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INTRODUCTION

Biodegradable polymers have recently much at�
tracted in the scientific community due to a rapid
growth of intensive interest in the global environment
as alternative of petroleum�based polymeric materials.

One of the most promising candidates of biode�
gradable synthetic polymers is PLA [1]. PLA can be
obtained from renewable resources by means of a fer�
mentation process using sugar from corn either by
ring�opening polymerization or by condensation po�
lymerization. It is linear aliphatic thermoplastic poly�
ester and is readily biodegradable by enzymatic way
[2–4].

In addition to its application in textile industries,
automotive and clinical uses, PLA represents a good
candidate to produce disposable packaging due to its
good mechanical properties and processability [5–7].
However, high tensile, high modulus, low elongation
at break and high price limit its application. Therefore,
the tailoring of its properties to reach end�users de�
mands is required.

Attempts have been made to enhance the flexibility
and other mechanical properties by blending of PLA
with other polymers such as polycaprolactone, poly�
butylene succinate or polyetherurethane [8–11]. Low
molecular weight plasticizers such as polyethylene gly�

col, polypropylene glycol and citrate esters were also
used to improve of the thermal and mechanical prop�
erties of PLA [12–15].

The incorporation of organoclays in the polymer to
produce nanocomposite is another mean to modify
the property balance of a material. The improvements
in thermal stability, physical and mechanical proper�
ties can be achieved by addition of 2–5 wt% of organ�
oclays in comparison to the neat polymer [16–18].

The modifying natural clay (montmorillonite) may
carried out via exchanging the original inter�layer cat�
ions by organic cations where transform from organo�
phobic to organophilic materials and significantly in�
crease the basal spacing of the clay layers [19]. It is
generally accepted that the extent of swelling depends
on the length of the alkyl chain and the cation ex�
change capacity of the clay [20]. Organoclays are
mainly obtained by exchanging cations in the clay
minerals which contain hydrated Na+ ions with alkyl�
amidonium [21].

Processing and properties of PLA/thermoplastic
starch/montmorillonite nanocomposites were investi�
gated and characterized using X�Ray diffraction,
transmission electron microscopy and tensile mea�
surements. The results show improvement in tensile
modulus and strength and to a reduction in fracture
toughness [22].
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Plasticized PLA based nanocomposites were pre�
pared and characterized with polyethyleneglycol and
montmorillonite. It is reported that the organo�modi�
fied montmorillonites�based composites have shown
the possible competition between the polymer matrix
and the plasticizer for the intercalation between the
alumino�silicates layers [23].

In this study, fatty nitrogen compounds (FNCs)
synthesized from palm oil were used for modification
of montmorillonite. The presence of long chains fatty
acids (mainly 16 and 18 carbon atoms) in FNCs con�
taining O and N donor set suggests FNCs should be
very useful as surfactants for clay modification. The
use of FNCs reduces the dependent on petroleum
based surfactants. The present study show plasticized
PLA based nanocomposites with epoxidized palm oil
(EPO) and montmorillonite modified by DNCs. EPO
is an epoxidized derivative of a mixture of esters of
glycerol with various saturated and unsaturated fatty
acids. It is important for many chemical industries as
they are derived from renewable, biodegradable, envi�
ronmental friendly and easily available raw materials.

EXPERIMENTAL

Materials

Epoxidized palm oil was provided by Advanced
Oleochemical Technology Division (AOTD), Malay�
sia. Sodium montmorillonite (Kunipia F) was ob�

tained from Kunimine Ind. Co. Japan. Polylactic acid
and chloroform were purchases through local suppli�
ers from T.J. Baker, USA and Merck, Germany, re�
spectively.

Preparation of Organoclay

Organoclay was prepared by cationic exchange
process where Na+ in the montmorillonite was ex�
changed with alkylamidonium ion from FNCs synthe�
sized from triacylglycerides, which were reported in
our previous papers [24–26], in an aqueous solution.
4.00 g of sodium montmorillonite (Na�MMT) was
stirred vigorously in 600 ml of hot distilled water for
one hour to form a clay suspension. Subsequently, des�
ignated amount of fatty nitrogen compounds which
had been dissolved in 400 ml of hot water and desired
amount of concentrated acid hydrochloride (HCl) was
added into the clay suspension of fatty nitrogen com�
pounds. After stirred vigorously for one hour at 80°C,
the organoclay suspension was filtered and washed
with distilled water until no chloride was detected with
1.0 M silver nitrate solution. It was then dried at 60 °C
for 72 hours. The dried organoclay was ground until
the particle size was less than 100 μm before the prep�
aration of nanocomposite. The amounts of hydro�
chloric acid, and FNCs used in this study were listed
in Table 1.

Preparation of PLA/EPO–clay Nanocomposites

The designed amount of PLA/EPO ratio were pre�
pared by an internal mixer (Haake Polydrive), using
different conditions (temperature, speed and time) in
order to obtain the optimum conditions which were
185°C, 50 rpm and 12 minutes, respectively. To pre�
pare a sample of the composite, a specific amount of
PLA was first melted and mixed thoroughly with ap�
propriate amount of PCL for 2 minutes. Various
amounts of organoclays (1, 2, 3, 4, and 5%) were in�
corporated into the blend in the third minute. The
mixture was compressmoulded into sheet of 1 mm
thickness sheets under a pressure of 100 kg cm–1 in a
standard hot press at 150°C for 15 min, and cooled
pressed process for 10 minutes to obtain a good blend
film. The amount of PLA/EPO and the modified clay
used in this study are listed in Table 2.

Characterization

X�Ray diffraction (XRD) analysis. X�ray Diffrac�
tion (XRD) study was carried out using Shimadzu
XRD 6000 diffractometer with CuK radiation (λ =
= 0.15406 nm). The diffractogram was scanned in the
ranges from 2° to 10° at a scan rate of 1° min–1.

Fourier transform infrared (FTIR) spectroscopy.
The FTIR spectra of the samples were recorded by the
FTIR spectrophotometer (Perkin Elmer FT�IR�
Spectrum BX, USA) using KBr disc technique.

Table 1.  The optimization of basal spacing of modified
montmorillonite with different amounts of fatty nitrogen
compounds and hydrochloric acid

Amount
of FNCs (g)

in 4.00 g of MMT

Conc. 
HCl, ml

d�spacing, nm

FA�
MMT

FHA�
MMT

CDFA�
MMT

1.00 4.00 1.29 1.32 1.59

1.50 4.00 1.30 1.39 1.77

2.00 4.00 1.34 1.44 1.85

2.50 4.00 1.40 1.54 1.91

3.00 4.00 1.45 1.60 2.03

3.50 4.00 1.50 1.67 2.10

4.00 4.00 1.55 1.73 2.19

4.50 4.00 1.62 1.82 2.27

5.00 4.00 1.63 1.83 2.29

4.50 6.00 1.72 2.01 2.48

4.50 8.00 1.87 2.29 2.59

4.50 10.00 2.01 2.42 2.72

4.50 12.00 2.12 2.61 2.91

4.50 14.00 2.41 2.74 3.11

4.50 16.00 2.69 2.89 3.21

4.50 18.00 2.70 2.91 3.22
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Elemental analysis. Elemental analyzer (LEO
CHNS�932) was used for quantative analysis of nitro�
gen contents in the organoclay. The determination was
carried out under N2 atmospheric conditions using the
sulfamethazine as a standard.

Thermogravimetric analysis (TGA). The thermal
stability of the samples was studied by using Perkin
Elmer model TGA 7 Thermogravimetry Analyzer. The
samples were heated from 35 to 800°C with the heat�
ing rate of 10°C/min under nitrogen atmosphere with
a nitrogen flow rate of 20 mL/min.

Transmission electron microscopy (TEM). The dis�
persion of clay was studied by using Energy Filtering
Transmission Electron Microscopy (EFTEM). TEM
pictures were taken in a LEO 912 AB Energy Filtering
Transmission Electron Microscope with an accelera�
tion voltage of 120 keV. The specimens were prepared
using a Ultracut E (Reichert and Jung) cryomicro�
tome. Thin sections of about 100 nm were cut with a
diamond knife at –120°C.

Tensile properties measurements. The tensile
strength, tensile modulus and elongation at break were
measured by using Instron Universal Testing Machine
4301 at 5 mm/min of crosshead speed in accordance
to ASTMD638 [27]. Seven samples were used for the
tensile test and an average of five results was taken as
the resultant value.

RESULTS AND DISCUSSION

According to our recent paper [28], the PLA/EPO
blend at the weight ratio of 80/20 has the highest elon�
gation at break. Therefore, this ratio was used in the
subsequent experiments.

Figure 1 shows the effect of clay content on the ten�
sile properties of PLA/EPO/Na�MMT microcom�
posites, PLA/EPO/CDFA�MMT, PLA/EPO/FA�
MMT, and PLA/EPO/FAH�MMT nanocomposites.
The reinforcing effect of unmodified montmorillonite

in the PLA/EPO matrix was increased with low rate of
increment. The maximum tensile strength was ob�
tained when the clay content was 2% weight. Further
increase of clay content decreases tensile strength.
Ma�MMT acts as conventional particulate filler in the
PLA/EPO matrix. Low tensile strength is obtained for
PLA/EPO/Na�MMT because the clay–clay interac�
tions are stronger than that PLA/EPO�clay interac�
tions [29]. A poor compatibility between the clay and
PLA/EPO matrix is expected as the mixing is at micro
level [30]. A similar behavior of the clay content effect
on the modulus and elongation at break of
PLA/EPO/Na�MMT is observed (Figs. 2 and 3).

The increment of tensile strength, modulus, and
elongation at break for the nanocomposites with
FA�MMT, FHA�MMT, and CDFA�MMT loadings
are similar to that of microcomposites. However, the
rate of the increment of tensile properties for the
nanocomposites increases.

The highest tensile strength, modulus, and elonga�
tion at break of the FA�MMT, FHA�MMT, and
CDFA�MMT nanocomposites are obtained when

Table 2.  The amounts of PLA, EPO and modified clay in
the nanocomposites 

Sample Identity Weight
of PLA, g

Weight
of EPO, g

Weight
of Organo�

clay, g

8PLA 2EPO 4.00 1.00 0.00

8PLA 2EPO mod1 3.96 0.99 0.05

8PLA 2EPO mod2 3.92 0.98 0.10

8PLA 2EPO mod3 3.88 0.97 0.15

8PLA 2EPO mod4 3.84 0.96 0.20

8PLA 2EPO mod5 3.80 0.95 0.25

Note. mod1, mod2, mod3, mod4 and mod5 = 1%, 2%, 3%, 4%
and 5% weight of organoclay, respectively.
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Fig. 1. Effect of clay content on the tensile strength σ of
(a) PLA/EPO/Na�MMT, (b) PLA/EPO/CDFA�MMT,
(c) PLA/EPO/FA�MMT, and (d) PLA/EPO/FHA�MMT
nanocomposites. 

400

0 2

σ, MPa

Clay content, %
4 6

800 d
c
b
a

1200

Fig. 2. Tensile modulus of (a) PLA/EPO/MMT,
(b) PLA/EPO/CDFA�MMT, (c) PLA/EPO/FHA�MMT,
and (d) PLA/EPO/FA�MMT nanocomposites.
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3% of FA�MMT or FHA�MMT and 2% of CDFA�
MMT loadings are used (Figs. 1–3). The enhancing
effect of the FA�MMT, FHA�MMT, and CDFA�
MMT on the mechanical properties is probably due to
the increase of the amount of the incorporated
PLA/EPO chains in the clay layers. The polymer–clay
interactions include the interactions of the intercalat�
ed PLA/EPO chains with surface layers of the silicates.
However, the tensile strength modulus, and elongation
at break decrease when the FA�MMT, FHA�MMT,
and CDFA�MMT loadings are increased to more
than 2% and 3% of FA�MMT and FHA�MMT; and
CDFA�MMT, respectively. The decrease of tensile
strength, modulus, and elongation at break is due to
the decrease of the PLA/EPO chains interact with the
clay as the clay coagglomerates.

According to the Bragg’s law (nλ = 2dsinθ), the
d refers to the distance of two consecutive clay layers,
λ is the wavelength of the intercept X�rays at the inci�
dent angle θ.

The presence of FNCs chain in the galleries makes
the originally hydrophilic to organophilic silicate and
thus increases the layer�to�layer spacing of Na�MMT
[17]. By using X�ray diffraction, Na�MMT shows a
d001 diffraction peak at 2θ = 7.21° which assigns to
the interlayer distance of the natural montmorillonite
with a basal spacing of 1.23 nm. Na�MMT was surface

treated with FNCs as intercalation agent through cat�
ion exchange process. The cationic head groups of the
intercalation agent molecule would preferentially re�
side at the layer surface and the aliphatic tail will radi�
ate a ways from the surface.

The optimum amount of FNCs and HCl to reach
maximum d�spacing were studied. It was found that
the maximum d�spacing was achieved when the
amount of FNCs and HCl were 4.50 g and 16 ml, re�
spectively (Table 1). It was observed no significant in�
crease in d�spacing with further increase in FNCs and
HCl. The maximum basal spacing of FA�MMT, FHA�
MMT, and CDFA�MMT increases from 1.23 to 2.71,
2.91 and 3.23 nm, respectively (Table 3), indicating
that these FNCs were successfully intercalated into
the Na�MMT galleries (Fig. 4).

Greater basal spacing is observed for the CDFA�
MMT than that of the FHA�MMT and FA�MMT,
suggesting that CDFA adopts a paraffin arrangement
in the silicate layer while a monolayer arrangement of
FHA and FA molecules in the interlayer spacing of
Na�MMT [31].

Figure 5 shows the XRD patterns of the nanocom�
posites prepared using of three different FNCs (alky�
lamidonium groups) modified montmorillonite nano�
composites. In the nanocomposites where the mont�
morillonite surface is pretreated with FA and FHA,
the basal spacing of the clay increase to 3.13 and
3.31 nm, respectively. However, when the montmoril�
lonite surface is pretreated with CDFA which has two
fatty acids chains, the basal spacing further increases
to 3.60 nm (Table 4). This is clearly shows that the bas�
al spacing of organoclay in the polymer matrix in�
creases with the increase of the size of the surfactant as
it is observed by Agag and Takeichi [32]. These XRD
patterns also suggest that all the nanocomposites pro�
duced are intercalated compounds.

The FTIR spectra of Na�MMT, FA�MMT, FHA�
MMT, and CDFA�MMT are shown in Fig. 6. In the
spectra of Na�MMT, the peaks at 3511, 1626 and
1009 cm–1 are due to the O–H stretching, interlayer
water deformation and the Si–O stretching vibration,
respectively. The other strong bands absorption at
510 cm–1 and 439 cm–1 indicate the presence of Al–O
stretching and Si–O bending, respectively in the clay.
The FA�MMT, FHA�MMT, and CDFA�MMT spec�
tra show the major bands of FA, FHA, and CDFA
spectra [24–26] in addition to the bands of the original
Na�MMT. The band at around 1470 cm–1 suggests the
existence of the ammonium ion. Therefore, these in�
dicate that the FA, FHA, and CDFA were intercalated
in the silicate layers.

Elemental analysis was used to estimate the
amount of FA, FHA, and CDFA being intercalated
into the clay galleries. Table 5 shows the results of N
analyses of the FA, FHA, and CDFA and the mixtures
of FA, FHA, and CDFA modified clay. The calcula�
tion is based on either atom carbon or atom nitrogen
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Fig. 3. Elangotion at break of (a) PLA/EPO/MMT,
(b) PLA/EPO/FA�MMT, (c) PLA/EPO/CDFA�MMT,
and (d) PLA/EPO/FHA�MMT nanocomposites.

Table 3.  Diffraction angle and basal spacing of natural clay
(Na�MMT) and modified clays with the FA�MMT, FHA�
MMT and CDFA�MMT

Sample Exchanged Cation 2θ,
degree

d�spacing, 
nm

Na�MMT Na+ 7.21 1.23

FA�MMT RCO–N+H3 3.27 2.71

FHA�MMT RCO–N+H2OH 3.05 2.91

CDFA�MMT (RCO)2 NHCON+H2 2.77 3.23
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because if the increase of their content is only due to
the presence of the organic molecule, the calculation
does not base on the hydrogen content as there are
possibilities of water molecules tapped between the
layers of the unmodified clay. The high contents of N
in all samples indicate that alkylamidonium cations
were successfully exchanged into the clay. However,
the %N in the unmodified clay is only 0.21%. The
maximum amount of alkylamidonium cations ad�
sorbed was almost equivalent to the cation exchange
capacity of the clay indicating that the Na+ in the clay
can be easily replaced by the alkylamidonium cations.
The amounts of FNCs present in the organoclay were
calculated by the following equation:

Amount of FNCs (mole) = S/(100An),

where S is percentage of the N in the organoclay per�
centage of the N in the Na�MMT, A is atomic mass of
N and n is number of N in the FNCs molecule.

Most of thermoanalytical studies reveal new in�
sights into the structure of intercalated clays [33].
Thermogravimetric analysis (TGA) gives information
on the structure of the intercalating molecules by the
weight loss steps. Thermal degradation of MMT shows
two steps [34]. The first one is before 200°C because of
the volatilization of water sorbed on the external sur�

4
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10862
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c
d

Fig. 4. XRD patterns of (a) Na�MMT, (b) FA�MMT, (c) FHA�MMT and (d) CDFA�MMT.

Table 4.  Diffraction angle and basal spacing of PLA/EPO/
FNCs modified clay nanocomposites

Sample 2θ, degree d�spacing, nm

80PLA20EPO 0.00 0.00

80PLA20EPO/MMT 6.90 1.29

80PLA20EPO/FA�MMT 2.79 3.13

80PLA20EPO/FHA�MMT 2.64 3.31

80PLA20EPO/CDFA�MMT 2.41 3.60

4
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e

3.11 nm

1.27 nm
3.61 nm

3.28 nm

a − 80PLA20EPO
b − 80PLA20EPO/MMT
c − 80PLA20EPO/FHA�MMT
d − 80PLA20EPO/CDFA�MMT
e − 80PLA20EPO/FA�MMT

Fig. 5. XRD patterns of PLA/EPO/FNCs modified clay nanocomposites.
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faces of the MMT and water inside the interlayer
space. The second step is in the range 500–1000°C
due to the loss of hydroxyl groups of the MMT struc�
ture. The thermal degradation of the modified MMT
can be explained in four steps. The first step occurs at
below 200°C due to the vaporization of water. Decom�
position of surfactant takes place in the second step

between 200–500°C. Dehydroxylation of the alumi�
nosilicates at the temperature range of 500–800°C
happens in third step. In last step, the organic carbon
reacts with inorganic oxygen (combustion reaction) at
about 800°C.

The weight loss curves (TGA) of the MMT, FA�
MMT, FHA�MMT, and CDFA�MMT were illustrat�
ed in Fig. 7. MMT contains water due to hydrated so�
dium (Na+) cations intercalated inside the clay layers.
The presence of alkylamidonium groups within the
MMT interlayer spacing lowers the surface energy of
the inorganic structure and will transform organopho�
bic to organophilic materials. The major difference
between the thermogram of the unmodified clay and
that of the organoclay is that the organic constituents
in the organoclay decompose in the range of 200 to
500°C, as the organic constituent in the organoclay
decomposes in this range. Figure 8 shows that the FA

28
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Fig. 6. FTIR spectra of (a) Na�MMT, (b) FA�MMT, (c) FHA�MMT, and (d) CDFA�MMT.

Table 5.  The amounts of N and alkylamidonium cations of
FA, FHA and CDFA presence in the clay layers 

Alkylamido�
nium cations
modified clay

%N
mmol of alkylamidonium cations/1 g 

clay based on atom N

FA+ 2.50 1.78

FHA+ 2.69 1.92

CDFA+ 5.65 2.02
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Fig. 7. DTG thermograms of (a) MMT, (b) FA�MMT, (c) FHA�MMT, and (d) CDFA�MMT.
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decomposed as the temperature increased from 155 to
600°C. The decomposition process ended at 311°C.
The FHA started decomposing at higher temperatures
than that of the FA which started at 190°C and ended
at 354°C. CDFA had the highest decomposition tem�
perature (started at 194°C and ended at 399°C). It can
be observed that the decomposition temperatures of
the FA�MMT, FHA�MMT and CDFA�MMT were
higher than those of the pure of FA, FHA, and CDFA.
The increase in the decomposition temperatures of
these FNCs in the organoclays implies that there is a
strong intermolecular interaction between the alkyl�
amidonium cations and the clay. In other words, after

the ion exchange the FNCs is intercalated and at�
tached to silicate layers of the clay and hence their de�
composition temperatures increase.

Thermogravimetric analyses were done on
PLA/EPO/FNCs�MMT nanocomposites in order to
determine the effect of modified clay content in the
polymer matrix on thermal properties. The results of
TGA are shown in Fig. 9. The onset of the degradation
of the nanocomposites is higher, that is 281, 287, and
293°C, for PLA/EPO containing FA�MMT, FHA�
MMT, and CDFA�MMT, respectively, compared to
the PLA/EPO blend (269°C). The results show that
the thermal stability increases with adding the FNCs.
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Fig. 8. TGA thermograms of (a) FA, (b) FHA, and (c) CDFA.
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Fig. 9. TGA thermograms of (a) PLA/EPO blends, (b) PLA/EPO/FA�MMT, (c) PLA/EPO/FHA�MMT, and
(d) PLA/EPO/CDFA�MMT nanocomposites.
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The presence of silicate layers dispersed homoge�
neously in polymer sheet hinders the permeability of
volatile degradation products out from the material
and helps delay the degradation of the nanocompos�
ites [35].

Figures 10a, b, c, and d show transmission electron
microscopy (TEM) micrographs of the PLA/EPO
composites reinforced with Na�MMT, CDFA�MMT,
FHA�MMT, and FA�MMT, respectively. From the
PLA/EPO/Na�MMT micrograph, it can be observed

that the original Na�MMT stack morphology was fully
preserved with PLA/EPO due to the incompatible na�
ture of both constituents (Fig. 10a). Dark bundles rep�
resent the thickness of the individual clay layers or ag�
glomerates. Figures 10b and c exhibit the TEM images
of PLA/EPO/3% FA�MMT, and PLA/EPO/3%
FHA�MMT nanocomposites, which show a good
properties and composite effect. The dark bundles of
modified clay are dispersed in PLA/EPO blend
with intercalated state, which can be observed clearly
in the images. The TEM micrograph of

(а) 500 nm 500 nm(b)

(c) 500 nm 500 nm(d)

Fig. 10. TEM micrographs of (a) PLA/EPO Na�MMT, (b) PLA/EPO/CDFA�MMT, (c) PLA/EPO/FA�MMT, and
(d) PLA/EPO/FHA�MMT composites.
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PLA/EPO/2% CDFA�MMT (Fig. 10b) shows a high�
er degree of intercalation and some exfoliated zones. 

CONCLUSIONS

Organophilic montmorillonites (FA�MMT, FHA�
MMT, and CDFA�MMT) were successfully prepared
by cation exchange process. FTIR spectra indicate
that the presence of alkylamidonium group resulting
from the modification. The basal spacing (001 d) of
FA�MMT, FHA�MMT, and CDFA�MMT increases
from 1.23 to 2.71, 2.91 and 3.23 nm, respectively.
Thermogravimetric analysis shows that the decompo�
sition temperature of FA, FHA, and CDFA in the or�
ganoclay is higher compared with that of the pure of
these fatty nitrogen compounds, suggesting that there
is a strong intermolecular interaction between the
alkylamidonium and the montmorillonite. PLA/EPO
clay nanocomposites have been prepared by incorpo�
rating of 2% CDFA�MMT and 3% of both FA�MMT
and FHA�MMT. TEM analysis shows that the pre�
pared nanocomposites were an intercalated
(FA�MMT and FHA�MMT) and partially exfoliated
types (CDFA�MMT). The TGA thermograms of
PLA/EPO/clay nanocomposites demonstrate higher
decomposition temperatures in comparison with that
of PLA/EPO composites. The XRD patterns revealed
that the interlayer distance of organoclays in
PLA/EPO blend was significantly increased.
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