coefficient over almost the entire RH range than all
the other CA contents and curing conditions. At 20 pph CA, increas-
ing the curing temperature reduced the diffusion coefficient over
ig. 4. Diffusion coefficient at 23 ◦C for TPS with different amount of CA dried at 70 ◦C
ithout subsequent curing, calculated by method 1* and method 2* at different RHs.

.4. Method evaluation

Fig. 4 shows the diffusion coefficients at 50%, 60%, 70% and 90%
H calculated by method 1* and method 2* for TPS films dried at
0 ◦C with different amount of CA without subsequent curing. First
f all, an increased amount of CA leads to a reduction in the diffusion
oefficient, regardless of the method used for evaluation. For sam-
les with less than 10 pph CA there is a great difference between
he diffusion coefficients derived by method 1* and method 2*. For
0 and 30 pph CA-plasticized films, however, the diffusion coeffi-
ient was almost the same by the two methods (up to 70% RH), but
t higher RH, method 2* yielded a lower diffusion coefficient than
ethod 1*. For 30 pph CA, Method 2* gives values with a fairly nar-

ow confidence interval over the entire RH range, whereas method
* shows a larger scatter. This difference between the methods is
ignificant according to an F-test based on the in between group
ariation. This is probably due to the finite time taken to reach a new
H in the climate chamber during the measurements which affects
ethod 1* more than method 2*. The trend toward a decreased

iffusion coefficient at high moisture content, shown in Fig. 4 for
lms with 30 pph CA, obtained with both method 1* and method
* is well documented in the literature and has been attributed
o phenomena such as dual mode sorption (Masclaux, Goanvé, &
spuche, 2010), water clustering (Barrie & Platt, 1963) and polymer
elaxation (Chivrac, Angellier-Coussy, Guillard, Pollet, & Averous,
010; Vrentas & Duda, 1977; Vrentas, Jarzebski, & Duda, 1975).
nother explanation could be a decrease in adsorption energy at
igh moisture contents (Fringant et al., 1996). However, the appar-
nt decrease in the diffusion coefficient does not necessarily mean
hat the diffusion coefficient for water actually decreases, it can
mply that the rate of mass transfer into the material is controlled
y other mechanisms. Method 2* which is based on how fast the
aterial approaches equilibrium is the more likely to be affected

y slow changes in the material.
The comparison between the two diffusion coefficient calcula-

ion approaches highlights inherent weaknesses in the methods.
he information in Fig. 4 can be used to highlight artifacts in the
esults and secondary mechanisms such as the high diffusion coef-
cient at low total plasticizer content and the decrease in the
iffusion coefficient at high total plasticizer content. From these
esults, it is clearly seen that method 2* is more robust, which was
hown with an F-test, showing a smaller variance at all relative
umidities, but it may  be less accurate at high total plasticizer con-

ent where mechanisms other than pure diffusion may  influence
he results. The diffusion coefficients presented in Table 3a–c and
ig. 5 are therefore based on method 2* for low- and intermediate
otal plasticizer contents. At the point where an increase in RH leads
70  8.34 6.59 4.70 4.19 3.48 21.4 19.8
80 13.7  11.4 12.8 8.34 6.76 18.1 16.8
90  20.8 17.8 12.9 4.05 6.43 6.76 6.57

to a decrease in the diffusion coefficient at high RH, the diffusion
coefficient is calculated by method 1*.

Table 3a–c shows the diffusion coefficient of films with different
plasticizers and different plasticizer content, dried at 70 ◦C at dif-
ferent curing temperatures. It is clearly seen that an increase in CA
content significantly reduces the diffusion coefficient. GLY addition
however gives a significant increase in the diffusion coefficient at
60–80% RH. A comparison for the diffusion coefficient at different
curing temperatures shows that the films containing CA are signif-
icantly affected. For films with 20 pph CA, the diffusion coefficient
decreases with increasing curing temperature. This is probably due
to a reduction in molecular mobility due to cross-linking. This result
suggests the onset of an esterification cross-linking reaction which
would lead to a reduction in the amount of CA available to act as an
external plasticizer.

Fig. 5 shows the relationship between diffusion coefficient and
relative humidity for films with 20 pph and 30 pph CA and different
curing conditions. The diffusion coefficient is strongly dependent
on both the amount of CA and the curing conditions. It is clear that
Fig. 5. Diffusion coefficient at 23 ◦C vs. relative humidity in TPS with 20 pph and
30  pph CA at different curing conditions.



E. Olsson et al. / Carbohydrate Po

F
c

t
t
p
3
7

3

C
l
e
a
u
R
W
r
m
t
t
t
p

s
a
d
h
m
n
w
s
d
s
o

T
W
d

ig. 6. WVP(Calc) at 23 ◦C for films with 20 pph and 30 pph CA with and without
uring vs. RH.

he entire RH range. When the CA content was increased from 20
o 30 pph, a reduction of the diffusion coefficient at all curing tem-
eratures was observed at 60 and 70% RH. Curing at 150 ◦C of the
0 pph CA films seemed to increase the diffusion coefficient up to
0% RH, but the diffusion coefficient decreased at 80% RH.

.5. Permeability

Fig. 6 shows the WVP(Calc) (Eq. (8)) for TPS with 20 and 30 pph
A, the two recipes with the lowest diffusion coefficients and the

owest moisture sorption up to 70% RH being compared at differ-
nt curing temperatures. It is clear that high-temperature curing
ffected the WVP  of the TPS films and that this process can be
sed to lower WVP  at high relative humidity as observed at 80%
H where an increase in curing temperature leads to a decrease in
VP  for both 20 and 30 pph CA. This is probably due to cross-linking

eactions which can influence both swelling and molecular move-
ent. In these WVP  data, it can be seen that with 20 and 30 pph CA,

here was a decrease in WVP  between 80% and 90% RH. This is due to
he decreasing diffusion coefficient discussed previously in relation
o Fig. 4, but it was not observed in the WVP(Dir) measurements
resented in Table 4.

The WVP  values calculated from the diffusion coefficient and
olubility data and the WVP  values obtained by direct measurement
re of comparable magnitude as can be seen in Table 4. Since the
irect measurements were performed with a gradient in relative
umidity, instead of a constant RH for the diffusion and solubility
easurements, the former method should theoretically yield sig-

ificantly lower WVP  values. The reason that this was not observed
as probably due to an uneven thickness distribution of the coated

amples due to penetration of the coating into the base paper and to
efects in the coating such as cracks and pinholes. The diffusion and

olubility data could therefore be used to assess the full potential
f a “defect-free” coating.

able 4
VP  from direct measurements (Dir) and calculated from diffusion and solubility

ata (calc).

% RH WVP  (×1012 g Pa−1 s−1 m−1)

Dir Calc

50 2.5 1.2
60 3.9 2.3
70 7.1 3.3
80  12 13
90 18 10
lymers 94 (2013) 765– 772 771

4. Conclusions

The addition of citric acid to TPS is a potential method to
decrease both the moisture content and the diffusion coefficient
and hence to improve the barrier properties, and this has been
confirmed by water vapor permeability measurements. The diffu-
sion coefficient decreased with increasing CA content for all curing
conditions. The moisture content showed a more complex behav-
ior due to a phase separation observed for non-cured and 105 ◦C
cured films into regions of low and high CA content respectively,
which may  be separated by an intersection line in the graph. To the
left of the intersection line, antiplasticization is thought to occur
and in this region there was significant decrease in moisture con-
tent with increasing CA content. To the right of the intersection
line, a two-phase system is thought to occur, and there were only
minor differences in moisture content with increasing CA content
up to 70% RH, followed by an increase in moisture content at higher
RH. High-temperature (150 ◦C) curing seemed to have the greatest
impact on diffusion coefficient and moisture sorption in the film
with highest CA content. The moisture content of the film con-
taining 30 pph CA cured at 150 ◦C was reduced at high % RH but
increased at low and medium % RH. This could be explained by a
cross-linking reaction leading to a rigid and more open structure
that is less prone to swelling. Compared to TPS plasticized with
glycerol, the addition of citric acid to TPS resulted in considerably
lower diffusion coefficients and lower moisture content over the
entire RH range.
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