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Abstract Biodegradable polymers, such as polybutylene
succinate (PBS), have attracted a lot of attention in the sci-
entific community recently due to a rapid growth of inten-
sive interest in the global environment for alternatives to
petroleum-based polymeric materials. Chalcone (CH), hexa-
decylamine (HDA), and tetradecylamine (TDA) were used
as one of organic compounds to modify natural clay (sodium
montmorillonite). The clay modification was carried out by
stirring the clay particles in an aqueous solution of CH-
MMT, HDA-MMT and TDA-MMT increases from 1.27 to
1.51, 1.57 and 1.78 nm, respectively. The modified clay was
then used in the preparation of the PBS/epoxidized palm oil
(EPO) blend nanocomposites. They were prepared by incor-
porating 0.5-5% of CH-MMT, HDA-MMT and TDA-MMT.
The interaction of the modifier in the clay layer was char-
acterized by X-ray diffraction (XRD) and Fourier transform
infrared (FTIR). The nanocomposites were synthesized by
solution casting of the modified clay and a PBS/EPO blend
at the weight ratio of 80/20, which has the highest increase
in the tensile strength of the blend. The XRD, scanning
electron microscopy and transmission electron microscopy
results confirmed the production of nanocomposites. PBS/
EPO modified clay nanocomposites show higher thermal
stability and significant improvement of comparison with
those of the PBS/EPO blend.
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1 Introduction

One of the most promising candidates for biodegradable syn-
thetic polymers is PBS (Oishi et al. 2006; Al-Mulla 201 1a).
Accordingly, many efforts have been made by materials sci-
entists and engineers to discover, develop and modify of
biodegradable polymers derived from renewable resources
(Reddy et al. 2012).

The PBS is one of the biodegradable thermoplastic poly-
esters which can be prepared from butanediol and succinic
acid produced by fermentation process (Cho et al. 2010;
Sugihara et al. 2006). In addition to its applications in textile
industry and medical fields, PBS is a promising candidate
to produce disposable packaging. However, low-molecular
weight and low stiffness and high cost restrict its applica-
tions (Liu et al. 2009). Many studies have been conducted to
enhance the properties by blending of biodegradable poly-
mers with other polymers or using low-molecular weight
plasticizers (Al-Mulla et al. 2010a, b; Dean et al. 2007; Al-
Mulla 2011b, c; Radhi and Al-Mulla 2015; Shemmari and
Rabah 2014). The morphologies and phase behaviors of
polylactic acid/PBS blend have been investigated by Park
and Im (2002), while the structures and properties of this
blend were studied by Yokohara and Yamaguchi (2008).

Kim et al. (2001) reported that physical, thermal proper-
ties and biodegradation of PBS were evaluated by modify-
ing it with peroxide. The EPO was used to improve prop-
erties and biodegradation of PBS. The EPO is produced
from esters of glycerol in palm oil containing different of
saturated and unsaturated fatty acids. It offers many advan-
tages in chemical industries field because it is derived from
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renewable, biodegradable and abundant raw materials (Al-
Mulla et al. 2010b, c; Al-Mulla 2011d). The incorporation
of organoclays in the polymer to produce a nanocomposite
is another means to modify the property balance of a mate-
rial. The improvements in thermal stability, physical and
mechanical properties can be achieved by the addition of
0.5-5% weight of organoclays in comparison to the neat
polymer (Kulinski and Piorkowska 2005; Ren et al. 2006a).

The modification of natural clay (montmorillonite) may
carry out via exchanging the original interlayer cations by
organic cations where they are transformed from organo-
phobic to organophilic materials and significantly increase
the basal spacing of the clay layers (Giannelis 1998). It is
generally accepted that the extent of swelling depends on the
length of the alkyl chain and the cation exchange capacity of
the clay (Zidelkheir and Abdelgoad 2008).

Organoclays are mainly obtained by exchanging cations
in the clay minerals, which contain hydrated Na* ions with
alkylammonium (Giannelis et al. 1999). Processing and
properties of PBS/EPO montmorillonite nanocomposites
were investigated and characterized using X-ray diffraction
and transmission electron microscopy (Arroyo et al. 2003).
Plasticized PBS-based nanocomposites were prepared and
characterized with epoxidized palm oil and montmoril-
lonite. It is reported that the organo-modified montmoril-
lonite-based composites have shown the possible competi-
tion between the polymer matrix and the plasticizer for the
intercalation between the aluminosilicate layers (Paul et al.
2003).

In this study, three different ammonium compounds, CH,
HDA and TDA, were used to modify montmorillonite clay to
prepare nanocomposites-based EPO-plasticized PBS.

This is important for many biochemical industries as they
are derived from renewable, biodegradable, environmentally
friendly and easily available raw materials.

2 Materials and methods
2.1 Materials

Sodium montmorillonite, HDA and TDA were from
obtained Sigma-Aldrich, Germany. EPO was provided by
Advanced Oleochemical Technology Division (AOTD),
Malaysia. PBS and chloroform were purchased through local
suppliers from Nagoya, Japan and Merck, Germany, respec-
tively. p-Aminoacetophenone and p-chlorobenzaldehyde
were from obtained Fluka. Sodium hydroxide was obtained
from B.D.H. Hydrochloric acid was from J.T. Baker, USA.
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2.2 Preparation of CH (Sadiq et al. 2015)

0.5 g (1 mmol) of p-aminoacetophenone with 1 mmol
p-chlorobenzaldehyde was mixed, then 0.5 mL of 10%
NaOH aqueous solution and 5 mL of 99% EtOH were added
to the mixture. The mixture was stirred at room temperature
for 4 h. The crude mixture was poured into ice water and
then acidified the product with 10% HCI solution. The solid
formed was filtered and then washed with ethanol and water
at a ratio of 10:5 mL. Recrystallization from 99% ethanol
afforded (67% yield, yellow solid, m.p 160-165 °C).

2.3 Preparation of organoclay

Organoclay was prepared with a cationic exchange process,
where Na' in the montmorillonite was exchanged with
alkylammonium ion from CH, HDA, and TDA, which were
reported in our previous papers (Al-Mulla et al. 2011), in an
aqueous solution. 4.00 g of sodium montmorillonite (Na-
MMT) was stirred vigorously in 600 mL of hot distilled
water for 1 h to form a clay suspension. Subsequently, a des-
ignated amount of CH, HDA, and TDA compounds, which
had been dissolved in 400 mL of hot water and the desired
amount of concentrated hydrochloric acid (HCI), was added
into the clay suspension of CH, HDA, and TDA compounds.
After being stirred vigorously for 1 h at 80 °C, the organo-
clay suspension was filtered and washed with distilled water
until no chloride was detected.

With a 1.0 M silver nitrate solution. It was then dried at
60 °C for 72 h. The dried organoclay was ground until the
particle size was less than 100 m before the preparation of
the nanocomposite.

Structure of CH, HDA and TDA were shown in Scheme 1.

2.4 Preparation of PBS/EPO-clay nanocomposites
The required amounts of PBS and EPO were dissolved in

50 mL of chloroform, separately. The EPO solution was
then transferred into the PBS solution with a dropper and
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Scheme 1 Structures of the CH, HAD and TDA
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Table 1 Amounts of PCL/EPO and the modified clay

Sample Weight of PBS ~ Weight of EPO  Weight of
(9] (@ organoclay

(&

1 0.9 0.1 0.00

2 0.86 0.09 0.05

3 0.82 0.08 0.1

4 0.78 0.07 0.15

5 0.74 0.06 0.2

6 0.50 0.25 0.25

continuous stirring. After all the EPO solution was trans-
ferred into the PBS solution, the resultant mixture was
then stirred for 1 h. The required modified clay (CH-MMT,
HDA-MMT, and TDA-MMT) was then added into the dis-
solved PBS/EPO in the small portion. The mixture was
then refluxed for 1 h and then ultrasonically stirred using
the Ultra Sonic Cathode for 10 min to make sure that the
clay was fully dispersed in the PBS/EPO solution. The nano-
composite was then poured into a Petri dish and left to dry.
The amount of PBS/EPO and the modified clay used in this
study is listed in Table 1.

2.5 Characterization
2.5.1 Measurements of tensile properties

The tensile strength was measured using an Instron Univer-
sal Testing Machine 4301 at 5 mm/min of crosshead speed,
in accordance with ASTMD638 (Al-Mulla 2011a). Seven
samples were used for the tensile test and an average of five
results was taken as the resultant value.

2.5.2 X-ray diffraction (XRD) analysis

X-ray diffraction study was carried out using a Shi-
madzu XRD 6000 diffractometer with Cu Ka radiation
(= 0.15406 nm). The diffractogram was scanned in the
ranges from 2° to 10° at a scan rate of 1°/min.

2.5.3 Fourier transform infrared (FTIR)

The FTIR spectra of the samples were recorded by the FTIR
spectrophotometer (Perkin Elmer FTIR-Spectrum BX, USA)
using the KBr disc technique.

2.5.4 Thermogravimetric analysis (TGA)

The thermal stability of the samples was studied using the

Perkin Elmer model TGA 7 Thermogravimetric Analyzer.
The samples were heated from 35 to 500 °C with a heating

rate of 10 °C/min under a nitrogen atmosphere with a nitro-
gen flow rate of 20 mL/min.

2.5.5 Scanning electron microscopy (SEM)

SEM was recorded by Scanning Electron Microscopy, Ang-
strom (model AIS-2300C) USA.

2.5.6 Transmission electron microscopy (TEM)

The dispersion of clay was studied using energy filtering
transmission electron microscopy (EFTEM). TEM pictures
were taken in a LEO912AB Energy Filtering Transmis-
sion Electron Microscope with an acceleration voltage of
120 keV. The specimens were prepared using a Ultracut E
(Reichert and Jung) cryomicrotome. Thin sections of about
100 nm were cut with a diamond knife at — 120 °C.

3 Results and discussion
3.1 Mechanical properties

The weight ratio of the PBS/EPO blend was fixed at 80:20
according to preliminary investigation which gave the high-
est tensile strength of the blend. Therefore, this ratio was
chosen in subsequent experiments.

Table 2 shows the effect of clay content on the tensile
strength properties of the PBS/EPO/HAD-OMMT, PBS/
EPO/TAD-OMMT and PBS/EPO/CH-OMMT nanocom-
posite. The tensile strength of the PBS/EPO blend decreases
to 11.89 MPa. The addition of 0.5, 1 or 2 php of OMMT
into the PBS/EPO blend increases the tensile strength. The

Table 2 Tensile properties of PBS/EPO blend, PBS/EPO/HAD-
OMMT, PBS/EPO/TADOMMT and PBS/EPO/CH-OMMT nano-
composites

Sample Tensile strength, MPa
HAD-MMT TAD-MMT CH-MMT

PBS/EPO 11.89+£0.29 12.56 +0.31 10.81 +0.14

PBS/EPO/0.5 php 13.15+0.31 1425+043 13.12+0.32
OMMT

PBS/EPO/1.0 php 1629+ 092 17.23 £0.72 16.05+0.71
OMMT

PBS/EPO/2.0 php 24.51 £1.25 2338 +£0.92 22.15+0.62
OMMT

PBS/EPO/3.0 php 1935+ 1.09 18.15+0.81 17.69 £0.52
OMMT

PBS/EPO4.0 php 1322 +0.80 13.10£0.61 14.15+0.49
OMMT

PBS/EPO/5.0 php 11.61 +£0.41 12.17£0.56 11.61 +0.37
OMMT
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Table 3 Diffraction angle and basal spacing of natural clay (Na-
MMT) and modified clays with the CH-MMT, HDA-MMT, and
TDA-MMT

Sample Exchanged cation 20 (°) D(001)
spacing
(nm)
MMT Na* 6.91 1.27
CH C,sHy,CIONH;*(CH*) 5.86 1.51
HAD C,¢H;, NH;* (HDA™) 5.64 1.57
TDA C,4 Hyg NH;*(TDA) 4.96 1.78

highest tensile strength (24.51 MPa) is observed with 2 php
of HAD-OMMT, tensile strength 23.38 is observed with 2
php of TAD-OMMT and tensile strength 22.15 is observed
with 2 php of CH-OMMT.

3.2 XRD analysis

According to Bragg’s law (n 4 = d sin 0), d refers to the
distance of two consecutive clay layers, where 4 is the wave-
length of the intercept X-rays at the incident angle ©. The
presence of CH-MMT, HDA-MMT and TDA-MMT chains
in the galleries turns the original hydrophilic silicate to an
organophilic silicate, and thus increases the layer-to-layer
spacing of Na-MMT (Ren et al. 2006b). Using X-ray diffrac-
tion, Na-MMT shows a d001 diffraction peak at 26 = 6.91°,
which assigns the interlayer distance of the natural montmo-
rillonite with a basal spacing of 1.27 nm.

Na-MMT was surface treated with CH, HDA, and TDA,
an intercalation agent through a cation exchange process.
The cationic head groups of the intercalation agent molecule
would preferentially reside at the surface layer and the ali-
phatic tail will radiate a way from the surface.

(d)

(c)

Intensity (a.u)

(b)

(@)

T = T T 1
2 4 6 8 10

2 © Theta (degree)

Fig. 1 The XRD patterns of a Na-MMT, b CH-MMT, ¢ HDA-MMT,
and d TDA-MMT
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Fig. 2 XRD patterns of a PBS/EPO/CH, b HDA and ¢ TDA modi-
fied clay nanocomposites

Table 4 Diffraction angle and basal spacing of PLA/EPO/CH, HDA,
and TDA modified clay nanocomposites

Sample 26 (°) d-spacing (nm)
80PBS20EPO/CH-MMT 3.99 221
80PBS20EPO/HDA-MMT 3.37 2.62
80PBS20EPO/TDA-MMT 3.12 2.83

The maximum basal spacing of CH-MMT, HDA-MMT
and TDA-MMT increases from 1.27 to 1.51, 1.57 and
1.78 nm, respectively (Table 3), indicating that these CH,
HDA, and TAD were successfully intercalated into the Na-
MMT galleries (Fig. 1).

Monolayer arrangement of CH, HDA and TDA is formed
in the interlayer spacing of Na-MMT (Pospisil et al. 2004).

Figure 2 shows the XRD patterns of the nanocompos-
ites prepared using three diferent CH, HDA and TDA
(alkylammonium groups) modiied of the montmorillonite
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Fig. 3 FTIR spectra of a Na-MMT, b CH and ¢ CH-MMT



Rend. Fis. Acc. Lincei

Fig. 4 FTIR spectra of a
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nanocomposites. Table 4 illustrates increase basal spac-
ing of the clay increased to 2.21, 2.62 and 2.82 nm for
80PBS20EPO/CH-MMT, 80PBS20EPO/HDA-MMT and
80PBS20EPO/TDA MMT, respectively.

This clearly shows that the basal spacing of organoclay
in the polymer matrix increases with the increase in the size

2800 2200 1600 1000

Wavenumber (cm")

of the surfactant as was observed by (Agag and Takeichi
2000). These XRD patterns also suggest that all the nano-
composites produced are intercalated compounds and some
exfoliated. Scheme 1 shows schematic drawing of the clay
modification of ammoniums ion from their nanocomposites.
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Fig. 6 TGA of a Na-MMT, b HDA-MMT, ¢ TDA-MMT and d CH-
MMT

Weight percentage, %
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Fig.7 TGA a PBS/EPO blends, b PBS/EPO/HDA-MMT, ¢ PBS/
EPO/TDA-MMT and d PBS/EPO/CH-MMT

3.3 FTIR

The FTIR spectra of Na-MMT, CH-MMT, HDA-MMT, and
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TDA-MMT are shown in Figs. 3, 4 and 5. In the spectra of
Na-MMT, the peaks at 3625, 1632 and 1033 cm~! are due
to the O-H stretching, interlayer water deformation and the
Si—O stretching vibration, respectively.

The other strong band absorption from 507 to 462 cm™!
indicates the presence of Al-O stretching and Si—O bend-
ing, respectively, in the clay. The CH-MMT, HDA-MMT,
and TDA-MMT spectra show the major bands of CH, HDA,
and TDA spectra (Al-Mulla et al. 2009, 2010b; Hoidy et al.
2010) in addition to the bands of the original Na-MMT. The
bands from 1438, 1436 and 1469 cm™' suggest the existence
of the ammonium ion. Therefore, these indicate that the CH,
HDA, and TDA were intercalated in the silicate layers.

34 TGA

Most thermoanalytical studies reveal new insights into the
structure of intercalated clays (Xi et al. 2005). TGA gives
information on the structure of the intercalating molecules
by the weight loss steps. Thermal degradation of MMT
shows two steps (Arroyo et al. 2003). The first one is before
200 °C because of the volatilization of water adsorbed on the
external surfaces of the MMT and water inside the interlayer
space. Decomposition of the surfactant takes place in the
second step between 200 and 500 °C.

The weight loss curves (TGA) of the MMT, CH-MMT,
HDA-MMT, and TDA-MMT are illustrated in Fig. 6. MMT
contains water due to hydrated sodium (Na*) cations inter-
calated inside the clay layers. The presence of alkylammo-
nium groups within the MMT interlayer spacing lowers the
surface energy of the inorganic structure and will transform
organophobic 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 from
200 to 500 °C, as the organic constituent in the organoclay
decomposes in this range. That the C decomposed as the
temperature increased from 180 to 370 °C. The decomposi-
tion process ended at 370 °C.

The CH started decomposing at higher temperatures
than that of the TDA, which started at 198 °C and ended
at 352 °C. HDA had decomposition temperature (starting
at 155 °C and ending at 305 °C). There was a strong inter-
molecular interaction between the alkylammonium cations
and the clay due to observation of higher decomposition
temperatures of the CH-MMT, HDA-MMT and TDA-MMT
compared to neat MMT. In other words, after ion exchange,
the CH, HDA, and TDA are intercalated and attached to
the silicate layers of the clay and hence their decomposition
temperatures increase.

Thermogravimetric analyses were done on PBS/EPO/
HDA-MMT nanocomposites to determine the effect of
modified clay content in the polymer matrix on thermal
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Fig. 8 SEM micrographs of
fracture surfaces of a MMT, b
neat PBS, ¢ PBS/EPO blends, d
PBS/EPO/HDA-MMT, e PBS/
EPO/TDA-MMT and f PBS/
EPO/CH-MMT

Angstrom advanced

Angstrom advanced

Angstrom advanced

Angstrom advanced

AIS2300C SEI

AIS2300C SEI

WD = 20.9 20.0 kV X 540

100um

@ Springer



Rend. Fis. Acc. Lincei

Fig. 8 (continued)

Angstrom advanced

Angstrom advanced

Fig. 9 TEM a PBS/EPO/HDA-
MMT, b PBS/EPO/TDA-MMT
and ¢ PBS/EPO/CH-MMT

311

properties. The results of TGA are shown in Fig. 7 The onset
of the degradation of the nanocomposites is higher, that is
259, 263, and 269 °C, for PBS/EPO containing HDA-MMT,
TDA-MMT, and CH-MMT, respectively, compared to the
PBS/EPO blend (245 °C).

The results show that the thermal stability increases with
addition of the HDA-MMT, TDA-MMT, and CH-MMT.
The presence of silicate layers dispersed homogeneously
in the polymer sheet hinders the permeability of volatile
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degradation products out from the material and helps delay
the degradation of the nanocomposites.

3.5 SEM

The aggregated clay morphology was characterized with
SEM. Because of the differences in the scattering densi-
ties between the clay and the matrix PBS, EPO/HDA-
MMT, large clay aggregates could easily be imaged
with SEM. SEM micrographs of fractured surface of the
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nanocomposites are presented in Fig. 8. These images did
not exhibit inorganic domains at the maximum possible mag-
nification, which means that nanolayers are distributed well
in the PBS, EPO/HDA-MMT matrix. The absence of MMT
particles indicates that the agglomerate is broken down to a
size (submicron) that cannot be seen at this magnification.

3.6 TEM

TEM micrographs of the PBS/EPO composites promote it
can be watched that the original Na-MMT stack morphol-
ogy was fully preserved with PBS/EPO due to the incom-
patible nature of both constituents (Fig. 9) (Al-Mulla et al.
2011). The dark lines represent the thickness of the indi-
vidual clay layers or agglomerates (tactoids, stacks). The
organoclay does not show its original layered structure. The
related structure can be referred to as intercalated lamel-
lae, tactoids composed of a variable number of lamellae and
aggregates of tactoids. The TEM micrograph of shows a
higher degree of intercalation and some exfoliated zones
presence of the PBS/EPO/HDA-MMT, PBS/EPO/TDA and
PBS/EPO/CH-MMT.

4 Conclusion

In this study, new biopolymer nanocomposites were pre-
pared by treatment of EPO-plasticized PBS-modified MMT
with CH, HDA, and TDA. PBS/EPO-clay nanocomposites
have been prepared by incorporating 2% of CH-MMT,
HDA-MMT and TDA-MMT. TEM analysis shows that the
prepared nanocomposites were intercalated with partially
exfoliated types (CH-MMT, HDA-MMT and TDA-MMT).
These nanocomposites represent a good candidate to pro-
duce disposable packaging because they have good thermal
properties and processability, and produced from renewable,
biodegradable, environmental friendly and easily available
raw materials. In addition to their applications in textile
industry and medical fields, biopolymer nanocomposites
prepared in this study are a promising candidate to produce
disposable packaging.
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