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The influence of kaolinite content within a plasticized starch matrix on the glass transition and decom-
position temperatures, water uptake, transparency and UV-vis blocking is reported. Exfoliation of the
kaolinite clay within the composite is enhanced when previously intercalated with DMSO. The DMSO-
intercalated kaolinite brings in advantages for the clay dispersion within the polymer matrix, the
transparency and the water uptake. The transparency of the films is better preserved when DMSO inter-

calated kaolinite is used and a clay load between 2% and 6%, leads to a significant reduction of the UV
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1. Introduction

The research in biodegradable polymeric material is of growing
interest. There have been extensive studies on natural polymers
such as gluten, zein, lignin, cellulose, chitin and starch (Avérous &
Halley, 2009). Amongst these, starch is of particular interest. It is a
renewable, readily available and a relatively low cost raw material.
After appropriate processing, starch as well as other biopolymers,
can be used in various applications such as: adhesive, paper, tex-
tile, biomedical, thermoset resin, foams and films (Yu, Dean, & Li,
2006). In the domain of packaging application, plasticized starch
could help to deal with packaging waste associated with fossil
based packaging materials (Sorrentino, Gorrasi, & Vittoria, 2007).
However, the water sensitivity, the brittleness and the sensitiv-
ity of the mechanical properties to various conditions hinders the
expansion of its applications and justifies the constant need for
the improvement of starch film properties. The improvement of
those properties can be explored in several ways such as blend-
ing with other polymers (mostly synthetic) (Parra, Tadini, Ponce, &
Lugao, 2004; Pérez, Alvarez, Mondragén, & Vazquez, 2007), cross
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linking (He, Yaszemski, Yasko, Engel, & Mikos, 2000), composite
film preparation (Huang, Yu, & Ma, 2004) and mixed approach that
associates blending and composite film preparation (McGlashan &
Halley, 2003).

Clays are widely used as fillers in polymer composite materi-
als due to their high aspect ratio and nanometric thickness of their
platelets. A good dispersion of small amounts of clay within the
polymer matrix gives rise to high surface area for polymer-filler
interactions (Ray & Bousmina, 2005). The polymer-filler interac-
tions are also enhanced because of the surface reactivity of the
clay that can proceed through hydrogen bonds, complexation, or
electrostatic interactions.

For most of the studies on polymer-clay composites, 2:1 clays,
such as montmorillonite, laponite and hectorite, are usually used
as reinforcing phase, due to their ability to be exfoliated, which
results in optimal distribution in the matrix (Avella et al., 2005;
Chen & Evans, 2005; Park, Lee, Park, Cho, & Ha, 2003; Park, Misra,
Drzal, & Mohanty, 2004; Wilhelm, Sierakowski, Souza, & Wypych,
2003a). Less expandable clays, such as kaolinite, an abundant and
ubiquitous 1:1 clay, are rarely used (Carvalho, Curvelo, & Agnelli,
2001; Chen & Evans, 2005; Wilhelm, Sierakowski, Souza, & Wypych,
2003b). To date, many advantages of clay incorporation in starch
based material have been demonstrated. Park et al. (2002, 2003)
showed that for 5% clay content there was a significant increase
of the elongation at break, the tensile strength, the decompo-
sition temperature and a decrease of water vapour diffusion in
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potato starch-montmorillonite composite. Wilhelm et al. (2003a)
showed that the compression resistance in Cara starch composite
is increased by 70% on addition of 50% hectorite but, at the same
time, the elongation percentage was reduced of 50%. In 2005, Avella
et al., studied the properties of starch-montmonrillonite films and
showed, through migration tests, that the films could be satisfac-
torily used according to the European regulation for biodegradable
packaging at date. In all cases, regardless of the type of clay used, its
presence within a polymer matrix is shown to significantly influ-
ence the polymers properties.

Our interest in this study is the production of composite mate-
rials using the abundant and low cost materials: cassava starch and
kaolinite clay. For this purpose, the study of physical and chem-
ical properties of the composite material and the understanding
of the interactions that determine the observed properties are
points of interest. The properties of a polymeric material are deter-
mined by the interactions between the polymer chains. In the
case of starchy material, flexible films are obtained through the
reduction of the chain-chain interactions within raw starch as a
result of the addition of a plasticizer. The low energy interaction
between the plasticizer and the polymer chains allows an easy
sliding of the chains over each other, giving rise to approporiate
viscoelastic properties for the use as plastic material. In this work,
we use glycerol as the plasticizer because it is an efficient and
non toxic plasticizer for starch. Another important element that
influences the properties of the composite material is the filler dis-
persion (Okamoto, 2005). Montmorillonite, which is usually used
in polymer-clay composite, is easily dispersed because of the elec-
trostatic repulsion between the clay sheets due to the high electric
charge, compared to kaolinite in which the interactions between
clay sheets are strong hydrogen bonds. To enhance the dispersion
of the kaolinite, within the composite, the intercalation of an apro-
tic polar molecule such as dimethylsulfoxide (DMSO) within the
kaolinite, is an easy way to achieve enough weakening of the clay
sheets interactions.

Amongst the most important properties of polymeric materi-
als, the glass transition temperature (Tg), which determines the
conditions in which the material can be used and stored (Lourdin,
Coignard, Bizot, & Colonna, 1997), is of great interest. Therefore, we
focus our interestin assessing the influence of clay content on the Tg
of the composite starch film. Another important aspect of polymeric
materials is the decomposition behaviour; we also investigate the
effect of clay content upon the degradation of the starch matrix.
To further investigate the influence of clay content, our interest
was also turned towards water uptake (WU) and UV-light barrier
properties of the composite film.

2. Materials
2.1. Clay material

A kaolinite-rich clay material was collected in the western
region of Cameroon. Its mineral composition is as follows: 76.5%
kaolinite; 10.4% illite; 3.4% TiO,; 2% iron oxide and 4% SiO,. The
kaolin deposit is located at the bottom of a mylonitic cliff. The gen-
esis of this kaolin has been established as a result of a hydrothermal
process by Njoya et al. (2006). The sample used in this study is from
the sand-poor facies of the deposit that derived from magmatic
intrusive veins. The fraction <40 wm, labelled K3, was collected by
means of wet sieving. DMSO intercalated kaolinite (labelled K3D)
was prepared using an adapted method from Gardolinski, Carrera,
and Wypych (2000). The effectiveness of the intercalation was
checked through X-ray diffraction and Fourier transform infra red
spectroscopy.

2.2. Cassava starch

The cassava starch was obtained by aqueous extraction from
cassava tubers produced in Cameroon. The starch was manually
ground and sieved at 100 wm. The sieved starch was stored in a high
density polyethylene bottle at ambient temperature. The moisture
content, determined by drying to constant weight at 105 °C, is 14%.
The ash content determined by ignition of (5+0.1)g of starch at
550°C in a muffle furnace, is 0.3%. The water binding capacity was
93% (d.b) as determined by a centrifugation method. The elemental
CHNS analyser Carlo Erba 1108 was used to determine the follow-
ing respective contents of carbon, hydrogen and nitrogen: 39.06%,
7.53% and 0.05%. The nitrogen content is very low indicating little
protein material.

3. Film preparation

The method of preparation is adapted from Godbillot, Dole, Joly,
Roge, and Mathlouthi (2006); Laohakunjit and Noomhorm (2004);
and Zeppa, Gouanve, and Espuche (2009). In a 5% aqueous suspen-
sion of starch containing 30% (w/w) glycerol with respect to the
mass of starch, various amounts of clay (raw or DMSO intercalated)
were added. The suspension was then hot mixed at 80°C during
5 min before being cast and air dried. After drying, the films were
stored in low density polyethylene bags under ambient temper-
ature. The amount of kaolinite added is expressed in percentage
weight ratio to the mass of starch in the formulation.

4. Characterization
4.1. X-ray analysis

X-ray diffraction patterns were recorded using a D8 Bruker
diffractometer with a Co Ko radiation (A =1.7890A) operating at
35kV and 45 mA. The diffraction patterns were obtained from 1.5°
to 32°() at a scanning rate of 1° min—!. The Bragg law gives access
to the basal spacing (d) of the layered silicate: A =2dsin 6, where 6
is the diffraction angle and A the wavelength.

4.2. Fourier transform infra red (FTIR) spectroscopy

Infra red spectra were recorded in diffuse reflection mode using
a Bruker Fourier Transform Interferometer IFS 55. The spectra,
recorded from 4000 cm~! to 600 cm~! with a resolution of 4cm™1,
are obtained by accumulation of 200 scans. The powdered clay or
starch (approximately 10 mg) was manually ground with 70 mg of
oven dried KBr before analysis.

4.3. Dynamic mechanical thermal analysis (DMTA)

DMTA testing was performed using a Rheometric Scientific
DMTA V instrument. Rectangular samples having dimensions
13 mm x 30 mm with an average thickness of 20 um are used. The
imposed deformation was 0.01% at 10 Hz in the temperature range
of —100°C to 90°C with a heating rate of 5°Cmin~1.

4.4. Thermal analysis (DSC)

Differential scanning calorimetry (DSC) was carried out using
a Perkin Elmer DSC Pyris 1. A sample of approximately 10 mg is
placed in an aluminium pan and sealed. The experience is per-
formed at ambient temperature using ice as cooling source. The
samples were heated from 25°C to 150°C at a heating rate of
4°Cmin~1,
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Fig. 1. Optical micrographs of the films with various kaolinite loading. On the left, films loaded with raw kaolinite and on the right films loaded with DMSO intercalated
kaolinite.
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Fig. 2. SEM micrographs of pristine cassava starch film and composites films.
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4.5. Optical and scanning electron microscopy (SEM)

The optical observation was done in dark field mode using a
Nikon Eclipse LV100 POL microscope. The SEM was achieved on a
Hitachi S-4800 using a YAG (Yttrium Aluminium Garnet) backscat-
tered secondary electron detector.

4.6. Water uptake

The water uptake was measured at 100% and 50% relative
humidity (RH). For the relative humidity control, we used deion-
ized water (18.2 M cm~') and 28.15% sodium hydroxide solution
in a hermetic container, respectively, for 100% RH and 50% RH. Prior
to measurements, pieces of films are oven dried at 60 °C to constant
weight (4 h) before being conditioned in the RH atmosphere within
the container. At desire time intervals, the films were removed and
accurately weighed to +0.1 mg. The water uptake is calculated as
follows:

my —m,
WU=_—X_"°
Mo

where my, is the initial mass of the film sample and my the mass
after equilibrium at a given RH.

The WU was measured after a 24 h because this time it was
found to be sufficient for water uptake saturation. The measure-
ments were done in duplicate and the mean values are taken. The
maximum deviation for the calculated WU is 0.009.

4.7. Transparency

The transparency of the films was evaluated through UV-vis
absorption using a Shimadzu UV 2101 PC. The transmittance spec-
tra of the films are recorded on films with an average thickness of
19 pm.

The blocking effect of the filler to UV transmission was calcu-
lated as follows (Sanchez-Garcia, Hilliou, & Lagaron, 2010):

%Tp — %T,
my
where %T,, and %T refer to percent transmittance, respectively, for
the pristine starch film and the composite film; my is the percent
clay with respect to starch mass.
The blocking effect was calculated for three wavelengths
300 nm, 350 nmand 750 nm, respectively, in UV-B, UV-A and visible
region.

Blocking =

5. Results and discussion
5.1. Distribution of kaolinite within the composite

The optical and SEM micrographs are presented in Figs. 1 and 2.
From SEM micrographs, it is obvious that the starch granules were
completely disrupted during the preparation of the films. Both
SEM and optical micrographs show homogeneous surface, which is
related to the homogeneity of the films and the quality of clay par-
ticles distribution. It is clear from optical micrographs that particles
of DMSO treated kaolinite are smaller than those of the raw clay.
However, an increase in clay size is observed at loads above 10%
which suggests a coagulation of the clay phase. The DMSO-kaolinite
is better dispersed within the polymer matrix than the raw mate-
rial.

5.2. DMSO intercalation

The X-Ray diffraction pattern of raw kaolinite displays the char-
acteristic peak at 7.19A (Fig. 3). DMSO treatment results in a
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Fig. 3. X-ray patterns of the raw kaolinite (K3) and the DMSO intercalated kaolinite
(K3D). I, illite; K, kaolinite; D, kaolinite—-DMSO.

complete shift of this peak from 7.19A to 11.26 A, correspond-
ing to a monolayer intercalation of the DMSO molecule in the
interlayer space (Olejnik, Aylmore, Posner, & Quirk, 1968). Con-
versely, the illite phase is not intercalated by the DMSO molecules
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Fig. 4. X-ray patterns of the films at various kaolinite content (a) loaded with raw
kaolinite; (b) loaded with DMSO intercalated clay. K, kalinite; I, illite.
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as shown by the characteristic peak at 10.07A that remains
unchanged.

Raw kaolinite incorporated in the starch film still displays the
characteristic basal distance at 7.19A (Fig. 4a), which indicates
that the pseudo-crystals are preserved. However, DMSO interca-
lated kaolinite is almost completely disordered when incorporated
in the starch film, as shown by the absence of both the 7.19A
and the 11.26 A peaks (Fig. 4b). This is an indication that the clay
dispersion within the starch matrix is more pronounced when
DMSO-intercalated kaolinite is used. The use of the Scherrer equa-
tion for the calculation of the thickness of the kaolinite coherent
domain within the films, from the dgg, peak (3.58A), gives val-
ues 203 A and 120A, respectively, in films loaded with raw and
intercalated kaolinite, which further confirms the better dispersion
of the intercalated kaolinite. The DMSO treatment of the kaolin-
ite leads to almost complete exfoliation of the kaolinite within the
composite.

5.3. Clay-starch interactions

In the presence of the raw kaolinite as filler, the bending modes
of O—H and C—OH bonds of the starch, respectively, at 995.1 cm™!
and 1103.1cm~! (Fig. 5a and b) are shifted towards higher wave-
lengths. These shifts are due to clay-starch interactions through
hydrogen bonds that are weaker than the chain-chain interac-
tions within the starch. The stretching mode of the carbon skeleton
of the starch chains at 2888.8cm~! is similarly affected (Fig. 5¢),
which further confirms the weakening of the chain-chain inter-
actions in the starch. These wavelength shifts in films containing
the DMSO intercalated kaolinite are larger than those due to
the presence of the raw kaolinite, indicating an increase in the
kaolinite-starch interactions, due to a better dispersion of the inter-
calated kaolinite. This observation is in accordance with the X-ray
observations.

5.4. Effect of kaolinite on the glass transition temperature of the
polymer material

The elastic modulus and the loss tangent evolution of films
with various compositions are presented in Fig. 6. The glass tran-
sition (Tg) is taken at the maximum of the loss tangent (tan_delta).
The loss tangent curves show a secondary transition between
—58°C and —60°C and this peak was associated to the transition
of glycerol rich phase as shown by Fama, Flores, Gerschenson, and
Goyanes (2006) and Forssell, Mikkila, Moates, and Parker (1997).
The presence of a unique glass transition peak (ranging from 35
to 53°C amongst all the samples) and the regular evolution of
the elastic modulus indicate a good homogeneity of the compos-
ite films. Upon clay addition (Fig. 7), the Tg value decreases when
the clay content is increased and tends to a limit above 10% of
clay.

The addition of DMSO intercalated kaolinite leads to an even
lower T than for the raw kaolinite. At the glass transition, poly-
mer chains can slide on each other and the Tg lowering indicates
that kaolinite facilitates sliding of polymer chains. Hence, because
clay addition tends to lower the Ty then this fact constitutes an
evidence for plasticizing effect due to the presence of clay. This
plasticizing effect is in accordance with the FTIR observations that
indicate weakening of starch chain-chain interactions. The lower-
ing of the polymer chain-chain interactions upon clay addition can
be attributed first to improvement of starch/glycerol miscibility by
the clay/glycerol interactions, and secondly by the polymer chains
orientation due to clay presence that help reducing the chain-chain
interactions. The modification of the C—H stretching mode in FTIR
(Fig. 5) is then associated to the orientation of starch chains and

the O—H bending to the increase of starch glycerol miscibility.
Regardless of the mode of clay action, because the intercalated
clay decreases the Ty more than the raw clay, we conclude that the
smaller and better dispersed the clays particles, the better they can
play a plasticizing role. This observation associated to X-ray analy-
sis indicates a better dispersion of the DMSO intercalated kaolinite.
Because the Tg lowering upon clay addition is limited, we deduce
that there is a maximum clay content of interest within the com-
posite.

In addition, at higher clay content, steric effects that favour clay
coagulation may appear and lead to coarse particles that, instead
of favouring either chain orientation or starch/glycerol miscibility,
may hinder them. For the preparation conditions used in this study,
the clay content, for maximum influence on the Tg lowering, ranges
between 5% and 10% of clay.

5.5. Decomposition temperature

Fig. 8 shows some DSC scans of the cassava starch films (a) and
the decomposition temperature evolution as a function of clay load-
ing (b). The glass transition was not detected as is often the case
with starch (Rdz, Carvalho, Gandini, & Curvelo, 2006).

The decomposition temperature of the starch matrix is moved
to higher temperature upon clay loading. This is due to a barrier
effect associated to clay that limits the heat diffusion through the
starch matrix. The raw kaolinite leads to even higher tempera-
ture of decomposition and this was associated to the size of clay
particles within the starch matrix. For the intercalated kaolinite,
the effect is not very effective between 2% and 5% whereas for
the raw kaolinite, the effect is already significant at these loads.
Between 5% and 10% of kaolinite, the effect is increased and tends
to be stabilized after 10%. It seems as if loading more than 10%
of clay does not lead to a greater effect. The weaker effect of the
DMSO-kaolinite is in accordance with smaller clay particles as
shown by XRD and higher wavelength shifts for O—H and C—OH
bending from FTIR. The maximum loading of 10% is correlated
by the DMTA analysis and the barrier effect upon starch matrix
decomposition appears to be more efficient with the raw kaolin-
ite.

5.6. Water uptake

The water uptake after 24 h (Fig. 9) stay at 50% and 100% rela-
tive humidity increases with increasing RH as previously reported
(Godbillot et al., 2006; Lourdin et al., 1997; Talja, Yrjo Hélen, Roos,
& Jouppila, 2007; Zeppa et al., 2009). Due to the constant glycerol
content in all the films, the differences observed are due to clay con-
tent and state of dispersion. Therefore, at 100% RH, the films loaded
with DMSO intercalated kaolinite exhibit a higher water uptake and
this was associated to the dispersion of the clay which generates
fine particles giving rise to an increase in polymer chains mobility.
This increase in chains mobility indicated relatively weak hydrogen
bonds that are disrupted at high RH by water sorption (Talja et al.,
2007). The disruption of the hydrogen bonding between the starch
and the filler is favoured by the presence of interfaces where water
is condensed at high RH. Because the intercalated kaolinite is bet-
ter dispersed than the raw kaolinite, contribution of clay content
to water uptake in films containing intercalated kaolinite is more
significant.

At low RH (50%), the clay-polymer interactions are responsi-
ble for the limited water absorption observed in the composites
films. The use of DMSO-kaolinite leads to higher barrier effects on
water uptake due to the fine clay particles present within the starch
matrix that enhance the starch-clay interactions and hence, leav-
ing less free hydroxyl groups for water binding. The presence of fine



J.A. Mbey et al. / Carbohydrate Polymers 88 (2012) 213-222 219

b3
——APKI
a 24 1103.1
———APKI —— APKDI
12 F
2 ——APKDI —API
— APl
1.1}

O-H bending

C-OH bending

09 ’\/

\/
0.8 +
_\/
0.7 K
1101.2
1 T T 0.6 T
1000 980 960 1130 1110 1090
wavenumber (cm-1) wavenumber (cm-1)
Cc
2883.1 —— APK1
0.75 +
0.65 +
0.55
045+
C-H stretching
2888.8
0.35+
0.25 T T
3000 2900 2800 2700

‘Wavenumber (cm-1)

Fig. 5. FTIR bending of (a) O—H; (b) C—OH bonds and (c) stretching of C—H bonds in the composite films. AP1, starch film with 0% kaolinite; APK1, film loaded with 5% raw
kaolinite; and APKD1, films loaded with 5% DMSO intercalated kaolinite.

0.5 1E+11

1E+12
0.45 + 1E+10
0.4 =APKI_tan-delta 1E+09 =mAPK3_Tan-delta IE+10
035 =APKDI_Tan-delta 1E+08 . = APKD3_Tan-delta 1E+08
= 034 =API_tan-delta 1E+07 . = =AP1_Tan-delta PN
R IE+06 £ 8 +APK3 E' IE+06 &
g +APKDI_E' IE+05 @ & HAPKDE 1E+0s 2
L IOV + 1E+04 - AP /
0.15 1 1 1E+03 1E+02
01 T 1E102 0 1E+00
0.05 ~ + 1E+01 100 50 0 50
0 T T T 1E+00

e
-100 -50 0 50 Temperature (°C)

Temperature (°C)

Fig. 6. DMTA analysis: changes in mechanical loss factor (tan-delta) and elastic modulus (E’). AP1 starch film with 0% kaolinite; APK1 and APKD1 films at 5% load, respectively,
with raw and DMSO intercalated kaolinite; APK3 and APKD3 films at 10% load, respectively with raw and DMSO intercalated kaolinite.



220 J.A. Mbey et al. / Carbohydrate Polymers 88 (2012) 213-222

60

50

Tg (°C)

404

30

0 2 4 6 8 0o 12 14
Clay/Starch (wt %)

Fig. 7. Variation of glass transition temperature with clay content within the starch
matrix. APKx, films loaded with raw kaolinite; and APKDx, films loaded with DMSO
intercalated kaolinite.

clay particles well distributed within the starch matrix also induces
amore tortuous path for water diffusion within the polymer matrix.

The water uptake further confirms the better dispersion of
DMSO-kaolinite, which enhances the barrier effect to the water
uptake.
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5.7. Transparency

The transparency of the films was evaluated through trans-
mittance measurements between 300 nm and 800 nm. The aim of
this measurement is to further analyse the clay dispersion and
to gather information on the blocking effect of clay to UV light.
It is well known that the particles larger than the wavelength
of visible length would obstruct light. In Fig. 10, we present the
visual appearance of the films and in Fig. 11, the UV-vis spectra
of the films. The film with 0% clay has the highest transmittance.

Fig. 10. Films visual appearance.
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When clay is added in the starch matrix, there is a reduction
of the transmittance in accordance with the increasing colouring
of the samples as observed on the images (Fig. 10). The trans-
mittance of the films loaded with DMSO intercalated kaolinite is
higher than that of the films with raw kaolinite and this further
proves the better dispersion of the DMSO-kaolinite, which results
in smaller size clay particles within the starch matrix. At 2% clay
load, there seems to be an inversion because the film loaded with
raw kaolinite appears to be slightly more transparent. This fact
was associated to the clay distribution within the starch matrix,
which may be less efficient at low loading with the raw kaolinite.
At low loading, the larger and poorly distributed raw kaolinite par-
ticles result in more transparency than the smaller, well-dispersed
DMSO-kaolinite particles.

The blocking effect is illustrated in Fig. 12 as a function of clay
loading. It appears in Fig. 12 that clay loads ranging from 5% to 10%
lead to significant reduction of UV transmission while keeping a
significant transparency (Fig. 11). UV-A and UV-B are also reduced
upon clay addition but UV-B are less reduced.
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Fig. 12. UV blocking of the films at 300 nm, 350 nm and 750 nm as a function of clay
load. APKx, films loaded with raw kaolinite; and APKDX, films loaded with DMSO
intercalated kaolinite.

The use of DMSO intercalated kaolinite is advantageous for
transparency conservation and even good UV blocking.

6. Conclusion

In this study, the influence of kaolinite content on properties
of composites films made from cassava starch was investigated.
The use of DMSO intercalated kaolinite is advantageous for the
clay dispersion and distribution, which enhance the effect of clay
content on films properties. Dynamic mechanical thermal anal-
ysis (DMTA) shows that, the clay content decreases the glass
transition temperature (Tg) up to a clay content of 10% with
respect to the mass of starch. Clay acts as a plasticizer through a
reduction of the interactions between the polymer chains, which
promotes their mobility. The use of kaolinite previously inter-
calated with DMSO results in even lower Ty due to stronger
perturbation of the chain-chain interactions. From differential
scanning calorimetry (DSC), the degradation temperature of the
starch matrix is increased with clay load up to a limit content of
10%.

Furthermore, the water uptake (WU) of the films at 100% and
50% relative humidity (RH) shows that the clay content has an effec-
tive barrier effect on WU for low RH but at higher RH, there is an
increase of WU in the composites films.

The transparency of the films is less reduced upon addition of
the intercalated kaolinite and clay loads between 2% and 6%, lead
to significant UV light barrier effect while keeping transparency to
a significant extent.
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