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Abstract In this study, castor oil-based polyurethanes—organoclay (COPUs-
Cloisite 30B) nanocomposites are synthesized by mixing polypropylene glycol
polyol and dehydrated castor oil (15 %), enforced with C30B nanofillers, at dif-
ferent weight percentages. The physico-chemical behaviors were evaluated by
Fourier transform infrared spectroscopy, Fourier scanning electron microscopy,
scanning electron microscopy and X-ray diffraction. Thermal stability was found
improved up to ~30 °C in the sample with 5 wt% of C30B. Tensile properties
depicted an improvement of ~240 % in tensile strength and decrease of ~30 % in
elongation with 5 wt% organoclay, respectively. Improved physico-chemical
properties of COPUs-C30B signify the usage of COPUs-C30B in the industrial and
commercial applications, i.e. coatings, adhesives and automotive applications.

Keywords Renewable polyols - Polypropylene glycol polyol - Castor oil -
Cloisite 30B - Physico-chemical behaviors

Introduction

Polyurethanes (PUs) with distinctive physical and chemical properties are flexible,
high mechanical, thermal [1-3] and chemical resistance polymers. PUs can be
tailored to meet diversified demands of various applications such as rigid
insulations, coatings, footwear adhesives [4], fibers, thermoplastic elastomers,
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foams as well as medical devices [5—7]. A great demand of renewable resources for
polyurethane (PU) synthesis, leads a pathway to the new environmental-friendly
polymers, with low cost, controlled life span, and both good physical and
biodegradable characteristics [8, 9]. Polyols from vegetable oils [10, 11], such as
soybean [12, 13] castor [14, 15], canola [16, 17], and palm [18, 19] oils are
increasingly being regarded as a sustainable alternate to the mainstream hydrocar-
bon-based feedstocks. These oils are cost-competitive and are environment-friendly.
Castor oil exhibits an unusual chemical composition that makes it quite valuable for
many applications especially in the production of polyurethanes by reacting with
different diisocyanates [20]. It also presents advantages such as: renewability, non-
edible, easy availability in a large quantities, and low cost over other vegetable oils
[21, 22], with some drawbacks like low thermal stability and mechanical strength
[23, 24].

A great deal of work has been devoted to the development of the polyurethane
structure; morphology and properties by introducing new chemical structures in the
backbone chains [25], in order to increase the structural integrity of the
polyurethane matrix or by strengthening with various organic or inorganic fillers
within continuous polymer matrix. In recent years, lots of research efforts have been
undertaken on layered silicate [26, 27] filled polymer nanocomposites as this kind of
material may exhibit drastic improvements of thermal, mechanical and physico-
chemical properties compared to the neat polymer. Number of research works has
been reported related to the castor oil-based polyurethane—organoclay nanocom-
posites, depending upon type and ratios of diisocyanates, chain extenders and
weight percentages of organoclay [28]. Kaushik et al. [29] studied a series of 1,4-
butane diol chain extended polyurethane nanocomposites based on castor oil, 4,4-
diphenylmethane diisocyanate (MDI) with modified clay (Cloisite 30B) as a filler.
These nanocomposites exhibited lower water absorption and diffusivity values as
compared to neat polyurethane and thermal stability improved with increased
percentage of organoclay. Krushna and Nayak [30] investigated the synthesis of
polyurethane nanocomposites prepared from natural oil like castor oil using HMDI
and organically modified clay and covalently linked PU/n-HMDI composite, which
was later collected successfully by the electro spinning process. Swagatika et al.
[31] investigated polyurethane/montmorillonite nanocomposites from castor oil,
synthesized with organically modified layered-silicates (organoclays) by in situ
polymerization. The results showed a higher improvement of tensile modulus in the
polyurethane/montmorillonite nanocomposites can be attributed when the better
dispersion and intercalation/exfoliation of the nanoparticles in a polymer matrix.
dos Santos et al. [32] observed increased mechanical performance in proportion to
contend of diisocyanate.

The aim of this study is to develop environmental friendly and economical PUs
nanocomposites based on a mixture of (polypropylene glycol polyol and dehydrated
castor oil 15 %) via in situ polymerization, which up to this date has not been
reported. Organoclay (Cloisite 30B) was used as a nanofiller at different weight
percentages up to 5 % loading, to study the variation in physical and chemical
properties.
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Experimental
Materials

The organoclays were purchased from Southern Clay Products Inc., USA. The
modifiers for organoclay (Cloisite 30B) were dehydrogenated tallow quaternary
methyl tallow bis-2-hydroxyethyl quaternary ammonium (MT2EtOT). The modifier
concentration for C30B was 95 mequiv./100 g clay and 90 mequiv./100 g clay.
Castor oil was commercial grade and was purchased from the local market. It was
dehydrated at 80 °C in a vacuum oven and characterized for hydroxyl value (164.5),
acid value (3) and moisture content (0.379 %), to avoid any moisture presence in a
closed (controlled oxygen) synthesis; to limit any side reactions, changes in
chemical behavior, and to avoid air bubbles in the finished films. Polypropylene
glycol (PPG) (Mn = 4,000) was supplied by Sigma-Aldrich Company. Chain
extender, 1,4-butane diol was procured from Himedia, India. The toluene
diisocyanate (TDI) which was used as received was supplied from Sigma-Aldrich
Company.

Synthesis mechanism

Synthesis mechanism of COPUs-organoclay (Cloisite 30B) nanocomposites by
in situ polymerization method as shown in (Fig. 1) encompass two major steps.
Firstly organoclay gets dispersed in polyols mixture (PPG + 15 % castor oil), while
in the second step dispersed organoclay in polyols mixture reacted with isocyanate
groups to produce a castor oil-based pre-polymer, followed by a reaction with chain
extender (diol) in the presence of a catalyst to produce COPUs-C30B
nanocomposites.

Synthesis of polyurethane—organoclay (COPUs-C30B) nanocomposites

The COPUs-C30B nanocomposite was prepared by in situ polymerization
technique. Firstly, different organoclay concentrations (0, 1, 3 and 5 wt%) were
prepared by blending the organoclay in polypropylene glycol polyol and dehydrated
castor oil (15 %) at 80 °C and with sonication time ranges from 1 to 5 h (60 °C,
9 kHz). The mixtures were degassed under nitrogen atmosphere for 20 min. In the
second step, 100 g of already blended mixture was added with 15.5 g of toluene
diisocyanate (TDI) in small portions and vacuum degassed for 3—5 min to achieve
homogenous reaction conditions by preventing bubbles. Pre-polymer obtained in the
last step, was finally reacted with 2.25 g of 1,4-butanediol and 0.6 g catalyst
(DABCO) for quick aggregation of about 2 min, till the viscous mixture appeared.
The mixture was poured into a glass petridish and thin film of approximate thickness
(0.8-1.0 mm) was obtained, while curing at 50 °C for 24 h. The obtained sample
was post-cured for a week time at 80 °C.
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Fig. 1 Schematics representation of synthesis mechanism of (COPUs-C30B) nanocomposites with
in situ polymerization method

Characterization

The prepared COPUs-C30B nanocomposites were characterized by Fourier
transform infrared spectroscopy (FTIR) analysis of COPUs-C30B nanocomposites
was done using a FTIR spectrometer (Nicolet SDX FTIR, USA). A wide-angle
X-ray diffraction (WAXD) was used with X-ray diffractometer (Rigaku Mini Flex
II, Japan) employing a graphite monochromator and CuKa radiation (1 0.15406 nm).
The morphology of the nanocomposites was examined by field emission scanning
electron microscopy (FESEM; JEOL EVO-50, Japan) and scanning electron
microscopy (SEM; JEOL 6300F, Japan) at an acceleration voltage of 5 kV. Thermal
stability of polyurethane nanocomposites was determined using a thermogravimet-
ric analyzer (TGA) of type thermogravimetric analysis (TGA) experiments were
carried out using a Universal V4.5A, TA Instruments under a nitrogen atmosphere.
Tensile testing of the nanocomposites was carried out on an Instron model 4505
universal testing machine at 25 °C, with a load cell of 5 KN and following ASTM D
638. The crosshead speed was set to 2 mm/min. Samples were cut in a dumbbell
shape with an ASTM D 638 (type V).

Results and discussion
FTIR of polyurethane nanocomposites
Figure 2 depicted a comparative FTIR spectrum of organoclay (Cloisite 30B) with

neat COPUs, while in Fig. 3 relative FTIR spectra of neat COPUs with different
wt% of (COPUs-C30B) nanocomposites are studied. Organoclays derived from
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Fig. 2 FTIR spectra of organoclay (C30B) and COPUs
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Fig. 3 FTIR spectra of COPUs and (COPUs-C30B) nanocomposite with different percentages of
organoclays

montmorillonite (MMT) with the specific peaks of organoclay, the characteristic
absorptions peaks of the organoclay at 1,050 cm™' which are similar to stretching
vibrations of Si—O-Si, 525 and 460 cm™" correspond to Al-O and Si—O bending
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vibrations, respectively [32]. The absorption bands at 3,550 and 3,395 cm™' are
ascribed to the free —OH stretching and the hydrogen-bonded —OH stretching,
respectively.

The 1,655 cm™' band for organoclay is caused by the hydrogen free carbonyl,
and the bands at 1,455 and 1,330 cm ™" are associated with the -CH; group. Some
bands in the region located at 2,930, 2,856 and 1,472 cm ™! are attributed to the
—CH,; stretching frequencies, the presence of methylene group. FTIR spectra of pure
COPUs and (COPUs-C30B) nanocomposites show a small broad band in the range
4,000-3,500 cm™" which is associated with O—H stretching vibrations hydroxyl
ended compounds [29]. Characteristic peaks of hydrogen bonded —-NH groups of
urethane linkages were observed at 3,325-3,390 cm~! and a small band, seen at
3,420 cm™' is characteristic of stretching of unbound —NH groups. The free
urethane carbonyl (C=0) is seen at 1,705 cm'! while the peak at 1,670 cm™ ! is due
to hydrogen bonded carbonyl. The small peaks at 2,265 cm™' correspond to the
—NCO stretching [33]. When COPUs compared with COPUs-C30B nanocompos-
ites, Small bands at 1,020-1,050 cm ! relate to the stretching vibrations of Si—O-Si
from organoclay were seen only in the spectrum of COPUs-C30B nanocomposites
[32], signifying that the polymer chains have intercalated into the gallery of
organoclay [34].

When COPUs compared with COPUs-C30B nanocomposites (Fig. 3), presence
of small bands at 1,560-1,680 cm ™! was observed, which is related to the stretching
vibrations of hydrogen bonded organoclay were seen in the spectrum of COPUs-
C30B nanocomposites, signifying that the polymer chains have intercalated into the
galleries of organoclay and formulation of hydrogen bonding more than COPUs due
to the COPUs molecules can be grafted onto the organically modified clay surface
through the reaction between the —NCO groups and the —OH groups on the
organically modified clay. The tethered organoclay may interfere with the H-bond
formation in COPUs composites [25, 29].

Isocyanate peaks usually appeared at 2,278 cm ™' [31], but Fig. 3 shows no peaks
indicating a complete consumption of isocyanate during a reaction between
isocyanate and hydroxyl groups existent in the polyols and the organoclay as in
COPUs and COPUs-C30B, respectively [25].

In order to investigate the presence of hydrogen bonding in the polymer matrix,
the FTIR spectra (Fig. 4) were studied at a wavelength ranges from 1,250 to
1,800 cm™'. The vibrations related to hydrogen bonding were observed at a range
of 1,560-1,680 cm™', found more intense with the increasing percentage of
organoclay in the nanocomposites (COPUs-C30B), as compared to neat COPUs
[35]. The presence of carbonyl (urethane C=0) was also observed at vibration
ranges from 1,721 to 1,731 cm™', which is may be due to the urethanes part of
the polymer matrix [36]. Furthermore, organoclay (Cloisite 30B) has OH groups
on its surface and according to the hypothesis of Lee et al. [37] they might
interact with -NCO groups of the diisocyanate [38]. Thus, the grafted clay may
act as a shield which prevents the formation of hydrogen bonds between urethane
(-NHCOOQO) groups.
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Fig. 4 Comparative FTIR spectra of neat COPUs and (COPUs-C30B) nanocomposites (1, 3, and 5 %)
organoclays, with a wavelength range of 1,250-1,800 cm™'

XRD analysis of polyurethane nanocomposites

X-ray diffraction (XRD) was done on organoclay (Cloisite 30B) neat, COPUs
and COPUs-C30B composites in order to specify the degree of dispersion of the
organoclay particles in the polymer matrix. The (0 O 1) characteristic peak tends
to shift to lower angle regime due to expansion of the basal spacing [39].
Figure 5 shows the XRD pattern for chain extended polyurethanes and its
polyurethanes clay nanocomposites with varying organoclay content. For
organoclay (Cloisite 30B) neat, the (0 O 1) diffraction peak is visible at 5.27,
referring to a basal spacing of 16.76 A; however, this peak is absent in
nanocomposite samples.

The shift of the diffraction peak from the (001) plane of Cloisite 30B to lower
values that occurs in all of the COPUs-C30B nanocomposites, indicates an
increase in the interlayer spacing. In Fig. 5, five diffraction peaks located at
20 = 5.27, 20.59, 20.25, 19.97, and 19.07, corresponding to d spacings of 16.76,
4311, 4.382, 4.440, and 4.650 A, respectively, the result refers to organoclay
(Cloisite 30B), polyurethane and its polyurethane clay nanocomposites with
varying organoclay (Cloisite 30B) content (0, 1, 3 and 5 wt%). It thus appears
that the interlayer spacing of the Cloisite 30B in all of the nanocomposites is
larger than that in pure Cloisite 30B at the domain of 20 = 19-21, indicating that
the polyurethane molecular chains are most likely intercalated and expand into
the galleries of silicate layers to form a multilayered structure consisting of layers
of polyurethane molecular chains alternating with layers of layered silicate [40,
41].
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Fig. 5 XRD of organoclay (Cloisite 30B), castor oil-based polyurethanes (COPUs) and COPUs-C30B
nanocomposites with varying % of organoclay loading

Field emission scanning electron microscope (FESEM)

The FESEM images of the surfaces of pristine COPUs and the nanocomposites at
different weight percentages of 0, 3, and 5 wt% organoclay (Cloisite 30B) are
shown in Fig. 6. The pure castor oil based on polyurethanes (COPUs) has a smooth
and homogeneous morphology which suggested that a strong interaction existed
between the polyurethane chains. These interactions lead to a relatively dense
structure without pores or cracks. The homogeneous structures of castor oil-based
polyurethanes—organoclay composite (COPUs-C30B) films indicate a high com-
patibility and miscibility between crosslinked polyurethanes and organoclay [42].
When organoclay content is increased to 5 wt% the morphological structure of the
blend films becomes heterogeneous, especially in the case of polyurethanes—
organoclays composites. Prepared polyurethanes form dehydrated castor oil showed
improved properties due to more crosslinking density by the increases in hydroxyl
content [43].

Scanning electron microscopy (SEM)

The micrographs were studied for different (0, 1, 3 and 5) weight % of organoclay
as depicted in Fig. 7, where the brighter spots designate the distribution of
organoclay particles and the gray colored regions indicate the bulk of the polymer
matrix. In castor oil, cell wall formation is found to be slower and larger cells are
observed due to the low reactivity of castor oil [44]. The phenomenon of exfoliation,
intercalation and aggregation is difficult to study from SEM conclusively, which can
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Fig. 6 The FESEM images of the surfaces of pristine COPUs and the nanocomposites at different weight
percentages 3, 5 wt% organoclay (Cloisite 30B)

be easily reflected from XRD studies [30]. Figure 7a, with O wt% organoclay was
smooth and compact, with no evidence of pores. While, Fig. 7b, the surface of
COPUs-C30B nanocomposites with 1 weight percentage of organoclay was
completely rough, which attributes to the homogeneous distribution of the
organoclay aggregate in the polymer matrix. Figure 7c shows micrograph of
3 wt% of organoclay with the best dispersion of the organoclay. SEM images of
COPUs-C30B nanocomposite containing 5 % organoclay are shown in Fig. 7d,
which shows higher ratio of agglomerates. The nanocomposites were subjected to
sonication and high shear mixing. This could be attributed to the chemical
interactions between the polar clay surface and polar urethane bonds present in the
segments of the polyurethane. There are two types of interactions between the
COPUs matrix and layered silicates, hydrogen bonding and chemical bonding [40].
Higher crosslinking density was observed due to an increase in hydroxyl content
[43], resulting in improved properties of COPUs nanocomposites.

Thermogravimetric analysis (TGA)
A thermogravimetric study of pure COPUs and clay—polyurethane nanocomposites

(different percentages of clay) shown in Fig. 8, depicts two-stage degradation; the
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Fig. 7 SEM micrographs image for neat COPUs (a) COPUs-C30B nanocomposite with 1 wt%
organoclay (Cloisite 30B) (b), COPUs-C30B nanocomposite with 3 wt% (c¢) and COPUs-C30B
nanocomposite with 5 wt% (d)

first stage is mainly governed by the degradation of the hard segment and the second
stage connects well with the degradation of the soft segment [45-47], some of them
more pronounced than the others. The decomposition temperature of PUs is
influenced by the chemical structure of the component having the lowest bond
energy [47].

TGA thermograms of the nanocomposites were observed to move toward
higher temperatures as compared to neat PUs, indicating the improved thermal
stability of the system by the presence of the well-dispersed and exfoliated
silicate layers of clay. The polymer—clay nanocomposites exhibit extremely large
interface polymers due to the confinement of polymer chains within the galleries
of clay platelets of large surface area per unit volume. Nanocomposites show the
same TGA profiles as pure polyurethane but displaced to a temperature range
10-30 °C higher than that in the case of the pure PU, which is may be due to
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Fig. 8 TGA spectrum of castor oil based on polyurethanes pure and (COPUs) with changing wt% of
organoclay (Cloisite 30B) nanocomposite

strong interfacial interaction between the organic clay and PU matrix. The
percentage of residue increases from ~6.5 to 12.5 % at 600 °C as the clay
contents increased from 0 to 5 wt%, respectively. The first TGA peak is
attributed to the overlapping of urethane bond degradation and char-forming
secondary reactions (e.g. dimerization, trimerization, crosslinking). At this
temperature, breaking of low energy urethane bonding releases CO, CO,,
amines, and aldehydes, whereas the second and third peaks at around 360-380
and 480 °C and above, correspond to decomposition of the stabilized urea/
isocyanurate structures, i.e. they are related to the breaking of high-energy bonds,
such as C-C, C-O, C-H, C=C, and C=0 [48].

Mechanical properties of COPUs-C30B nanocomposites film

Characteristic stress—strain diagrams of polyurethanes based on castor oil (COPUs)
and polyurethanes—organoclay nanocomposites of three varying amounts of
organoclay. Figures 9 and 10 showed a higher improvement of tensile strength
and modulus increased with increased weight percentages of organoclay for all three
organoclay loadings in composites of COPUs and TDI. The nanocomposite
containing 5 wt% organoclay depicted an improvement of ~240 % in tensile
strength and decrease of ~30 % in elongation time, respectively [49]. The
improved tensile strength of the system may be due to the presence of the well-
dispersed and exfoliated silicate layers of organoclay [50].

The sonication assisted in breaking the clay aggregate [51] into dispersed clay
particles. High shear homogenization is beneficial for dispersing the clay platelets
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Fig. 10 Tensile strength of COPUs and COPUs-C30B nanocomposites with 0, 1, 3, and 5 wt%

homogeneously [52] throughout the polymer matrix. The main reason for this
improvement can be attributed to clay—polymer tethering as well as hydrogen
bonding between clay particles and the polymer [42, 53]. Based on the overall
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Fig. 11 Depicts the typical example of pure COPUs and COPUs-C30B nanocomposites with different
clay wt% crystallinity patterns

Table 1 Crystallinity index of
neat COPUs and COPUs-C30B
nanocomposites

Sample Too1 20 Lim 20 Cr.1 %

COPUs 727.1 2034 206 285 71.7
COPUs-C30B 1 %  463.6 2049 141 29.44  69.6
COPUs-C30B 3 % 425 19.35 135 2944 682
COPUs-C30B 5 % 300 19.64 97 2944 677

result, the conclusion is that the increased tensility at rupture, which is also
associated with the decreased elongation, results in increase of elastic modulus of
the polymer, and consequent increase of crosslinking density level.

Percentage of crystallinity

The peaks of neat COPUs and COPUs-C30B nanocomposites (Fig. 11) do not show
any significant shift as the organoclay content increases. It implies that all matrix PUs
nanocomposites have the same crystal structure, and that nanosize clay layers cannot
change the crystal structure. With the organoclay loading, the Bragg peaks have
become broader and their intensities have decreased. It indicates that the crystallinity
of PUs has decreased as the clay weight percentages have increased [54].

In order to investigate the change in degree of crystallization of PUs composites
with different amounts of clay, from Fig. 11, the crystallinity index (Crl) was
calculated from Eq. (1) as per the method proposed by Monrroy et al. and Nasir
et al. [55, 56].
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Too1 — 1.
CrI%zM x

001

100 (1)

where Crl, is crystallinity index of COPUs and COPUs-C30B nanocomposites, Iy
is intensity of the diffraction peak from the 001 plane around 20 = 20.34, 20.49,
19.35, and 19.64, respectively, while I, is the intensity of the background scatter
measured nearly 20 = 28.5 for neat COPUs and 20 = 29.44 for COPUs-C30B
nanocomposites, respectively (Fig. 11). The crystallinity index decreased with an
increase in the weight percent of organoclay in COPUs composites, as presented in
Table 1, and Fig. 12.

The decrease in crystallization of PUs composites due to morphology changes
after dispersed nanosize clay layers disrupts the ordered structure of polyurethanes
reduction crystallinity index of the soft segment in polyurethane—clay composites as
a result of this could be explained by the transformation of the crystalline of PUs
into low crystallinity phase inserted into the layer clay galleries. Furthermore, the
interaction between the adsorbed PUs chain and the polar groups on the surface
layers of clay has prevented the PUs crystallization [41].

Conclusion
In the conclusion, the castor oil-based polyurethanes—organoclay (COPUs-C30B)

nanocomposites were synthesized with different (maximum 5 wt%) of organoclay,
above which good dispersion became practically impossible. The results of TGA
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and FTIR of the nanocomposites, experiments indicated an interaction between the
organoclay with polymer matrix improving thermal stability. The morphological
appearance of the composite was smooth and uniform in size, with no TDI particles
on the surface referring to the perfect interaction. XRD results revealed broad peaks
with lower intensity in relation with pure COPUs, which inferred that the
organoclay considerably affect the exfoliation and interaction of organoclay with in
polymer matrix. Crystallization percentage was found to decrease with increasing
percentage of nanofiller in the COPUs matrix. The tensile strength and modulus of
the COPUs matrix were significantly enhanced, due to the presence of organoclay
and hydrogen bonds crosslinking; formed between ester groups of the COPUs
chains and hydroxyl groups on the nanofiller surfaces.
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