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Influence of citric acid on thermoplastic wheat flour/poly(lactic acid)
blends. II. Barrier properties and water vapor sorption isotherms
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ABSTRACT

The effects of citric acid on wheat flour/glycerol/poly(lactic) acid (PLA) blends prepared by one-step twin-
screw extrusion have been studied to improve barrier properties of starch based materials. A series of
injected samples were produced from prepared compounds with varying ratio (0-20 part) of citric acid.
The effects of citric acid on the water vapor permeability, oxygen permeability and water solubility in the
film were then investigated. The barrier properties results proved that citric acid behaves as compatibi-
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1. Introduction

Bioplastics are topical and their use is becoming more abundant
in recent years. Researchers focusing their works on the processing
ofthese materials since sustainable policies tend to expand with the
decreasing reserve of fossil fuels and the growing concern for the
environment. Replacement of conventional plastics by degradable
polymers, particularly for short-lived applications such as packag-
ing, catering, surgery is of major interest for different actors of the
socio-economical life.

In packaging applications, agro-polymers from agroressources
(starch, cellulose, protein, etc.) represent a new alternative to
the ubiquitous of synthetic polymers (polyethylene terephtalate,
polyvinyl chloride, polystyrene, etc.). These agro-materials repre-
sent a strong and emerging answer to develop novel materials
labeled “environmentally friendly”.

Abbreviations: WF, wheat flour; PLA, poly(lactic acid); TPS, thermoplastic starch;
WVP, water vapour permeability; 8, solubility coefficient (hydrophilicity, adsorp-
tivity); X, equilibrium moisture content; DMTA, dynamic mechanical and thermal
analysis; FTIR, Fourier Transform Infrared Spectroscopy; SEM, Scanning Electronic
Microscopy.

* Corresponding author at: Laboratoire de Chimie Agro industrielle, 4 Allée Emile
Monso, BP 44362, 31030 Toulouse, France. Tel.: +33 05343235 11;
fax: +33 0534 32 3598.
E-mail address: abdillahi.houssein@yahoo.fr (H. Abdillahi).

lizing agent between starch and PLA phases for ratios between 0 and 10 parts. When the added amount
exceeds 10 parts, CA acted as a plasticizer and/or promoted the hydrolysis of the starch glycosidic bonds.

Therefore, it appears interesting to use raw materials from
cereal product for their immense potential, low price and abun-
dant availability, especially wheat flour that mainly contains starch
and protein (Chanvrier et al., 2007; Leblanc et al., 2008). Starch
is a natural polysaccharide produced by many plants, as a stor-
age polymer. It's the major carbohydrates reserve in plant tubers
and seed endosperm where it’s found as granules (Buléon et al.,
1998).It hasreceived considerable attention during the last decades
as a biodegradable thermoplastic polymer and is probably the
most promising materials among naturally biodegradable poly-
mer using renewable resources. Nevertheless, native starch can
not be processed as a thermoplastic material because of the strong
intramolecular and intermolecular hydrogen. It can be converted
into a continuous polymeric entangled phase by mixing with
enough water and nonaqueous plasticizer, generally polyols, such
as glycerol (Angellier et al., 2006; Forssell et al., 1997; Ghiasi et al.,
1982; Liu et al., 2001).

The starch extraction from wheat flour generates a signif-
icant additional cost. Thus, to become fully competitive with
conventional plastics, it seemed necessary to use wheat flour as
thermoplastic materials. The resulting materials can be manu-
factured using technology already developed for the production
of synthetic plastics. However, its hydrophilic nature makes it
very sensitive to moisture attack. Thus, it’s difficult to reach the
same characteristics (dimensional stability, barriers and mechani-
cal properties) than polymers derived from fossil resources, most
frequently used in food packaging.



To improve barrier properties of plasticized wheat flour,
poly(lactic) acid (PLA), known for its good barrier properties was
used to obtain thermoplastic wheat flour/PLA blends. Similar values
of water vapour permeability (WVP) for PLA and synthetic poly-
mers like PET and PS were reported in the literature (Auras et al.,
2005) and WVP of PLA did not vary significantly with changes in RH.
The authors also reported a decrease in WVP of PLA with increasing
temperature, opposite behavior to that of most petroleum-based
polymers that exhibit lower water vapour barrier properties at
higher temperatures. The values of permeability for O, of PLA have
been shown to be comparable to those of equivalent of conven-
tional materials such as PE and PS (Petersen et al., 1999, 2001).

Blending wheat flour (WF) with PLA is one of the most promis-
ing and original approaches because WF is an abundant and
cheap resource and PLA has good mechanical and barriers prop-
erties. To the best of our knowledge, there is no study concerning
WE/PLA blends although several authors (Muller et al., 2012; Yew
et al., 2009) have reported the barrier properties of thermoplastic
starch/PLA blends.

However hydrophilic starch, with plenty of hydroxyl groups and
hydrophobic PLA, with hydroxyl and carboxyl end groups present
a poor interfacial adhesion (Almenar and Auras, 2010; Martin and
Avérous, 2001). Indeed, starch remains in separate conglomerate
form in a PLA matrix. Moreover, the great moisture sensitivity of
starch is a disadvantage. Ke and Sun (2001) have reported that
PLA/starch blends containing gelatinized starch had greater water
absorption than the other blends because the gelatinized starch is
more sensitive to water than the granular state. To overcome these
shortcomings, certain nontoxic functional additives are required to
improve the mechanical, barriers properties and water resistibility
of the PLA/starch films.

Several authors (Ghanbarzadeh et al., 2011; Ma et al., 2008; Shi
et al., 2007; Thiebaud et al., 1997) have reported that citric acid
(CA) may improve the water resistance due to reducing available
hydroxyl groups of starch. It has also reported that the primary
function of films prepared with lipids was blocking moisture trans-
port due to the high hydrophobicity and decrease the water vapor
permeability of biopolymeric films (Gontard et al., 1994). It was
found that citrate starch does not swell and gelatinize in hot water
as a result of cross-linking reaction (Xie and Liu, 2004). Further-
more, citric acid addition to wheat flour caused to significantly
decrease the cross-linking degree of the protein network during
extrusion (Gémez-Martinez et al., 2009). CA can also act as a plasti-
cizer and has been shown to promote starch hydrolysis by lowering
the pH (Hirashima et al., 2004; Shi et al., 2007). Citrate esters can be
effective in reducing the glass transition temperature and increase
the plasticization of TPS and PLA (Labrecque et al., 1997; Shi et al,,
2007).

Plasticizers as polyols can affect the water vapor properties of
packaging films (Miiller et al., 2008). Study of hydration of plasti-
cized starch has shown that interactions between the components
of the system formed by starch, plasticizer and water was sig-
nificantly dependent on the relative humidity to which theses
materials were exposed (Godbillot et al., 2006).

Several authors have investigated the behavior of water vapor
permeability and the simultaneous behaviors of water diffusivity
and solubility in a polymeric matrix (Miller and Krochta, 1997;
Sothornvit and Krochta, 2001; Larotonda et al., 2005; Maria Martelli
et al., 2006; Rocha Placido Moore et al., 2006) and few recent stud-
ies were found in the literatures regarding the relative influences of
these parameters on the water vapor permeability of starch films
(Miller et al., 2009; Muller et al., 2012).

In the present paper, citric acid known as nutritionally harmless
compared to other substances used for starch derivatization (Xie
and Liu, 2004), was used as an additive on wheat flour/glycerol/PLA
blends in an industrial-size-twin-screw extruder. A series of

molded samples were produced from prepared compounds to
assess their suitability for use as packaging materials. The present
paper follows an article already reported by Chabrat et al. (2012)
who investigated how the addition of citric acid on wheat flour/PLA
blends influences films’ thermal, morphological and mechanical
properties. In this paper, wheat flour/PLA/citric acid blends have
been successfully produced on industrial equipments and citric acid
hasimproved the PLA repartition in the matrix and its effects of both
compatibilization and plasticization were seen on the mechani-
cal properties. This second part investigates the barrier properties
(WVP and O, permeability) and water vapor sorption isotherms
of the blends produced without additional water to conclude on
the effects of citric acid on WF/PLA interactions and evaluate the
possible use of these compounds as packaging materials.

2. Experimental
2.1. Materials

Wheat flour was supplied by Gers Farine (France). It is mainly
made up of starch (65%). Secondary components were water (13%),
proteins (13%), fibers, essentially hemicelluloses (2%) and lipids
(1%). Poly(lactic) acid (PLA) is an extrusion grade and was kindly
provided by Natureworks LLC (USA). Its melting temperature was
140°C. Glycerol (purity 99%) was used as starch plasticizer and was
supplied by Gaches Chimie (France). Citric acid was obtained from
Sigma-Aldrich (France).

2.2. Thermoplastic starch/PLA blends extrusion

In this study, five different blends were extruded in an
industrial-size twin-screw extruder (Evolum HT53, Clextral
(France) with L/D=36). It was equipped with nine modular bar-
rels, each 212.6 mm long. A cylindrical die with 6 holes was fixed
at the end of the extruder. The screw rotational speed was fixed at
250rpm and temperature profile in the nine barrel sections from
feed to die were set of 60-140 °C for all the experiments (Fig. 1). The
screw profile was divided in two main zones, a plasticization zone
composed of kneading elements and reverse screw elements in the
first half of the barrel and a mixing zone composed of kneading ele-
ments in the second half of the barrel. PLA was introduced at the
beginning of the second zone, i.e. after starch plasticization. The
compositions of the blends can be understood from their names.
First, wheat flour (extruded at its equilibrium humidity (13%)), PLA
and glycerol ratio were kept constant at 75 parts, 25 parts and 15
parts respectively. The only variables were citric acid. The generic
name for the formulations is CAx with x indicating the concentra-
tion of citric acid, with values between 0 and 20 parts.

2.3. Injection-molding

After stabilization at 60% RH and 25°C during three weeks,
the plastics pellets were injection-molded into disk-shaped spec-
imens using a Negri Bossi VE160-720 injection molding machine
(Italy). Molding temperature profile was defined as following:
80/125/130/145°C and backpressure was 10 bar. The holding pres-
sure was 800 bar during 0.5 s and 600 bar during 0.5s.

2.4. Moisture, thickness and density

Before any film properties determination, samples were con-
ditioned at 25°C and 60% RH for at least 20 days to stabilize
them. The plastics pellets and injection-molded specimens’ mois-
ture were determined in triplicates by gravimetric method, after
drying at 105°C for 24 h and expressed in g water/100 g dry mass.
The thickness of the samples was measured (+0.01 mm) using a
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Fig. 1. Industrial-size twin-screw extruder (Evolum HT53, Clextral (France)).

digital caliper micrometer at 5 random positions on the film. In
order to determine films density, a hydrostatic balance (Sartorius
YDK 01-0D) which enables to weigh a solid in air as well as while
suspended in a liquid of known density was used. The film den-
sities were determined with a density determination kit using the
Archimedes’ principle. In this method, cyclohexane was used as the
liquid causing buoyancy. The density of the solid sample is com-
puted from the weight in air divided by its volume. This volume is
equal to the loss of weight of the sample divided by the density of
the liquid at the temperature of observation. Density of films was
calculated using Eq. (1):

W(a) - [p(f1) — p(a)]
0.99983[W(a) — W(f))]

o= + p(a) (1)

where p is the density of the solid, p(fl) the density of the liquid,
p(a) the density of air under standard conditions, W(a) the weight
of the solid in air, W(fl) the weight of the solid in liquid. To take
account of factors which may affect the density measurements such
as volatility of cyclohexane, at least five replicates of each film type
were tested.

2.5. Water sorption isotherms

A dynamic vapor sorption (DVS Advantage, SMS, Alperton,
UK) technique was used to measure water sorption isotherms.
DVS is a gravimetric technique which consists of maintaining
a sample in a temperature and humidity-controlled chamber to
measure the mass variation of the sample when varying the
water vapor concentration surrounding it. At the heart of the DVS
system is an ultra-sensitive recording microbalance capable of
measuring changes in sample mass lower than 1 part per 10 mil-
lion. The instrument microbalance and stand is housed inside a
temperature-controlled incubator. Prior to being exposed to any
vapour, the samples are equilibrated at 0% RH to remove any sur-
face adsorbed vapour and to establish a dry mass baseline. Samples,
typically of 10-12 mg were submitted to the continuous gas flow
containing pure nitrogen regulated at a constant pressure between
1 and 2 bar and water vapor saturated in proportion corresponding
to the desired relative humidity. The relative humidity is increased
step by step during moisture absorption. At each step, the sam-
ple mass is allowed to reach equilibrium before humidity is varied.
The water uptakes of the samples were determined by measuring
mass variation with an accurate microbalance system (DVS, surface
measurements systems).

The Guggenheim-Anderson-de Boer (GAB) model was used to
fit experimental data of blends sorption isotherms given in Eq. (2):

_ CkXan
~ [(1 = kaw)(1 — kaw + Ckaw]

where X is the equilibrium moisture content on a dry weight basis
(%w/w) at the water activity a,, (RH/100), Xq is the monolayer mois-
ture content, C the Guggenheim constant related to the first layer
heat sorption and k the constant related to the total multilayer heat
sorption. All tests were performed twice.

The fit of the experimental model of GAB was performed using
Minitab 16 software (State College, USA) using the program of the
non-linear regression and quasi-Newton technique. The quality of
the model fit was assessed by examining the distribution of the
experimental points from the curves of models and the squared
deviations. The fitting quality was checked by determining the
mean of the square root of the error (R2).

(2)

2.6. Water solubility coefficient

The solubility coefficient, also called hydrophilicity or adsorp-
tivity (Larotonda et al., 2005; Rocha Placido Moore et al., 2006) is
a film property that indicates the water gain by 1g of dry matter,
when the partial pressure of water vapor in the surrounding air
increased by 1 Pa. It can be determined by the derivation of GAB
model as proposed by Larotonda et al. (2005) using Eq. (3):

1
(1 — kaw)(1 — kay + Ckay)
aw

_ 5= X [—k(1 — kaw + Ckay,)
[(1 = kaw)(1 — kaw + Ckaw)”]

B = CkXoaw x [

+(1- kaw)(—k+Ck)]}

2.7. Water vapor permeability and effective water diffusion
coefficient

Water vapor permeability (WVP) measurements of the films
were performed using the methodology described by ASTM
E96/E96M (C16 Committee, 2010). Prior being analyzed, film sam-
ples (35cm?) were conditioned at least for 48 h at 25°C and 60%
relative humidity in a laboratory climatic chamber. Films with
30cm? of exposed area were used to hermetically cover cylindri-
cal aluminum cells measuring 6.2 cm x 2.5 cm (diameter x depth)
and containing 7 mg of anhydrous calcium chloride to maintain the



Table 1
Moisture, thickness and density of blends reinforced with different content of citric acid.

Sample Moisture (g H,0/100 g dry matter) Thickness (mm) Density (g/cm?)
Pellets samples Injected samples
CAO 6.24+0.15¢ 6.70+0.01¢ 1.0 £ 0.1 1.386 + 0.004°
CA2 7.02+0.10¢ 7.60+0.03P 1.1 £ 0.02 1.377 + 0.004°
CA5 7.43+0.05° 7.61+0.05° 1.0 £ 0.1 1.318 + 0.0074
CA10 7.45+0.11° 7.51+0.17° 1.0 £ 0.1 1.332 + 0.008¢
CA20 8.20+0.042 8.53+0.062 1.0 £ 0.1 1.406 + 0.0032
PLA <1 <1 1.0 £ 0.1 1.249 + 0.007¢

Different letters in the same column indicate a statistical difference between the mean values (P<0.05).

inside of the cells at 0% RH. Toric joint seal was used to attach the
film to the cell. Test cells were then placed in a climatic cham-
ber, maintained at 25 °C and 60% RH. Thereby, difference in partial
pressure of water vapor between the inside and the outside of the
cell was 1875 Pa. The water vapor then went permeate through the
film to restore equilibrium and was progressively fixed by the des-
iccant which led to an increase of the mass of the measuring cell.
Periodical weightings monitored the weight changes. Mass varia-
tion was plotted over time. WVP was calculated from the slope (G)
of a linear regression of water gain plotted versus time at steady
state according to Eq. (4):
G-§

wvp= = Ap (4)
where § is the film thickness; A is the area of exposed film and Ap is
the differential water vapor partial pressure across the film. Fick’s
law and Henry’s law were used to calculate film WVP and assume
that film solubility and diffusivity are constant. Each test consisted
of three replicate measurements.

Larotonda et al. (2005) have established the dependence of the
barrier properties (WVP) on the simultaneous effect of water diffu-
sivity in the polymeric matrix (Do) and of the coefficient solubility
of water in the film (8) according to Eq. (5):

WVP = p* - 8- Deft (5)

where p* is the density of the film (g/cm?3).

2.8. Oxygen permeability

A Systec Instrument 8001 (Gruter & Marchand, France) was uti-
lized to measure oxygen transmission rate through blend films
according to standard method ASTM D3985 (Ke and Sun, 2001)
at atmospheric pressure. Films with 60 cm? of exposed area were
mounted as a sealed semi-barrier between two chambers and
exposed to pure nitrogen on one side of the film and pure oxy-
gen on the other. The oxygen that permeates through the film
was transported by the nitrogen carrier gas into the oxygen detec-
tor (coulometric sensor) and measurements were obtained when
steady state was reached. Both gases were set to the desired con-
ditions (temperature and relative humidity). Measurements were
performed at 23 °C and 50% relative humidity. Conditioning films
were used for this experiment.

Oxygen permeability coefficient (cm3 mm/m? day) was calcu-
lated on the basis of oxygen transmission in the steady state, with
the thickness of the films taken into account. Each test consisted of
three replicate measurements.

2.9. Statistical analysis

Minitab software version 16 was performed to all statistical
analysis. Analysis of variance (ANOVA) and the Tukey test for
comparison of means were applied to determine the significant
differences (P<0.05) among the samples.

3. Results
3.1. Moisture, thickness and density

Moisture, thickness and density results are presented in Table 1.
A slight increase of moisture content of pellet and injected sam-
ples as a function of CA content was observed. Whatever form of
the blends (pellet or injected), samples containing 20 parts of CA
showed higher values of moisture content (820 and 853g/100g
dry mass for pellet and injected samples respectively). In terms of
matter density, significant differences were observed between the
samples for all blends. The density of film samples ranged from
1.318 +0.007 (CA5) to 1.406 + 0.003 (CA20) g/cm3. Film thickness
was constant for all blends (~1 mm) and was higher compared to
those found for conventional materials (20-100 pm) such as PE and
PS due to the process for obtaining materials (injection-molding)
and blends properties.

3.2. Water sorption isotherms

The water sorption isotherms of films prepared with different
citric acid content at 25°C in the water activity range 0<a,, <0.9
are presented in Fig. 2. CAO has a classical sigmoidal shape that can
be described in terms of a three-step moisture absorption (Roman-
Gutierrez et al.,, 2002). This behavior is typical of water sorption in
hydrophilic materials and has also been reported for starch based
materials (Godbillot et al., 2006; Mali et al., 2005; Miiller et al.,
2008). The first part of the sorption curves (a,, <0.30) corresponds
to the field of water adsorbed as a monolayer, where polar groups
of high binding energy to hydrophilic components (starch, pro-
teins and pentosans) are saturated with water molecules which
considered integral parts of the solid phase. During the second
stage (0.30<ay <0.6), additional water molecules are bound onto
the monolayer (i.e., multilayer coverage) and water clusters begin
to form. During the third step (a, >0.6), accumulation of water in
intermolecular free spaces occurs and results in partial swelling
that in turn may expose additional hydrophilic binding sites. The
plots obtained for CA2, CA5, CA10 and CA20 were convex to the
relative pressure axis. The weak interactions between the water
and the films with citric acid (CA2-CA20) led to low uptakes at low
relative pressures. However, once a water molecule was become
adsorbed at a primary adsorption site, the water-water interac-
tions which were much stronger, were become the driving force of
the adsorption process, resulting in accelerated uptakes at higher
relative pressure.

Adding 2 part of citric acid to wheat flour/PLA blends decreased
its moisture uptake. This decreasing was more pronounced in the
water activity range 0 < ay <0.45. The same behavior was observed
on the other blends (CA5, CA10 and CA20). In the water activity
range 0.3 <ay <0.75, the minimum of water uptake was achieved
by a 10 parts of CA addition in the blends. These results are in
agreement with previous results reported by Ghanbarzadeh et al.
(2011). Therefore, more than 90% reduction in water absorption
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Fig. 2. Sorption isotherms at 25 °C of wheat flour/PLA/CA blends as a function of ay.

was achieved by a 10 parts CA addition at a,, =0.15 and this reduc-
tion was further held to less than 75% when the water activity was
varied from 0.45 to 0.6.

The GAB model was used to fit experimental data, showing a
remarkable fit over a wide range of a,, values. GAB parameters and
correlation coefficient which were determined through non linear
regression are given in Table 2. The monolayer water Xj indicates
the maximum amount of water that can be adsorbed in a single
layer per gram of dry film and it is a measure of number sorb-
ing sites (Mali et al., 2005). All samples showed similar values for
the monolayer water content Xy which are within the range pre-
sented for starchy products (Mali et al., 2005; Muller et al., 2012).
These results may be related to the similar behavior in terms of
their hygroscopicity.

The value for the parameter C, relating to the monolayer heat
sorption slightly decreased when a low content of CA was added as
indicated by the corresponding values obtained for all samples (see
Table 2). This might be attributed to weaker water-starch interac-
tions caused by the presence of citric acid which then decreased
the amount of bound water molecules. The parameter k, related to
multilayer sorption heat, was not be affected by citric acid concen-
tration.

3.3. Water vapor permeability (WVP), solubility coefficient ()
and effective diffusion coefficient (D)

The main purpose of food packaging is to protect the content
against all kind of deteriorations which can be physical, chemical
or microbiological. Depending on the food, packaging should either

Table 2
GAB parameters for moisture sorption isotherms for blends (R? is the correlation
coefficient).

Sample GAB parameters R?

Xo (g water/gdry solid) C K
CAO 0.05 2.77 0.92 >0.99
CA2 0.06 0.98 0.92 >0.99
CA5 0.09 0.56 0.87 >0.99
CA10 0.07 0.40 091 >0.99
CA20 0.08 0.38 0.90 0.99

completely barrier or at least decrease moisture transfer between
food and surrounding atmosphere.

As shown in Table 3, WVP of CAO film (0 part of citric acid)
was 16.72 x 10~ gm~1s-1Pa~! and was the highest WVP value
compared to all other blends (CA2-CA20). Water vapor eas-
ily went through CAO film, this being due to the immiscibility
of wheat starch and PLA and also to the water sensitivity of
starch.

The WVP values significantly decreased as soon as 2
parts of CA were added. Films containing 5 and 10 parts
showed the lowest WVP values (2.84 x 10-''gm~'s~1Pa~! and
3.34x 10" gm~1s-1Pa~! respectively) and no significant differ-
ences were observed between these films according to ANOVA and
the Tukey test. However, the WVP values of the blends noticeably
increased from 3.32 x 10-11 t0 14.59 x 10~ gm~1s~1 Pa~! when
increasing the CA content from 10 to 20 parts. The WVP being
dependent on the solubility and effective diffusion coefficients, it
was of interest to compare their effects on the barrier properties
(Table 3). Thus, Desr values had decreased in the presence of citric
acid for ratio between 0 and 10 parts from 1.6 to 0.2m?s~! and
then increased again to its initial value.

3.4. Oxygen permeability

Analysis of oxygen permeability was performed for injected
samples and two commercial films, PS/EVOH/PE and APET for com-
parison, under similar experimentations conditions, which were

Table 3
Water vapour permeability, solubility and diffusion coefficients of blend films for
ayw=0.6 at 25°C.

Sample WVP x 10-11 Bx1073 Degr x 10712
(gm~'s7'Pa’!) (gH20/gdry (m?s™1)
solid Pa)
CAO 16.72 + 2.3 7.87 1.6
CA2 494 + 0.2° 7.73 0.5
CA5 2.84 + 0.3¢ 8.85 0.2
CA10 3.34 + 0.7° 7.33 0.4
CA20 14.59 + 1.6° 7.72 14

Different letters in the same column indicate a statistical difference between the
mean values (P<0.05).



Table 4
Oxygen permeability coefficient of the blends at 23 °C and 50% RH. Different letters in
the same column indicate a statistical difference between the mean values (P<0.05).

Sample (thickness) 0, permeability

(cm3 mm/m? day)

CAO (1 mm) 477 +0.01¢
CA2 (1.1 mm) 0.314+0.01¢
CA5 (1 mm) 0.34+0.02¢
CA10 (1 mm) 1.40+0.034
CA20 (1 mm) 1.2340.204
PLA (1 mm) 8.66+0.092
PS/EVOH/PE (0.5 mm) <2 ppm

APET (0.6 mm) 6.12+0.18P

applied for the blends with citric acid. PS/EVOH/PE is a multilayer
film composed of PS (polystyrene) as base material, EVOH (ethyl-
ene vinyl alcohol), acting as a barrier, and PE (polyethylene) layer
in contact with the packaged product used for packaging meat
products, fish, sauces, cheeses, etc. APET (amorphous polyethyl-
ene terephtalate) is a thermal plastic with excellent gas, water
and chemical barrier properties and compliant for direct food con-
tact. Oxygen permeability measurements were performed at 23 °C
and 50% relative humidity, which are a standard use condition.
The results found for all blend films are presented in Table 4. It’s
well known that the oxygen barrier of PLA and starch polymers
and of the copolyester is similar than for APET and PS/EVOH/PE
(<2 ppm, i.e. value is less than apparatus sensitivity) is an excel-
lent gas and moisture barrier films (Auras et al., 2005; Le Corre
et al., 2010). The measured oxygen permeability value for PLA was
about 8.67 cm® mm/m? day. The measured permeability value for
blends significantly decreased when a low content of citric acid
was added (2 and 5 parts of CA) and stabilized at a value around
1 cm3 mm/m?2 day when the added amount of CA exceeds 5 parts
(CA10 and CA20). No significant differences were observed for CA2
and CA5.

4. Discussion
4.1. Effect of density on the WVP and O, permeability

At low pressure when Fick’s law and Henry’s law are obeyed,
the following equation as is generally accepted should hold:

P=DxS (6)

where S and D are respectively the solubility and diffusion coef-
ficient and P is the permeability coefficient. Gas permeability is
due to a “jumping” process whereby a permeant molecule spends
most of the time in free volume holes and occasionally jumps into
a neighboring hole by formation of a connecting channel. Wonders
and Paul (1979) have demonstrated that densification of a glassy
polymer shifts sorption isotherms to lower solute concentration;
i.e. decreases the apparent solubility coefficient in the dual mode
sorption model (Henry's law and Langmuir modes of sorption).
Moreover, changes in polymer density should induce the variation
of another important property of a material, the cohesion energy
density (CED) that is related to the coefficient of diffusion according
to the expression suggested by Shishatskii et al. (1996) by com-
bining Arrhenius law and expression suggested by Meares (1954):

In Dy — rd*NgACED

In D= IRT (7)
with
CED = Ecop X p (8)

where d is the collision diameter of a diffusant molecule, Ny is the
Avogrado number, A is the jump distance in the activation state

and E.}, is the molar cohesion energy. In agreement with these
equations, higher density should lead to lower permeability. Never-
theless, densities of wheat flour/PLA/citric acid blends follow same
evolution of WVP and oxygen permeability (Tables 1, 3 and 4).
This is in contradiction with previous demonstration. The decrease
of density for CA5 might be attributed to the decrease of molec-
ular weight as also reported by Chabrat et al. (2012). Indeed, a
decrease of blends viscosity which indicates that starch and PLA
were hydrolysed was observed in the first part of this study and
already reported by another research group (Hirashima et al.,2004).

The increase in the densities for CA10 and CA20 could be
attributed to the diffusion of excess free volume biopolymer matrix
caused by residual free CA which may act as a plasticizer. Indeed, by
decreasing intermolecular attractions between adjacent polymeric
chains, plasticizers facilitates the movement of polymer chains
under stress (De Souza et al., 2009), resulting in an increase in
elongation and a decrease in tensile strength with increasing CA
content, already observed by Chabrat et al. (2012). Therefore, dur-
ing injection-molding, the resulting decrease in viscosity leads to
the formation of film samples with higher densities.

4.2. Influence of citric acid content on the water vapor
permeability (WVP), solubility coefficient (8), effective diffusion
coefficient (Deg) and oxygen permeability

It’simportant to note that a change in absorption of water occurs
as soon as two parts of citric acid were added to the blend (Fig. 2).
The reduction in moisture uptake with increasing CA content
was more pronounced when a, <0.6. In the water activity range
0.6<ay <0.9, the decrease was smaller and the moisture uptake
was increasing rapidly in function of ay,, which may be related
to the water clustering phenomenon (Miiller et al., 2009; Zeppa
et al., 2009). As described by Zeppa et al. (2009), this phenomenon
was favored by the enhanced mobility of the polymer chains in
the presence of plasticizer on one hand and to the hydrophilic and
hygroscopic plasticizer such as glycerol on the other. Moreover, in
such a model proposed by Godbillot et al. (2006), the interaction
sites on starch would theoretically be filled with plasticized and
water molecules so that additional water is mainly absorbed into
the plasticizer-rich phase.

As shown in Fig. 2, the decrease in the moisture content of
CA10 which was more pronounced in the water activity range
0.15<ay <0.45 could be attributed to a decrease in the concen-
tration of polar available sites in the presence of plasticizer and
CA (Mali et al., 2005; Zeppa et al., 2009). As a second point, it
has been reported that monolayer coverage is reached to a ratio
between starch and CA of about 8 to 1 (CA10) (Olsson et al., 2013).
At this ratio, citric acid may act as cross-linking agent and reinforces
the intermolecular binding of starch macromolecules by forming
strong hydrogen bond interaction with starch as to improve the
water resistance (Krumova et al., 2000; Park et al., 2005; Reddy
and Yang, 2010). Therefore, crosslinking interconnects the starch
molecules in the film and provides better intermolecular interac-
tion between molecules leading to a decreasing of water uptake.
Nevertheless, when the CA content of the films reached 20 parts,
the water uptake was slightly increased. This might be attributed
to the plasticization and/or hydrolysis effect of CA and the increase
in the plasticizer-rich region with increasing of CA more than 10
parts.

The behavior of the solubility coefficient of water g for different
citric acid content of films as a function in water activity is shown
in Fig. 3. In the water activity range 0<ay <0.6, 8 was practically
constant but increased very quickly with the water activity increase
when ay, > 0.6. This is in agreement with results already observed
for starch based materials (Cova et al., 2010; Miiller et al., 2008,
2009).
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Fig. 3. Solubility coefficient values for different blends as a function of a,.

The high water resistance observed in the WVP values when
increasing citric acid content from 2 to 10 parts could be assigned
to the following reasons. First of all, according to SEM images,
when increasing CA ratio to 5 and 10 parts, blends morphology
was completely different than blends without CA due to the better
PLA distribution (Chabrat et al., 2012). Thus, with improving the
dispersion of PLA in the plasticized wheat flour, the diffusion and
sorption time of water molecule was significantly increased due to
the decreasing of interfacial tension, improving the compatibility
between the starch-based matrix and PLA. On the other, as seen
with DMTA analyses, damping factor intensity, which magnitude
isrelated to the magnitude of storage modulus drop and depends of
the number of mobile entities participating to the relaxation pro-
cess, seemed to be weaker for small amounts of citric acid (CA2 and
CA5) (Chabrat et al., 2012). This phenomenon can be attributed to
the less chains mobility and hence reduced the free volume result-
ing of improved the intermolecular interaction of the blends.

The increasing in the WVP value for CA20 might be caused
by two reasons. The first is the plasticization effect of CA as was
previously mentioned. Indeed, as seen with DMTA analyses, damp-
ing factor intensity was higher for CA20, meaning an increasing
mobility and formation spaces between the macromolecular chains
which in turn promotes water vapor diffusivity through the films.
This is in agreement with papers already published (Ghanbarzadeh
et al., 2011; Ma et al.,, 2009). The second cause is that CA can
promote the hydrolysis of the starch glycosidic bonds leading to
shorter molecules having more mobility. Moreover, as already
reported in the first part of this study (Chabrat et al., 2012), the
extrusion parameters (specific mechanical energy, matter tem-
perature in the plasticization zone and die pressure) significantly
decreased. This might be attributed to the decrease of blends viscos-
ity which indicates that starch and PLA were hydrolysed (Hirashima
et al., 2004; Shi et al., 2007).

In order to understand the mechanisms governing the perme-
ation process of water vapor through films, the variation of Deg,
B and WVP values were plotted as a function in CA content. The
effective diffusion coefficient Deg calculated from 8 and WVP data
for ay, = 0.6 are presented in Table 3. The diffusion coefficient values
determined in this study had the same order of magnitude as those
reported by Muller et al. (2012) and Yew et al. (2005). It’s of inter-
est to notice that the variation of coefficient diffusion values as a
function of citric acid content had the same trend as that observed

for WVP. These results found in this study showed that WVP was
greatly dependent on Deff, since this variation had a great influence
on the D¢ values whereas for solubility coefficients values, very
little variation with citric acid incorporation was observed.

As oxygen permeability is dependent on film composition, the
influence of the amount of CA will be discussed in the following.
As shown in Table 4, the incorporation of CA decreased the oxygen
permeability whatever CA content. Parameters influencing oxygen
permeability are similar to those of water vapor, as previously men-
tioned. Another explanation is that the citricacid could be viewed as
a good compatibilizer between PLA and Wheat flour phases which
could fill the holes caused by blending two phases which had not
the same chemical nature. Addition of citric acid could then greatly
affect the gas transport properties by acting as an obstacle to the
motion oxygen molecules through films.

According to all made characterizations in this study (barrier,
water sorption properties) and the first paper (mechanical, mor-
phological, thermal properties) (Chabrat et al., 2012), CA2 seems to
be the best formulation.

5. Conclusion

New environmentally friendly blends, prepared via industrial
equipments were characterized to assess their suitability for use
as injection-molded packaging material. Citric acid was added to
wheat flour/PLA blends to improve the miscibility of PLA and wheat
flour and evaluate its effect on their barrier properties.

The tendency of film densities as a function in the WVP and
oxygen permeability was different from that observed for conven-
tional plastics. The presence of low citric acid content (10 parts
of CA) significantly reduced the WVP up to 80% and around 90%
the oxygen permeability. It was shown that this effect was linked
to a better dispersion of PLA. The results found for water sorp-
tion isotherms showed that films’ water vapour permeability have
strong dependency on water diffusion coefficients (Defr). Adding
too much citric acid led to a plasticization and/or hydrolysis effect
of wheat flour/PLA blends thus involving a decrease in the WVP of
these blends.

For future works, blending thermoplastic wheat flour with
another biopolymer such as polyhydroxybutyrate (PHB) and citric
acid would be very interesting.
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