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Abstract

Green thermoplastic elastomer vulcanizates (GTPV) nanocomposites using poly (vinyl chloride) (PVC) and nitrile butadiene
rubber (NBR) containing 5 wt% Cloisite 30B as an organoclay and various concentrations of rice straw natural fibers were
made by melt mixing process and compression molding. The effect of used organoclay and various loadings of rice straw
was monitored through using scanning electron microscopy (SEM), thermogravimetric analysis (TGA), tensile tests and
rheological measurements. The morphological investigations revealed that the GTPV nanocomposites reinforced by rice
straw natural fiber show a more rough fracture surfaces indicated the existence of some interactions between the natural fiber
and polymer matrix. Thermal decomposition measurements revealed a higher thermal stability for GTPV nanocomposites
containing higher rice straw natural fibers. The tensile test analysis suggested that there is an optimum value for the weight
fraction of rice straw to enhance the Young’s modulus and tensile strength of the prepared GTPV nanocomposites up to
9 MPa and 35 MPa, respectively. The effect of rice straw loading on the Young’s modulus of the PVC/NBR/organoclay
GTPV nanocomposites was predicted through using the parallel and series equations of modified Ji’s model. The results
show that the theoretical model can precisely predict the variation of Young’s modulus with respect to the rice straw loading.

Keywords Green nanocomposites - Organoclay - Rice straw - Polyvinyl chloride - Nitrile butadiene rubber - Mechanical
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Introduction mechanical properties compared to the traditional polymer
composites containing artificial fibers i.e. glass [6] and car-

Natural fiber composites have recently gained many atten-  bon fibers [13].

tions due to their several benefits such as large quantity
[10], recyclability [27], light weight [11], low cost [28]
and energy saving [1] besides their acceptable specific
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Rice straw fiber with its lignocellulosic characteristics
can be used as a reinforcing material in many polymers
to form an eco-friendly composites with high mechanical
properties which can be used in many fields such as con-
struction [31] and automotive [14] industries due to their
applied new and strong environmental policies. Grozdanov
et al. [5] studied the possibility of the use of rice straw fiber
into the maleated polypropylene through using the extru-
sion and compression molding processes. They found that
the incorporation of 20 and 30% by weight rice straw into
the polymer matrix leads to produce an eco-friendly com-
posites with higher thermal stability and mechanical prop-
erties. Yao et al. [32] investigated the effect various rice
straw types on the properties of high density polyethylene
and reported that the higher concentrations of natural fibers
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leads to the increased mechanical properties and decreased
tensile and impact strength. Qin et al. [26] presented the
effect of surface modified rice straw fiber with butyl acrylate
on the mechanical properties of the poly (lactic acid) (PLA)
and reported the higher mechanical properties and thermal
stability with higher rice straw fibers.

Nanocomposites have recently been the subject of many
researchers due to their superior properties at very low con-
centrations especially in case of multiphase polymer sys-
tems such as thermoplastic elastomer vulcanizates (TPVs)
([15], [23, 24]). Huang et al. [7, 8] focused on the shape
memory bio based TPVs and gained a designed TPVs with
excellent multi-stimuli responsive shape memory behavior
and significantly improved impact strength. Liu et al. [12]
investigated the effect of silica on the toughness of PLA/
natural rubber (NR) TPVs and found that the introduction of
silica into the TPVs cause a rise in impact strength without
a decrease in tensile strength. Chen et al. [3] studied the
bio-based TPVs based on PLA/NR to achieve a ternary TPV
with enhanced stiffness and toughness. Xu et al. [29, 30]
developed the TPVs based on polypropylene (PP)/ethylene
propylene diene monomer (EPDM) containing zinc oxide
particles to make a shape memory materials with balanced
stiffness and toughness.

Our previous studies have focused on the effect of vari-
ous loadings of the organically modified nanoclays on the
properties of TPVs based on the poly (vinyl chloride) (PVC)
and nitrile butadiene rubber (NBR) [4]. The results show
that the ultimate mechanical properties of prepared PVC/
NBR/organoclay TPV nanocomposites could be enhanced
depending on the organoclay loading and dispersion state.
A detailed discussion was carried out about the optimiza-
tion of mechanical properties with respect to the organoclay
concentration and processing conditions.

Our findings suggested a detailed study about the effect
of rice straw on the morphology and mechanical properties
of the PVC/NBR/organoclay green thermoplastic elastomer
vulcanizate (GTPV) nanocomposites could be attractive in
view of research and industrial applications. The objective of
this study was to investigate the effect of various rice straw
fiber loading on the morphology, mechanical and thermal
properties of PVC/NBR/organoclay GTPV nanocomposites

prepared through using melt mixing process. A sufficient
experimental investigations regarding the hybrid PVC/
NBR/organoclay nanocomposites containing various rice
straw loading was carried out and the trends was monitored
to obtain the optimal nanocomposites with considerable
mechanical properties. The stiffness analysis of prepared
GTPV nanocomposites was investigated through using par-
allel and series modified Ji’s theoretical model. The theoreti-
cal Young’s modulus of various GTPV nanocomposites was
compared with the experimental results and the ability of the
modified Ji’s model to predict the effect of rice straw natural
fiber on the mechanical properties of the nanocomposites
was investigated.

Theoretical Background

The Ji’s theoretical model for prediction the Young’s modu-
lus of nanocomposites was developed by Zare and Garmabi
[33] for the nanocomposites containing two type of fillers.
The Ji’s model [9] was modified on the basis of possible
arrangements of two fillers with respect to the applied stress.
The theoretical Ji’s model for parallel status of fillers was
developed as the following equation [33]:
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The subscripts 1 and 2 indicated the fillers 1 and 2 respec-
tively. The parameters E,, and E,are the Young’s moduli of
polymer matrix and fillers, respectively. The parameters a
and /3 are functions of filler volume fraction (¢) and thick-
ness of interphase region (#;) and the filler (#). Furthermore,
k defined as the ratio of the Young’s modulus of the inter-
phase region between each filler with the polymer matrix
(E)and E,,, so k=E/E,,
The modified Ji’s model in series status of fillers could be
represented as the following equation [33]:
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The Young’s modulus of the GTPV nanocomposites can
be predicted by combination of two above equations by con-
sidering the randomly oriented conditions for both organo-
clay and rice straw fillers [33]:

EL' = O'SEparallel + O'SEseries (3)

The terms a and  for each fillers could be calculated
from the following equations:

a= 178+ g, 4)

p= 1.7(pf 3)

where B is dependent on the characteristics of the interphase
region and determined from a linear correlation on the basis
of Pukanszky’s model [25]:

1425
ln<aR#> =By
4

where oy, is defined as the relative yield strength of the com-
posite to the matrix.

(6)

Materials and Methods
Materials

Poly (vinyl chloride) (PVC), suspension grade, with K-value
of 65 was purchased from Bandar-e-Emam Petrochemical
Company (Iran). Nitrile butadiene rubber (KNB 35L) con-
taining 34% of acrylonitrile with Mooney viscosity of 45
(ML (1+4), 100 °C), was supplied from Kumho Petrochem-
ical Co. Ltd (Korea). Heat stabilizer, Mark 1900, for PVC
processing was adopted from Galata chemicals company
(USA) with specific gravity of 1.77 g/cm?. Cloisite 30B,
a natural montmorillonite modified with a methyltallow-
bis(2-hydroxyethyl) quaternary ammonium salt with cation
exchange capacity of 95 mequiv./100 g clay was provided
by Southern Clay, Inc. (USA). Rice straw fiber with density
of 0.23 g/cm3 and 35.5% of hemicellulose, was obtained

from the agricultural center of Sari, Iran. The vulcaniza-
tion of TPV nanocomposites was carried out through using
stearic acid (SA), zinc oxide (ZnO), sulfur (S), tetramethyl-
thiuramdisulfide (TMTD), and mercaptobenzthiazyldisulfide
(MBTS) were purchased from Bayer (M) Ltd, Germany.

Nanocomposite Preparation

The PVC/NBR/organoclay GTPV nanocomposites con-
taining 5 wt% of Cloisite 30B and various loadings of
rice straw according to Table 1, were prepared through
melt mixing process in a laboratory size internal mixer
(Brabender Plasti-Corder, W50, Germany) at 160 °C and
50 rpm for 6 min. The designed quantities of PVC, heat
stabilizer and organoclay were introduced into the internal
mixer to achieve a unique mixture based on the steady
state of mixing torque. Then rice straw was added to the
mixture after 30 s of mixing. The NBR was fed into the
mixer 1 min after the stabilization mixing torque. The
curative ingredients were added to the melting mixture
30 s after the steady state of mixing torque. The mixing
process was continued to achieve a unique mixture. As
the torque —time curve of mixing reaches a plateau, the
compound was removed from the mixer and sheeted on a
cold two-roll mill. The prepared samples were compres-
sion molded by hot press at 160 °C for 5 min to obtain
suitable samples for tensile, morphological and rheologi-
cal characterizations.

Characterization

The morphology and microscopic structure of prepared
GTPV nanocomposites was investigated using a Vegall
XMU scanning electron microscope (SEM). The suitable
samples were prepared by cryogenic fracture surfaces of
the samples in liquid nitrogen. The fracture surfaces were
coated with gold in order to enhance the conductivity.

Table 1 The formulations of

. Materials NP NPC NPCR10 NPCR20 NPCR30 NPCR40
prepared GTPV nanocomposites
NBR 30 30 30 30 30 30
PVC 70 70 70 70 70 70
Mark 1900 1 1 1 1 1 1
Organoclay 0 5 5 5 5 5
Rice straw 0 0 10 20 30 40
ZnO 5 5 5 5 5 5
SA 1.5 1.5 1.5 1.5 1.5 1.5
MBTS 1 1 1 1 1 1
TMTD 0.5 0.5 0.5 0.5 0.5 0.5
S 2 2 2 2 2 2
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Tensile measurement of the TPV nanocomposites con-
taining various rice straw were carried out at a cross head
speed of 50 mm/min at room temperature using an Instron
6025 universal testing machine according to ASTM D638,
type IV. The average of three measurements for each for-
mulation was reported.

Thermogravimetric analysis (TGA) for the prepared
GTPV nanocomposites was performed on a Netzsch TG
209 apparatus. Samples (ca. 5 mg) were placed in a corun-
dum dish. Measurements were conducted in a nitrogen
atmosphere in the temperature range 25-600 °C at a heat-
ing rate of 10 °C/min.

Rheological characteristics of GTPV nanocomposites
were measured in oscillation mode by using a MCR300
strain controlled rheometer from Anton Paar. The experi-
ments were carried out in parallel plate geometry with a
diameter of 25 mm under a nitrogen atmosphere at 160 °C.
A frequency sweep test was conducted on the samples
from 0.5 rad/s to 200 rad/s.

Results and Discussion

Morphology Observation

The morphology of the used rice straw is depicted in Fig. 1.
It is evident that the rice straw fibers have a wide distribution
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of the length from 3.5-8.5 pm and aspect ratio in the range
of 2-11.

SEM photomicrographs of cryogenically fracture surfaces
of various PVC/NBR GTPV nanocomposites containing 5
wt% organoclay and 40 wt% rice straw are compared in
Figs. 2 and 3. It is evident that the TPV nanocomposites con-
taining rice straw exhibited a more rough fracture surfaces
which may be due to the some interactions between the rice
straw and polymer matrix in presence of organoclay [16].

Thermal Stability

The effect of organoclay and various rice straw loadings on
the thermal stability of PVC/NBR GTPV nanocomposites
are monitored through using thermogravimetric analysis
(TGA). As can be seen in Fig. 4, the introduction of organ-
oclay into the polymer matrix cause a rise in the thermal
stability due the physical structure of nanofiller and some
interactions with the polymer matrix [18]. One can see that,
the higher rice straw concentration leads to increase in ther-
mal stability and higher thermal decomposition temperature.
It is believed that the physical structure, especially the aspect
ratio of rice straw can act as an obstacle for the volatile prod-
ucts resulted from the thermal decomposition of polymer
[34]. Furthermore, the interactions between the rice straw
and polymer matrix retarded the thermal decomposition

WD: 15.30 mm VEGA3 TESCAN

Det: SE

500 pm

Chemistry & Chemical Engineering Research Center

Fig. 1 SEM photomicrographs of rice straw natural fibers used in this study
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Fig.2 SEM photomicrographs of PVC/NBR/organoclay TPV nanocomposite containing 5 wt% Cloisite 30B

process of the polymer. The results indicated that the rice ~ Mechanical Properties

straw natural fibers and organoclay can simultaneously

increase the thermal stability with the higher residue content  Figure 5 depicted the effect of organoclay and various rice

at the end of thermal decomposition process. straw loading on the mechanical properties of PVC/NBR
GTPV nanocomposites. It is obvious that the introduction
of Cloisite 30B into the TPV matrix leads to the increase of
Young’s modulus due to the higher stiffness and physical
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Fig.3 SEM photomicrographs of PVC/NBR/organoclay GTPV nanocomposite containing 5 wt% Cloisite 30B and 40 wt% rice straw

structure of the nanoplatelets [19]. However, the interfacial
interactions between the organoclay and polymer matrix is
a key factor in determining the ultimate mechanical proper-
ties of the nanocomposites [17]. Figure 5a shows that the
incorporation of rice straw into the GTPV nanocomposite
can greatly affect the Young’s modulus. It is evident that
the Young’s modulus of the PVC/NBR GTPVs in more pro-
nounced dependent on the concentration of rice straw due to
their micro structure [2]. However, the effect of rice straw

@ Springer

loading decreased in 40 wt% of the natural fibers due to
their inappropriate dispersion state at higher concentrations.
Figure 5b depicted that the tensile strength of PVC/NBR
GTPVs was improved with the incorporation of organoclay
due to the some possible interactions between the nanoplate-
lets and polymer matrix [17]. Furthermore, the higher load-
ing values of rice straw cause a rise in tensile strength of
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Fig.4 TGA curves of the PVC/NBR/organoclay GPV nanocompos-
ites containing various rice straw loading

nanocomposites up to 30% compared to the neat PVC/NBR
nanocomposites. It seems that the physical structure of rice
straw and its concentration have a considerable effect onto
the tensile strength. However, the results of tensile strength
revealed that there is an optimum loading value of rice straw
to increase the mechanical properties of the prepared nano-
composites. Figure 5c revealed that the introduction of both
organoclay and rice straw leads to decrease in elongation
at break due to the higher Young’s modulus of PVC/NBR
GTPV nanocomposites.

The predictions of Young’s modulus for various PVC/
NBR GTPVs containing various loading of rice straw natu-
ral fibers are investigated in Fig. 6. The results indicated
that there is a good correlation between the experimental
data and predicted values of Young’s modulus. However,
there is some deviations from experimental values especially
at higher concentrations of rice straw due to the effect of
dispersion state of fibers and some complex interactions
between the inclusions at the interphase regions which could
not be significantly considered by the theoretical model [20].

Rheology Measurements

The effect of organoclay and rice straw introduction into the
PVC/NBR GTPV nanocomposites was investigated through
using rheology analysis in a various frequency sweep rep-
resented in Fig. 7. The results of storage modulus for PVC/
NBR GTPVs and their corresponding GTPV nanocom-
posites show a higher values with the applied frequencies

due to the inability of chain segments of polymer matrix
to follow the applied strain [22]. It is evident from Fig. 7
that the incorporation of both Cloisite 30B and rice straw
leads to an increase in storage modulus especially at low
applied frequencies. However, there is a lower power-law
dependency of storage modulus at terminal slope for GTPV
nanocomposites. This may be due to the structure forma-
tion of organoclays resulted from their interactions with the
polymer matrix and rice straw [21]. Figure 7 revealed a shear
thinning behavior in the complex viscosity of PVC/NBR
GTPYV nanocomposites with respect to the applied frequen-
cies. As can be observed, the organoclay and rice straw can
enhance the shear thinning behavior in GTPV nanocompos-
ites, especially at low frequencies. Furthermore, the intro-
duction of nanoplatelets and rice straw leads to the earlier
onset of shear thinning at lower applied frequencies.

Conclusions

The effect of organoclay nanoplatelets and various concen-
trations of natural rice straw with cylindrical structure on the
microstructure, physical and mechanical properties of PVC/
NBR GTPV nanocomposites prepared via a melt mixed pro-
cess method was experimentally monitored. Morphological
investigations revealed that the PVC/NBR GTPV nanocom-
posites containing both organoclay and rice straw exhibited
a more rough fracture surfaces compared to the correspond-
ing PVC/NBR TPVs. Thermogravimetric analysis show that
the introduction of rice straw into the PVC/NBR/organoclay
GTPV nanocomposites could enhance the thermal stability
of the nanocomposites. Mechanical properties explorations
show that the rice straw could significantly increases the
Young’s modulus of the polymer matrix. However, there is
an optimum concentration of rice straw in case of Young’s
modulus. The results suggested a reduction of elongation at
break with higher rice straw loading. Rheological experi-
ments show the higher quantities in both complex viscosity
and storage modulus for PVC/NBR TPV nanocomposites
with the incorporation of rice straw. The results of detailed
experimental investigations for PVC/NBR GTPV nanocom-
posites containing 5 wt% Cloisite 30B recommended a good
balanced physical and mechanical properties by introduction
of proper loadings of natural rice straw into the PVC/NBR
GTPV nanocomposites.
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Fig. 7 Storage modulus (G”) and complex viscosity (n*) as a function
of angular frequency for PVC/NBR GTPV nanocomposites
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