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Abstract This paper investigates the performance of
polypropylene (PP) incorporated with montmorillonite
(MMT) nanoclay, maleic anhydride grafted PP (PP-g-
MAH), and pro-degradant additive (TDPA®), which pro-
vides additional benefits of increasing biodegradability. A
twin-screw extruder was used to compound PP, MMT, PP-
g-MAH, and TDPA, and the extruded nanocomposite films
were collected for testing, and their mechanical, thermal,
barrier, oxo-biodegradability, and morphological proper-
ties were evaluated. Tensile test, differential scanning calo-
rimetry (DSC), thermogravimetric analysis (TGA), oxygen
permeability test, soil burial test, X-ray diffraction (XRD),
transmission electron microscopy (TEM), and scanning
electron microscope (SEM) analysis were used to investi-
gate these properties. Increasing MMT content from 1 to
3 phr increases tensile strength and Young’s modulus of
the neat PP samples up to ca.45% and 27% respectively.
Improvement of thermal properties for neat PP samples
was observed by increasing MMT content from 1 to 3 phr.
However, at 4 phr MMT content, both mechanical and ther-
mal properties of nanocomposites dropped slightly. For soil
buried samples, DSC and TGA results revealed significant
changes in the thermal properties for PP samples contain-
ing TDPE additive compared to neat PP, clearly confirming
the effectiveness of this TDPA additive in promoting oxo-
biodegradation process of PP. Similarly weight loss eval-
uation result shows that about 4% weight loss for sample
(PP/TD), which is PP and TDPA blend only, compared to
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neat PP. However, increasing MMT content from 1 to 4 phr
slightly reduced weight loss of PP from 3.5 to 1.5%, respec-
tively, for 6 month soil exposure period, which indicates
that increasing MMT content was detrimental to the deg-
radation process. For higher MMT content, the oxygen per-
meability of PP nanocomposites was decreased by 46% of
the corresponding values for neat PP. The XRD and TEM
results confirmed the exfoliation structure of the nanocom-
posites. The morphological change after soil burial test was
studied using scanning electron microscopy (SEM).

Keywords Nanocomposite - Oxo-biodegradation -
Thermal properties - Pro-degradant additive - Barrier
properties

Introduction

Polypropylene (PP) is one of the largest volume plastic pro-
duced in the world and fastest growing thermoplastics in
terms of market shares, and it has significantly penetrated
numerous sectors of manufacturing such as in the area of
medical, automotive, and packing industries [1, 2]. This
commercial importance of PP is mainly attributed to its
cost-effectiveness, good mechanical properties, and ease
in processing [3]. Packaging with improved barrier proper-
ties has great importance in food packaging industries as it
extends the shelf life of food by preventing humidity and
oxygen [4-7]. Therefore, to overcome the disadvantages of
PP, such as low barrier properties, low service temperature,
and low toughness, many researchers have tried to improve
those properties by incorporating layered nanoparticles
such as layered silica and organoclay [8—14]; these nanofill-
ers have attracted great scientific and technological interest
due to their potentiality to exhibit new characteristics that
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cannot be achieved with micromaterials. Among nanofill-
ers employed for nanocomposite preparation, nanoclay is
vastly used due to its unique structure with a high aspect
ratio and its natural abundance [15]. The most common
nanoclay material predominantly utilized in the polymer
clay nanocomposites is montmorillonite (MMT). The
incorporation of MMT in the polymer in an extruder leads
to dispersion of the MMT particles in the polymer matrix
in the molten state, providing significant improvements in
polymer properties [15]. However, compatibilization is a
key issue into improving the properties of nanocomposites;
this is due to the lack of strong interface between the poly-
mer matrix and nanoclay [16].

Recent achievements in nanocomposite technology have
fueled the need for new knowledge and findings in the field
of polymer nanocomposites resulting in the development
of respective polymer nanocomposites: polypropylene/
polylactic acid [4], polypropylene [17-21], polylactic acid
[22-24], polyethylene terephthalate [25], and polystyrene
[26]. For the past few years, many studies have been done
in the field of PP nanocomposites [8, 10-12, 19, 21] based
on layered silicates, such as MMT, which has gained tre-
mendous popularity among scientists and industries, this is
due to the wide application of PP nanocomposites in com-
modity and engineering applications. Many researchers [19,
27] have reported increased thermal stability of nanocom-
posites in relation to PP in the presence of an organoclay.
Others have reported the influence of processing conditions
and clay type on nanostructure [28, 29], and chemical treat-
ment and modifications [17, 30]. PP nanocomposites con-
stitute the most important material for packaging due to
low cost, excellent processability, and enhanced thermal
and mechanical properties. However, they have been a tar-
get of much criticism due to their lack of degradability, rep-
resenting a serious global environmental problem, and this
is the biggest concern for many food packaging industries.
New bio-based or biodegradable polymers, such as poly-
lactic acid (PLA) and polycaprolactone (PCL), have been
exploited to develop biodegradable nanocomposites [22,
23, 31] for reducing packaging waste. However, the use of
biodegradable polymers has been limited because of prob-
lems related to performances (brittleness, poor moisture
barrier), processing (low heat distortion temperature), and
cost.

The possible alternative approach is the use of commer-
cially available pro-degradant additives, which makes poly-
olefins oxo-biodegradable by breaking down the long chain
of polyolefin into a small molecular weight, where eventu-
ally the pro-degradant additives can completely degrade
the polymer with the action of sunlight [32]. Hence, degra-
dable PP can be obtained using special pro-oxidant/pro-
degradants additives that can contain various active com-
ponents, metal strearates (Fe, Ce, Co), and citric acid. This
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degradation mechanism is called oxo-degradation, which
is basically a two-stage process of initial oxidative degra-
dation followed by the biodegradation of the product [32].
The oxo-degradation process of polyethylene with pro-oxi-
dant/pro-degradant additives has been reported extensively
in literature [33-35]. Some work on PP has been done by
researchers [36, 37] using pro-degradant additive, who
investigated the degradation process under accelerated test
conditions and evaluated the effect of pro-degradant addi-
tive on the degradation rate of PP. Significant changes in
the morphological and thermal properties were reported
with PP samples containing pro-degradant additive com-
pare to pure PP [37]. However, the use of this additive in
PP is not fully exploited, particularly using with nanoclay
fillers as an added value to enhance and improve other
properties such as mechanical, thermal, and barrier prop-
erties for packaging application. To the best of our knowl-
edge oxo-degradation of PP nanocomposites blended with
pro-degradant additive has not been reported openly in
literature.

Therefore, the main goal of this study is to investigate
the combination of PP-MMT nanocomposites blended with
commercially available pro-degradant additive (TDPA),
and to evaluate its performance in terms of mechanical,
thermal, barrier, oxo-biodegradability and morphological
properties; and particularly to assess the effect of TDPA
additive on PP degradation process.

Experimental
Materials

The grade of PP used was HF029 produced by EQUATE
petrochemical company (Kuwait). The homopolymer PP
has a melt flow index of 2.9 g/10 min (2.16 kg at 230°C).
The organoclay (Nanomer 1.30TC), Montmorillonite
(MMT), was obtained from Nanocor Inc. Arlington Heights
IL, USA, it was a white powder organically modified with
octadecylamine with mean dry particle size of 16-22 um.
The oxo-biodegradable additive, pro-degradant, TDPA®
(Totally Degradable Plastic Additive), in pellet form was
supplied by EPI Environmental Technologies and Products
Inc., and only 3 wt% of TDPA was used as recommended
by the supplier. This TDPA additive utilizes a combination
of transition metal carboxylate and hydro-carboxylic acids,
and the main carboxylates are cerium, cobalt, and iron stea-
rate; for instance, iron is recognized as photo-initiating,
whereas cobalt (nickel and copper) is sensitive to thermal
activation [32]. The grade of PP-g-MAH as a compatibi-
liser with a maleic anhydride content of 1%, Orevac CA
100 from Atofina, was used to improve the compatibility of
PP nanocomposites.
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Preparations of Nanocomposites

All samples, PP and nanocomposites, were prepared with
twin screw extruder (model Laptch LTE26/40, Lab Tech
Engineering), co-rotating screws (L/D=40). Polymer pel-
lets were dried at 40°C for 24 h prior to compounding,
while the nanoclay was dried at 50°C for 3 h in air-circu-
lated oven prior to compounding to remove moisture. PP,
TDPA, and PP-g-MAH blends were prepared with weight
percentage (wt %), while MMT was added as parts per
hundred (phr) in the blends [24]. Designation of materi-
als and their compositions are shown in Table 1. The bar-
rel temperature profile adopted during compounding of
all the blends was 220°C at the feed section decreasing to
200°C at the die head. The screw speed of the extruder was
fixed at 45 rpm. The extruded films were produced using
thin film die head machine with a barrel temperature of
200°C. Samples were cut by using dumbbell shape accord-
ing ASTM D638 standard. All test specimens were allowed
to condition under ambient conditions in desiccators for at
least 24 h prior to testing.

Characterization
Mechanical Properties

Tensile test was carried out according to ASTM D 638,
using Testometric tensile testing machine (model M250)
under ambient conditions with crosshead speeds of 50 mm/
min. Mechanical properties, such as tensile strength and
Young’s modulus, were collected for the evaluation of PP
and its nanocomposite films.

Table 1 Designation of materials and their compositions

Sample Designa- PP (wt%) PP-g- TDPA (wt%) MMT (phr)

tions MAH

(Wt%)
PP 100 - - -
PP/MA* 95 5 - -
PP/TD 97 - 3 -
PP/MA/TD* 92 5 3 -
PP/MA/M3* 95 5 - 3
PP/MA/TD/M1 92 5 3 1
PP/MA/TD/M2 92 5 3 2
PP/MA/TD/M3 92 5 3 3
PP/MA/TD/M4 92 5 3 4

PP polypropylene, TD TDPA, biodegradable additive, MA PP-g-
MAH, PP grafted maleic anhydride. M, MMT, montmorillonite,
wheren=1,2,3,4

*Additional samples to evaluate the effects of PP-g-MAH, TDPA and
MMT

Thermal Properties
Differential Scanning Calorimetry (DSC)

Differential scanning calorimeter (DSC) measurements
were carried out using a DSC-50, manufactured by Shi-
madzu in Japan. The starting temperature was 25°C and
was raised to 300°C, then cooled down to room tempera-
ture under nitrogen atmosphere with 7-10 mg of samples
at a heating and cooling rate of 10°C min~!. Measurements
were repeated at least twice with different samples. Ther-
mal properties, such as melting enthalpy AH,, melting tem-
perature (T,)), crystallization temperature (T,) and degree
of crystallinity (X), were calculated from DSC traces and
recorded. The degree of crystallinity (X.) of the samples
was calculated from the melting enthalpy AH,,) results for
each sample using Eq. (1).

AH
% Crystallinity (X_ ) = 100 x —2—
(4 Yy y ( c) f % AHm (])

where AH,, is the measured melting enthalpy, f is the
weight fraction of PP phase, and AH? is the enthalpy of
100% crystalline PP, which is 207 J/g [19].

Thermogravimetric (TGA) Thermogravimetric analysis
(TGA) is a test that determines the changes in the weight of
the material with increase in temperature, and it is a useful
technique to study the thermal stability of polymers. There-
fore, in order to examine the thermal stability and thermal
degradation behavior for all samples both before and after
the soil burial degradation process, TGA was performed by
using a DTG-60 instrument, manufactured by Shimadzu in
Japan. A sample weight of around 10 mg was heated from
25 to 700 °C at a heating rate of 10°C min~! under nitrogen
atmosphere. TGA parameters, such as onset temperature,
were directly calculated from TGA traces; it corresponds to
the temperature at which the weight loss begins.

Oxo-Biodegradation Test The methodology used for the
biodegradation test was based on using a simple soil burial test
in order to simulate the oxo-biodegradation of nanocomposite
films in a common disposal environment or outdoor exposure
[24]. All tests were done according to ASTM D6954-4 stand-
ard testing method [32]. This method will evaluate the oxo-
biodegradability of PP by monitoring changes in their physi-
cal properties due to the action of microorganisms. All film
samples were buried in the soil of a garden with composted
solid waste materials in a rectangular wooden box, which
was kept open at the top to ensure a continuous oxygen sup-
ply to the samples, and to have enough high sunlight contact,
and also water so that aerobic biodegradation of the organic
matter will occur. It was located outside the natural environ-

@ Springer



278

J Polym Environ (2018) 26:275-290

ment (outdoor exposures) for a total period of 6 months, from
May to October; it is worth mentioning that the average tem-
perature here in Kuwait exceeded more than 45°C daily in
the first four months of the testing period. The samples were
recovered from the soil at different stages of degradation (2,
4, and 6 months). After the testing time was completed, the
compost samples were washed by using running water in
order to remove the sand from the surface of the samples. All
the samples were dried in the oven at a temperature of 50 °C
until the samples reached a constant weight, and then stored
in a desiccators at room temperature for further analytical
measurements. Biodegradability was assessed and evaluated
by measuring weight loss before and after soil burial testing.
Also, the surface morphological appearance of the composted
samples was evaluated for visual comparison by using SEM.
The weight loss of composted samples was calculated using
Eq. (2).

. VVt - Wa
% Weight loss = W x 100 2)
where W, and W, are the sample weight before and after the
soil burial and composting test, respectively.

Evaluation Technique of Oxygen Permeability Mocon Ox-
Tran 2/21 device, manufactured by Modern Controls Inc., was
used for oxygen permeability tests in accordance with ASTM
D 3985 [38]. It has been extensively used to test the gas barrier
properties of films [39]. To conduct the experiment, a continu-
ous flow of gas was maintained on both sides of the produced
thin film. First, nitrogen gas was passed over both surfaces
of the film in order to remove oxygen from the film. Then,
immediately, the nitrogen on one side was replaced by oxy-
gen. Flat films with a thickness of about 100 um were clamped
into the diffusion cell that was purged of residual oxygen, and
then pure oxygen was introduced into the system. Molecules
of oxygen diffusing through the film to the inside chamber
were conveyed to the sensor by the carrier gas. The diffusing
oxygen was measured by a sensitive oxygen detector. These
experiments were conducted at 23 °C and 0% relative humid-
ity (RH). Three different films were tested for each formula-
tion and the average values were reported.

Morphological Analysis X-ray diffraction (XRD) studies
were carried out on a Siemens D5000 X-ray diffractometer.
The diffraction patterns were recorded with a step size of
0.02°, from 20=2.0 to 10°. The interlayer distances (d-spac-
ing) of the MMT in the nanocomposites were derived from
the peak positions (001 reflection) in the XRD scans, accord-
ing to Bragg’s Eq. (3).
nA

d-spacing = ey (€)]
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where n is an integer, 6 is the diffraction angle giving the
primary diffraction peak, and A is the X-ray wavelength.
In these experiments, A=0.154 nm (CuKa) and n=1 were
used.

The morphology of the samples, particularly the outer
surface of the original samples (before soil burial) and
composted samples (soil buried samples for oxo-biodegra-
dability test) were examined and assessed by using Scan-
ning Electron Microscope (SEM), A TESCAN TS5135MM
model. The specimens were sputter coated with a thin layer
of gold by using vapour deposition techniques to avoid
electrostatic charging during sample examination. The
image results were analyzed to investigate the influence of
the degradation process on the sample surface.

For transmission electron microscopy (TEM), the sam-
ple was embedded in Epon resin; and it was then mounted
onto ultramicrotome where sections were cut at thickness
of 70-100 nm, and sections were collected on 300 mesh
copper grids. The sections were examined and observed by
a TEM model JEOL 1200XE2 at 100 kV. Finally the micro-
graphs were taken by using soft imaging system software.

Results and Discussion
Mechanical Properties

Table 2 shows the effect of MMT content on mechanical
properties such as tensile strength and Young’s modulus
of all samples. The tensile strength and Young’s modu-
lus of the samples are compared to those of neat PP. As
shown in Table 2, the tensile strength of the nanocom-
posite increased as the MMT content increased from
1 to 3 phr. For instance, the tensile strength of neat PP
(control) was 33 MPa, while at MMT content of 3 phr
the tensile strength was 48 MPa, which showed 15 MPa
(ca. 45%) improvement in the tensile strength of the

Table 2 Mechanical properties of PP, PP-additive blends and its
nanocomposites

Sample Tensile strength (MPa)  Young’s
modulus
(MPa)
PP 33+1.5 136 +£8
PP/MA 35+1.9 138+8
PP/TD 32+1.7 1327
PP/MA/TD 34+1.8 140+10
PP/MA/TD/M1 39+2.0 147+10
PP/MA/TD/M2 43+25 152+11
PP/MA/M3 50+3.0 168 +10
PP/MA/TD/M3 48+2.8 172+12
PP/MA/TD/M4 40+1.9 142+10
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nanocomposites compared to neat PP and PP/TD sam-
ples. The increased tensile strength could be related to
exfoliation of the MMT layers in the PP matrix. This
behavior is due to the existing stress transfer from matrix
to the filler, and there is a strong bond between the filler
and the matrix, which would interfere with the stress dis-
tribution throughout the composite when load is, applied
[40]. However, this increase declined at 4 phr of MMT,
which indicates that 3 phr of MMT content could be a
satisfactory amount; and also it could be attributed to
the decrease of bonding strength between MMT and PP
matrix in the composite due to excess MMT loading. On
the other hand, the addition of TDPA additive into neat
PP, sample (PP/TD), has slightly decreased the mechani-
cal properties of neat PP from 33 to 32 MPa for tensile
strength and from 136 to 132 MPa for Young’s modulus.
This decrease is probably due to the lack of compatibility
between PP and TDPA additive; and the absence of MMT
nanoclay and PP-g-MAH contents in the blend for this
sample (PP/TD), which as a result could cause poor and
weak interaction between them. Similar trend of obser-
vation was reported in the literature by other researcher
[41].

As shown in Table 2, the Young’s modulus of neat
PP is enhanced by the addition of MMT nanoclay. This
increase in Young’s modulus could be due to a strong
interaction between the PP and MMT nanoclay filler, and
this improvement in stiffness was because of the rein-
forcement effect of the rigid inorganic MMT, which con-
strains and restricts the molecular motion of PP chains.
The enhancement in the modulus of PP/MMT nanocom-
posites could also be caused by the exfoliation of MMT
layers in the PP matrix, which is a delaminating process
of nanoclay particles. When the clay particles are dis-
persed throughout the polymer blend matrix, it could
lead to a higher aspect ratio of the silicate layer, and
hence, a larger interfacial area. Both the higher aspect
ratio and the interfacial area will make the stress trans-
fer to the silicate layers more effective, and subsequently,
improve the mechanical properties of the formed nano-
composite materials. It is noted that both tensile strength
and Young’s modulus of neat PP have been improved by
increasing amount of MMT nanoclay content in the PP
matrix, similar observation has been reported in the liter-
ature by others [42, 43]. However, it is interesting to note
a further increase in MMT content to 4 phr decreases
Young’s modulus of the nanocomposite. This is because
as the nanoclay loading increases, the nanoclay formed
a cluster and agglomerate among themselves, resulting
lower dispersion and poor interface between nanoclay
and PP matrix, which could decrease the reinforcement
effect as a result. Previous study on polymer nanocom-
posites by Chung et al. [44] has also reported that the

Young’s modulus of polymer decreased when the MMT
loading exceeds more than 5 wt%.

Furthermore, in order to understand the effect of PP-
g-MAH, TDPA and MMT on the mechanical proper-
ties, additional data of PP/MA, PP/MA/TD and PP/MA/
M3 blends was presented, reported and tabulated also in
Table 2. As shown in Table 2, using PP-g-MAH as a com-
patibilizer, both tensile strength and Young’s modulus of
PP and PP/TD samples have improved, which could mean
that PP-g-MAH leads to better adhesion between PP and
additive. However, for samples PP/MA and PP/MA/TD,
presence of TDPA additive in the composite resulted incre-
ment in the Young’s modulus and slight reduction in tensile
strength was observed due to polymer matrix plasticization,
where TDPA acts as plasticizer. Similar pattern of behav-
ior was observed for samples PPMA/M3 and PP/MA/TD/
M3 with the addition of TDPA additive which improves
Young’s modulus by 4 MPa and slightly reduces tensile
strength by 2 MPa. Hence, increasing the MMT nanoclay
filler content in the nanocomposite resulted in enhance-
ment of Young’s modulus, which was further improved
by the addition of TDPA additive. It is therefore possible
that the synergistic effect of MMT, PP-g-MAH and TDPA
could promote the better performance of nanocomposites
in terms of mechanical properties.

Thermal Properties
Differential Scanning Calorimetry (DSC)

Figures 1 and 2 show the DSC heating and cooling curves
respectively for all samples both before and after soil bur-
ial. All the results are tabulated in Table 3, which presents
the melting temperature (T,), crystallization temperature
(T¢), and degree of crystallinity (X.) obtained from the
DSC analysis for all samples, both original (before soil bur-
ial) and after soil burial samples, for a period of 6 months.
As shown in Fig. 1a and Table 3, the melting temperature
of neat PP slightly increased with the addition of MMT,
which means that the crystal size of PP had some change
that could increase melting temperature for higher MMT
content. The other possible explanation might be the role
of the compatibilizer (PP-g-MAH) used, which diffuses
into the gallery of silicate layers to the polymer and clay
forming more wetted surface and resulting into higher rein-
forcement for higher melting temperature [45]. However,
the DSC result in Fig. 1a reveals a slight decrease in melt-
ing point temperature upon the further addition of 4 phr
MMT content, which indicates that the composite reaches
the saturation point and an agglomeration at higher MMT
contents.

As shown in Table 3, the degree of crystallinity of the
original samples (before soil burial) increased at higher
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Table 3 Thermal properties for
all samples by DSC

Original sample before soil burial

Samples after soil burial for period of

6 months
Designations T, (°C) T, (°C) X* (%) T, (°C) T, (°C) X* (%)
PP 158 110 50.2 157 110 49.7
PP/TD 156 111 47.3 146 110 44.8
PP/MA/TD/M1 159 114 55.6 152 113 53.5
PP/MA/TD/M2 160 116 56.7 153 115 54.6
PP/MA/TD/M3 161 118 57.8 155 116 55.6
PP/MA/TD/M4 158 113 46.2 157 112 48.3

*The effect of MMT weight has been deducted

T, melting temperature, T, crystallization temperature, X crystallinity

MMT content. This increase of crystallinity indicates that
the presence of MMT platelets promotes crystallization of
PP, and this could suggest that the nanoclay acts as a nucle-
ating agent. Previous studies [24] reported similar obser-
vation of increase in crystallinity with increasing MMT
content in the polymer matrix. However, slight decrease
of crystallinity was observed at 4 phr MMT content. The
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decrease in crystallinity with 4 phr MMT filled PP nano-
composite might be due to agglomeration of MMT at
higher loadings, which could reduce the available surface
for nucleation of PP crystals.

On the other hand, as shown in Fig. 1b and Table 3, sam-
ples subjected to a subsequent soil burial test for a period
of 6 months have a different thermal behavior in terms of
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melting and degree of crystallinity compare to its respec-
tive samples before the soil burial process. For instance, a
shift of the DSC traces toward lower melting temperature
was noted and observed after 6 months of soil burial, sug-
gesting that the crystalline phase of polypropylene was
affected during oxo-biodegradation process. Hence, this
could have an influence on the melting temperature and
leads to a decrease in the melting temperature. Further-
more, this decrease in melting temperature is more pro-
nounced with the PP/TD sample, which does not contain
MMT, where it decreased from 156 to 146 °C that is about
10°C lower; this could be due to the faster oxo-biodegra-
dation processes for this sample. It is interesting to note
that samples with lower MMT content have reduced melt-
ing temperature after soil burial exposure compared to its
respective samples, while no significant change in melting
temperature was observed on the neat PP after 6 months of
soil burial. This result indicates the evidence that addition
of pro-degradant additive to the blend influences the degra-
dation process of PP, and the incorporation of MMT to PP
could compromise the degradation process of PP, and has
an adverse impact on the degradation process. A similar
trend of melting temperature decrease during biodegrada-
tion in soil with PP samples containing pro-degradant addi-
tive was reported previously [37, 46]. In terms of degree
of crystallinity, trend of decrease was observed compare to
the original samples (before soil burial) for each respective
sample, it decreased slightly about 2 to 3% over the period
of 6 months during incubation time in soil. This further
decrease in crystallinity could be attributed to the biodegra-
dation occurring in the amorphous phase due to the overall
degradation process. Similarly, it is also noted the influ-
ence of pro-degradant additive is more pronounced for less
MMT containing samples, where a lower degree of crystal-
linity are observed.

As shown in Fig. 2a, the crystallization temperature
(T,) of PP/MMT nanocomposites were higher than that of
neat PP, which means increasing MMT content increases
T, from 110°C of neat PP to 118 °C of PP/MA/TD/M3 for

samples before soil burial, this is in agreement with litera-
ture [47—-49]. This increase of T, could indicate that MMT
was effective in nucleating crystal. On the other hand, as
shown in Fig. 2b and Table 3, samples subjected to a sub-
sequent soil burial test for a period of 6 month have shown
similar trend of T, increase from 110 to 116°C of neat
PP and PP/MA/TD/M3 samples respectively. However,
slight drop of crystallization temperature, about 2 °C, was
observed after 6 month of soil burial samples compared to
its respective samples before soil burial. This decrease of
T, suggests that the crystalline phase of polypropylene is
affected during oxo-biodegradation process. It is also noted
that no change in T, was observed on the neat PP after 6
months of soil burial, and decrease in T, was observed for 4
phr MMT content, which could be due to agglomeration of
MMT at higher loadings as discussed earlier.

Thermogravimetric Analysis (TGA)

Thermal stability for all samples, before and after the soil
burial, was investigated with TGA analysis and tabulated in
Table 4. The onset temperatures (To) of 10% weight loss
deviation from the base line (T,,) were used as the indi-
cator of the compound’s thermal stability. Figure 3a shows
the TGA results for all samples before soil burial. As shown
in Fig. 3a, PP nanocomposites show overall higher thermal
stability compared to neat PP. The onset temperature (T 4)
values of neat PP occurs at about 436 °C, while that of 1, 2,
3 phr MMT contents are increased by 6 °C (442°C), 11°C
(447°C) and 14°C (450°C) respectively. The incorpora-
tion of MMT nanoclay into PP matrix caused a significant
improvement in the initial thermal stability of PP nanocom-
posites, which is clearly shown in Fig. 3a. This thermal sta-
bility improvement by MMT nanoclay could be attributed
to because of nanoclay acting as a great insulator, mass
transfer barrier, and like a shield for polymer from oxygen,
thus increasing its thermal stability [50]. For instance, the
decomposition temperature of neat PP sample at 10% was
found to be 436 °C, while at 3 phr of MMT content it was

Table 4 TGA results for all

Designations Sample decomposition temperature before ~ Sample decomposition temperature after
samples soil burial soil burial
Weight DTG Residual (%)  Weight DTG Residual (%)
loss,(T10%), (Tmax), loss,(T10%),  (Tmax),
O O ®) \®)
PP 436 461 0 435 460 0
PP/TD 412 462 1.5 395 430 1.2
PP/MA/TD/M1 442 470 2.5 425 455 2.4
PP/MA/TD/M2 447 475 3.7 430 461 25
PP/MA/TD/M3 450 496 4.6 443 476 43
PP/MA/TD/M4 442 486 4.8 445 468 45
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Fig. 3 TGA curves for all samples: a before soil burial samples and b after soil burial samples

450°C with an increment of 14 °C improvement. However,
at 4 phr of MMT content, a slight decrease of decompo-
sition temperature was observed, which indicates that the
composites reached a saturation point and an agglomera-
tion at higher MMT contents occurred; a similar and con-
sistent trend of behavior was observed also in the mechani-
cal properties in the earlier discussions. On the other hand,
the (PP/TD) sample had the lowest thermal stability com-
pared to all other samples; this could be due to the addi-
tion of pro-degradant additive, which could initiate the
accelerating rate of oxo-biodegradation process. And also
no MMT nanoclay and PP-g-MAH compatibilizer content
in this sample, which would have improved thermal sta-
bility properties. Therefore, these results indicate that the
increase in the thermal stability of PP samples observed is
mainly due to the addition of MMT nanoclay to PP matrix.
Similar trend was observed by others [19] who reported
that nanoclays such as MMT have good thermal stability
and it can improve polymer thermal stability.

Similarly, all samples subjected to the soil burial test
for a period of 6 months were also characterized by using
TGA, and shown in Fig. 3b. The thermal degradation
results for soil burial samples show that the addition of pro-
degradant additive to the PP and its nanocomposites has
decreased the thermal stability of neat PP at onset tempera-
tures of 10% due to oxo-biodegradation process. It is worth
mentioning that this decrease was more obvious for the
PP sample containing only pro-degradant additive, sam-
ple (PP/TD), where decomposition temperature decreased
from 412°C (before soil burial) to 395°C (after soil bur-
ial), which is about 17°C as shown in Fig. 3b, followed by
the samples with less MMT content, such as 1 and 2 phr,
which have a lower decomposition temperature than neat
PP. This result clearly indicates the significant influence of
pro-degradant additive on the degradation process of virgin
PP as it accelerates the oxo-biodegradation process of PP.
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It is also noted that samples with MMT content of 1 and
2 phr (i.e., PPP/MA/TD/M1 and PP/MA/TD/M2) respec-
tively have achieved lower decomposition temperature
compared to the neat PP and other nanocomposites (MMT
content of 3 and 4 phr). It could be concluded that a lower
thermal stability of these samples after soil burial is due
to the existence of pro-degradant additive (TDPA) in the
blend and lower loading amount of MMT content. There-
fore, this combination of TDPA additive with less MMT
content could contribute for accelerating faster degradation
process of PP significantly, and further proves that pro-
degradant additive is more effective for samples with less
MMT content.

The temperatures corresponding to maximum decom-
position temperature (T,,,) were determined from the
derivative thermogravimetry (DTG) curves given in
Fig. 4 and the results obtained were tabulated in Table 4.
The peak degradation temperature shown in Fig. 4 corre-
sponds to the weight loss rate where the maximum deg-
radation occurs. As shown Fig. 4a for samples before soil
burial, the maximum decomposition temperatures (T,,,,)
of neat PP and PP/TD samples are almost similar at 461
and 462 °C respectively, while T, of other nanocompos-
ite samples are higher due to the MMT content in the PP
matrix, for instance at 3 phr of MMT content, T,,, occurs
at about 496 °C. Besides, T,,,, value of 3 phr MMT content
is improved by 35°C compared to that of neat PP. There-
fore as discussed earlier the thermal stability of the PP is
significantly enhanced by the addition of MMT nanoclay;
and these results are in agreement with the previous studies
[19]. However, for soil buried samples as shown in Fig. 4b
were found to have further changes in thermal stability upon
the incubation time in soil clearly indicating that the T,
of all samples were decreased, which could mean faster
decomposition. However, no significant change of neat PP
sample was observed. It is also noted that the decrease of
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Fig. 4 DTG curves for all samples: a before soil burial samples and b after soil burial samples

T nax 1S more significant in PP/TD sample, where T, was
decreased from 462 to 430°C, then followed by PP/MA/
TD/M1, PP/MA/TD/M2 and PP/MA/TD/M3 respectively
compared to neat PP. As previously mentioned, this could
be attributed the existence of the pro-degradant additive in
the PP matrix, which accelerates the degradation process.
Similar trend of changes in the thermal stability with the
incubation time in soil was also reported by others [37].
These results are in good agreement with DSC analysis ear-
lier and further emphasize the influence of pro-degradant
additive on the degradation process.

Effect of TDPA Additive and MMTnanoclay on Thermal
Degradation Process

To investigate the influence of each pro-degradant (TDPA)
additive and MMT nanoclay on the thermal stability and
degradation process, further test has been done by using
thermogravimetric analysis (TGA) in both inert nitrogen
and air atmosphere conditions at a heating rate of 10°C
min~! for thermal and oxidative stability analysis. Samples
PP/MA (PP and PP-g-MAH), PP/MA/TD (PP, PP-g-MAH
and TDPA) and PP/MA/M3 (PP, PP-g-MAH and MMT)
has been compounded and tested; to clarify which additive
(TDPA or MMT) has more influence on thermal degrada-
tion behavior.

Figure 5 shows the TGA scans of PP/MA, PP/MA/TD
and PP/MA/M3 samples degraded in Air and nitrogen.
As shown in Fig. 5, samples degrade at lower temperature
under air than under nitrogen, and it is particularly notable
sample (PP/MA/TD) which contains pro-degradant additive
degrades faster than other samples both in air and nitrogen.
As clearly shown in Fig. 5 and Table 5, the onset tempera-
ture (temperature at 10% weight loss, T 4,) was decreased
for sample (PP/MA/TD) compared to sample (PP/MA/M3)
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Fig. 5 TGA curves for the thermal decomposition of samples in air
and nitrogen

by 70 and 50 °C under air and nitrogen respectively due to
presence of TDPA additive in sample PP/MA/TD. It is also
noted that PP-g-MAH compatibilizer slightly improved
thermal properties of the composites; for instance the onset
temperature for samples PP and PTD was 436 and 412°C
respectively as shown in Fig. 3a and Table 4, while onset
temperature for samples PP/MA and PP/MA/TD was 440
and 416°C respectively as shown in Fig. 5 and Table 5,
which is about 3 to 4°C degree improvement. However,
sample PP/MA/TD/M3 which contains pro-degradant addi-
tive has onset temperature of 450 °C (Fig. 3a; Table 4) com-
pared to 460°C of sample PP/MA/M3 (Fig. 5; Table 5),
which has decreased about 10°C due to the existence of
TDPA additive in the nanocomposite. The above results
indicate that pro-degradant additive accelerates thermal
degradation process compared to MMT nanoclay.
Similarly, the mass loss between 300 and 400 °C for all
samples was also evaluated and tabulated in Table 5, and
it was observed to increase as a function of pro-degradant
additive (TDPA), clearly indicating accelerated degradation
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Table 5 Sample degradation

Samples Under Air Under Nitrogen
temperature and mass loss
between 300-400°C Weight loss, Mass loss, Residual (%) Weightloss, Mass loss, Residual (%)
(T10%), (°C)  300-400°C (T10%), (°C)  300-400°C,
(%) (%)
PP/MA 365 28 0.6 440 1.6 1.8
PP/MA/TD 326 78 1.0 416 35 2.3
PP/MA/M3 396 11.3 1.2 460 1.0 35
of composite in the presence of TDPA additive both in air S T~ pp/TD
and nitrogen. For instance under nitrogen, mass loss for 43 7 —m—pp/MATD/ML -
samples PP/MA/TD and PP/MA/TD/M3 (Fig. 3a) was - 3_: :gii’g?ﬁ """"""
3.5% and 2.1% respectively, while for sample PP/MA/M3 °; g A e 4
was 1%, which indicates the effects of TDPA additive on é 25 {—®
thermal degradation process was more pronounced com- Eb 2
pared to MMT nanoclay and it could cause faster degra- P 1.8 7 .
dation. The mass loss in the PP/MA sample as compared 01
to PP/MA/M3 was also slightly increased, but was much "’
lower than sample PP/MA/TD due to effect of pro-degra- 0 2 4 6 8

dant additive. These results indicated that the TDPA addi-
tive contributed more efficiently to the thermal degradation
process of the nanocomposites, while MMT nanoclay was
detrimental to degradation process.

Finally it could be concluded that, the addition of MMT
nanoclay filler into composite improved and enhanced ther-
mal stability significantly due to reinforcement effect, while
the addition of TDPA additive into composite reduced the
thermal stability indicating that the MMT nanoclay filler
and TDPA additive may have opposite synergistic effects
on the thermal property enhancement. Further investigation
of synergistic effects is still ongoing work in the lab.

Oxo-Biodegradability and Soil Burial Analysis

Simple soil burial test was conducted in order to investigate
the actual effect of a normal composting environment on all
the samples. In this paper, oxo-biodegradability was tested
by using natural soil burial which is similar to the normal
surrounding environment [51]. The percentage weight loss
for all samples through oxo-biodegradation after soil burial,
for a period of 6 months is presented in Fig. 6. As shown in
Fig. 6, except for pure PP, which does not show any degra-
dation after 6 months, PP/TD and PP nanocomposites were
gradually degraded with time, particularly for lower MMT
content nanocomposite samples.

It can be observed that the blending of pro-degradant
additive (TDPA) into PP had a significant role in accelerat-
ing the oxo-biodegradation process of neat PP during the
incubation period. For instance, as shown in Fig. 6, there
is a sharp increase in weight loss for the sample (PP/TD)
due to oxo-biodegradation, which attains weight loss of
more than 4% for a period of 6 months compared to neat
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Time (Months)

Fig. 6 Percentage weight loss for all samples after soil burial for 6
month

PP. This can be attributed the synergetic effect of heat
exposure and biotic degradation, as a result of the activ-
ity of the soil microorganisms, which could accelerate the
extent of the degradation process of the PP samples con-
taining pro-degradant additive, which is main driving force
for degradation process. It is also possible that the extreme
heat here in Kuwait (summary time) during soil burial test-
ing could be a contributing additional factor for the sample
degradation process and weight loss. For neat PP sample,
no significant change of degradation was observed dur-
ing that period of 6 month. As shown in Fig. 6, increas-
ing MMT content from 1 phr to 4 phr slightly reduced the
weight loss and oxo-biodegradation rate of PP from 3.5
to 1.5%, respectively, for the 6 month outdoor exposure
period. Therefore, increasing MMT content was detrimen-
tal to the degradation process, which means the more MMT
content in the sample, the less weight loss of the sample
was observed during soil burial test, which could eventu-
ally lead to a lower oxo-biodegradation rate of PP. This
could be attributed that the presence of dispersed MMT
layers with large aspect ratio had hindered the microorgan-
ism diffusion through the matrix, where more MMT lay-
ers act like a barrier in higher concentrations, which will
result a lower diffusivity of water and microorganisms into
the polymer matrix, thus reducing its degradability. The
trend is consistent with the results reported by others [24,
52, 53], which revealed the slow degradation rate of pol-
ymer in the presence of MMT nanoclay filler. This result
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of oxo-biodegradation further reveals the significant influ-
ence of TDPA additive on PP oxo-biodegradation process;
and it is supported by the earlier analysis of DSC and TGA
results.

Oxygen Permeability Analysis

Generally, it is believed that the addition of nanoparticles
in the polymer matrix would enhance its barrier properties
by forcing the gas molecules to follow a more tortuous path
as they diffuse through the nanocomposite sample. This
phenomenon is more pronounced and significant when fill-
ers used are of nanometer size with high aspect ratio, since
permeability depends on the aspect ratio of the clay layers.
Therefore, researchers, such as Avella et al. [54], reported
that nanofillers, particularly calcium carbonate, reduce the
permeability to both oxygen and carbon dioxoide, and con-
cluded that the nanofillers were responsible for higher bar-
rier properties improvements. A similar trend of behavior
was observed in this study.

The permeability results for all samples are tabulated in
Table 6, while Fig. 7 shows the permeability versus sam-
ples with different MMT content. As shown both in Table 6
and Fig. 7, the permeability of oxygen decreased with
increasing MMT nanoclay content. For instance, the 1 phr
composition showed marginal reduction of about 6%, while
2 phr and 3 phr reduced permeability about 20 and 39%,
respectively, compared to neat PP. Finally, the oxygen per-
meability at MMT content of 4 phr was reduced by almost
46% compared to neat PP. This reduction of PP permeabil-
ity could be attributed to the nature of MMT nanoclay lay-
ers, as they themselves are unreceptive and impervious to
oxygen, providing barrier resistance.

It is notable that the volume occupied by the clay and
amount of clay influenced the actual three-dimensional
arrangement and dispersion. For instance, at low concen-
trations of clay (1 phr), permeability decrease was not sig-
nificant indicating that there was not enough or sufficient
platelets to provide required resistance to permeability
[55]. While at higher concentration of nanoclay, perme-
ability decreased significantly from 6 to 46%. Hence, it
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Fig. 7 Oxygen permeability results for all samples

could be concluded that the change in oxygen permeability
of nanocomposites was controlled by the nanoclay content
and microstructure. It is possible that the more tortuous
path needed for the passage of the gas molecules through
the polymeric film is the cause of this, due to the imperme-
ability of silica particles, and when dispersed into polymer,
nanoclays were effective at improving barrier properties of
polymeric material [56]. It is noted that the sample PP/TD
has almost similar permeability value with neat PP; and
no significant change was observed. Therefore, the addi-
tion of pro-degradant additive had no significant influence
on the barrier properties. The overall change in the oxygen
permeability of nanocomposites was apparently controlled
by the MMT nanoclay content, which proves that platelet
structure and dispersion were necessary in order to achieve
permeability reduction.

X- ray Diffraction (XRD) Analysis

The structure and morphology of PP nanocomposites was
examined using XRD technique and its analysis was car-
ried out to confirm the formation of intercalated/exfoliated
nanocomposite. The XRD pattern of MMT and PP nano-
composites is shown in Fig. 8 and all corresponding results
are tabulated in Table 7. The (001) diffraction peak in pure
MMT was registered at 20=3.1°, which corresponds to an

Table 6 Tabulated oxygen

. Sample MMT (Phr) Oxygen permeability [cm3.mm/m2.day.atm]
permeability results for all
samples Sample 1 Sample 2 Sample 3 Average Standard
deviation
PP 0 97.2 95.5 96.6 96.4 0.8
PP/TD 0 96 94.5 95 95.2 0.8
PP/MA/TD/M1 1 88.5 90.3 92 90.3 1.8
PP/MA/TD/M2 2 80 81.4 77.8 79.7 1.8
PP/MA/TD/M3 3 712 70 66.5 69.2 2.4
PP/MA/TD/M4 4 64.5 69.3 63 65.6 33
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Fig. 8 XRD results for PP and its nanocomposites

Table 7 The 260 angle and d-spacing of MMT and PP nanocompos-
ites

Designations MMT (Phr) 20 angle (°) d-spacing (nm)
PP 0

PP/MA/TD/M1 1 No peak

PP/MA/TD/M2 2 No peak

PP/MA/TD/M3 3 2.5 35
PP/MA/TD/M4 4 2.5 35

Pure MMT 100 3.1 2.8

interlayer spacing of nanoclay (d-spacing) of 2.8 nm (cal-
culated from Bragg’s diffraction law shown in Eq. 1).

Figure 8 also illustrates a small bulge of diffraction
peak of 20 at 2.5° with 3 and 4 phr addition of MMT in
PP nanocomposite. The weak peaks correspond to the
interlayer spacing of stacked MMT layers with nanoclay
(d-spacing) of 3.5 nm for both 3 and 4 phr MMT content
as shown in Table 7. Hence, the interlayer spacing of nano-
clay is increased by about 0.7 nm due to the presence of
matrix polymer in the interlayer region of nanoclay and it
is evidence that PP polymer chains were intercalated, and
the structure is a typical intercalated structure. The increase
in interlayer spacing of MMT could be due to the organic
modification of MMT which provides the possibility for
PP chains to diffuse between the layers during process-
ing. Therefore, it can be noted that at higher MMT con-
centrations (3 and 4 phr), more agglomeration of MMT in
the polymer matrix were observed as also shown by TEM
images. This could be possible due to the filler—filler inter-
actions of the MMT, resulting in agglomerates, which as a
result restricted the delamination of the MMT.

It is interesting to note that the XRD pattern of PP nano-
composites with 1 and 2 phr MMT content (Fig. 8) do not
show peaks, and there is an absence of a diffraction peak.
This suggests that the parallel form of stacking of the MMT
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was totally disrupted. It also further indicates the scatter-
ing and dispersion of the MMT nanolayers within the PP
matrix with the formation of fully exfoliated nanostructure
for PPP/MA/TD/M1 and PP/MA/TD/M2 samples.

Transmission Electron Microscope (TEM) Analysis

Figure 9 illustrates the TEM results of PP nanocompos-
ites with different MMT contents from 1 to 4 phr. The
grey areas in Fig, 9 represent MMT layers in PP matrix.
As shown in Fig. 9a, b the layered MMT in both PP/MA/
TD/M1 and PP/MA/TD/M2 for 1 and 2 phr respectively
show the dispersion of MMT in PP matrix and no signifi-
cant agglomeration of MMT was visible in the TEM image
(Fig. 9a, b). This could mean that layered MMT in PP/TD/
MA/M1 and PP/TD/MA/M2 are exfoliated, which is con-
sistent to the XRD patterns observed earlier (Fig. 8).

Figure 9c, d show the dispersion of MMT in the PP
matrix for PP/MA/TD/M3 and PP/MA/TD/M4 samples
with addition of 3 and 4 phr MMT respectively. It could be
seen that at higher MMT loading (4phr), more darker plate-
lets appeared, which means more agglomeration of MMT
were visible in the nanocomposites. This could be due to
the fillerfiller interactions of the MMT resulting agglom-
eration of MMT, which as a result decreases the degree of
exfoliation. It could be concluded that TEM images have
revealed that the MMT layers had agglomerated at higher
MMT content (4 phr), which is consistent with XRD
results reported earlier. This could be the possible reason
for the decrease in the mechanical and thermal properties
observed earlier for sample PP/MA/TD/M4; similar trend
was reported in the literature by [57].

Scanning Electron Microscopy (SEM) Analysis

Figure 10 shows SEM micrographs for all samples before
and after composting for a period of 6 months to simu-
late the oxo-biodegradation process in a common disposal
environment.

As shown in Fig. 10, after outdoor exposure and com-
posting, the surface of the soil buried samples have trace of
shrinkage and roughness due to degradation process com-
pared with the same samples before soil burial at the initial
time. The degradation trace is more significant for the PP/
TD and PP/MA/TD/M1 samples, which contains only pro-
degradant additive and minimum amount of MMT respec-
tively. It is clearly shown the deterioration of the sample
surface, which demonstrates visible and remarkable surface
degradation sign. Similar observation was reported in the
literature [36, 58]. However, for the neat PP sample, no sig-
nificant surface degradation was observed.
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Fig. 9 TEM micrographs (X75000) of PP nanocomposites with different MMT loading: a PP/MA/TD/M1, b PP/MA/TD/M2, ¢ PP/MA/TD/M3
and d PP/MA/TD/M4

P/MA/TD/M3-0month

Fig. 10 SEM micrographs of the surface of the samples before (0 month) and after degradation (6 month) of simulated soil

Conclusion oxo-biodegradation, and morphological properties of PP

and its nanocomposites were investigated and reported.
Polypropylene/MMT  nanocomposites  compatibilized ~ The tensile strength and Young’s modulus of neat PP
with PP-g-MA, and blended with a pro-degradant addi-  were improved with increasing loadings of MMT by 45%
tive were successfully prepared by melt mixing using a  and 27% respectively. However, the tensile and Young’s
twin-screw extruder. The mechanical, thermal, barrier, modulus decreased with further addition of MMT at 4 phr.
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Thermal analysis through DSC revealed that melting tem-
perature (T,,), percentage crystallinity (X,) and crystalliza-
tion temperature (T,) of PP increased slightly with increas-
ing MMT content for original samples (before burial). This
increase of crystallinity indicates the presence of MMT
platelets, which promotes crystallinity of PP. However,
slight decrease of all these parameters was observed after
6 month period of soil incubation, and due to oxo-biodeg-
radation it was found that soil buried samples had a reduc-
tion of crystallinity, crystallization temperature and melt-
ing point compared to its respective samples. TGA results
revealed that the incorporation of MMT had improved the
thermal stability of PP. However, it is concluded that after
a 6 month period of soil burial and outdoor environment
exposure, significant changes in the thermal properties, and
reduced thermal stability were detected in PP samples con-
taining pro-degradant additive compared to neat PP, par-
ticularly at lower MMT loading (1 and 2 phr). Furthermore,
these changes are more pronounced with PP/TD sample,
which does not contain MMT filler. These results indicate
that the pro-degradant additive (TDPA) can promote oxo-
biodegradation of PP during soil burial. For oxo-biodegra-
dability test, the addition of pro-degradant additive showed
an improvement in the oxo-biodegradability of PP and
nanocomposites; particularly sample PP/TD, which attains
weight loss of more than 4% for a period of 6 months com-
pared to neat PP. However, the incorporation of higher
MMT nanoclay content to PP could compromise degrada-
bility of the nanocomposites. It was found that, increasing
MMT content from 1 phr to 4 phr slightly reduces weight
loss and oxo-biodegradation rate of PP from 3.5 to 1.5%,
respectively, for the 6 month outdoor exposure period,
which means that increasing MMT content was detrimen-
tal to oxo-degradation process, particularly at higher MMT
content of 3 and 4 phr. The permeability of PP decreased
(ca 46%) with increasing MMT content due to the longer
transport pathway; hence, the change in oxygen perme-
ability of PP nanocomposite was controlled by the MMT
content, indicating that platelet structure and dispersion
were important in obtaining permeability reduction. The
XRD and TEM results showed and proven the formation of
exfoliated nanocomposites for MMT loading of 1 phr and
2 phr, while agglomeration of MMT layers was observed
at 4 phr MMT content. According to SEM results, the soil
buried samples show rough and deterioration on the sample
surface compared to original sample due to degradation.
Hence, changes both thermal stability and morphological
properties of the PP matrix during soil incubation period
were controlled by pro-degradant additive. It can be con-
cluded that, the potential of this pro-degradant additive
(TDPA) in producing environmentally degradable nano-
composites has been confirmed. However further research
is needed in order to make a right balance between barrier
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and degradability properties when MMT and pro-degrant
additives are used together as a blend; and further future
work for investigating the possible synergetic effects of
MMT, PP-g-MAH and TDPA would be recommended.
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