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Abstract Graphene-reinforced polyurethane nanocomposites were prepared by cat-
alytic reaction of dispersion of exfoliated graphene nanosheet/rubber seed oil polyol
(Gr–RSOP) hybrid and polyisocyanates (hexamethylene diisocyanate, HMDI, and
4,4’-methylene-bis(phenylisocyanate, MDI), at equimolar reactant ratios (NCO/OH
ratio of 1.0), to give samples Gr–PUH and Gr–PUM, respectively. The structure and
morphology of the obtained nanocomposites were analyzed using X-ray diffraction,
atomic force microscopy (AFM) and FT–IR, respectively, while the mechanical and
thermal properties were determined using nanoindenter, universal testing machine
and thermogravimetric analyzer. The X-ray pattern revealed exfoliated graphene
nanosheets in the nanocomposites, while the structures of the neat polyurethanes
and nanocomposites showed great similarity. The hardness, tensile strength, young
modulus, and thermal stability showed varied improvement and a corresponding
reduction in elongation attributed to graphene incorporation.

Keywords Graphene · Rubber seed oil · Polyol · Polyurethane ·
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Introduction

The high crystalline nature of graphite hinders large polymer molecules from fill-
ing the inter-layer space of its unit graphene sheets, thus making it unsuitable in
polymer reinforcement, and hence the need for its modification to graphene. This
can run from expanding graphite (by several oxidizing agents) [1, 2] to its exfolia-
tion. Notable exfoliation techniques are micromechanical exfoliation, liquid-phase
exfoliation, epitaxial growth on SiC and chemical vapor deposition (CVD) growth
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[3–9]. Graphene is a two-dimensional or single-layer graphite packed in a honey-
comb lattice [9–13] with a thickness of one single atom [14], which is thought to
be the stiffest [3, 15] and strongest material in the world [16]. Intrinsic graphene
is a semi-metal or zero-based gap semi-conductor [9] with unique properties that
vary significantly from the bulk graphite and have greatly influenced its incorpora-
tion in new technologies [17]. Pristine graphene has amazing mechanical, electrical,
chemical and thermal properties (high thermal conductivity approx. 5000 Wm−1

K−1), an ultra-high intrinsic carrier mobility (~200, 000 cm2V−1S−1), large theoret-
ical surface area (~2630 m2 g−1), and high theoretical transmittance (97.7%). All
these qualities of pristine graphene make it promise in many applications [9], such
as in transparent conductive films, transistors, super capacitors, sensors, and catalyst
support [14, 18–23].

A major encumbrance in the use of pristine graphene material is the difficulty
in obtaining the unmodified form and insolubility in all organic solvents, as the
modified graphene does not retain the structural quality and exceptional properties
(e.g., as electron mobility) found in the single-layer graphene [18, 24]. Graphite
oxidation to graphene oxide (GO), via modified Hummers method, and the reduction
of the obtained GO to reduced graphene oxide (rGO) is the commonest method
used to produce graphene, but with distorted structure that cannot be fully restored
[24, 25]. Also, rGO is susceptible to aggregation and requires surfactant or strong
capping agent to improve dispersion due to its hydrophobicity, and thereby introduces
impurity and thus disrupts the electrical structure of pristine graphene as the surfactant
is difficult to remove [26–29].

Without significant modification, exfoliation of graphene from graphite in the
liquid phase can be achieved using both aqueous and non-aqueous systems, in rea-
sonable quantities for research purpose that can be scaled up. Unlike the non-aqueous
system, the aqueous system of liquid-phase exfoliation of graphene is cheap, safer
and environmentally friendly from the use of water, only requiring the addition of
surfactant in order to get the best interfacial tension range for efficient exfoliation.
Matching the cohesive energy of liquid phase to the cohesive energy of graphite pro-
motes the separation of graphitic and graphene sheets under shear [30]. Liu et al. [15]
and co-worker demonstrated that graphite flakes can be exfoliated to give graphene
sheets that are well dispersed in ethanol/water mixture and stable for years without
addition of any surfactants.

Though there are several nanoparticles that are currently used in the synthesis of
polymer nanocomposites (PCN), such as clays, carbon nanotubes, silica nanopar-
ticles, nanofibers, etc., graphene is outstanding. Graphene sheets can be used in
hydrophobic and hydrophilic polymers and can furnish most of the possible merit of
nanorange sized fillers [31–33]. The low cost, natural availability, combined with its
good mechanical, thermal, and barrier properties makes graphene a choice nanopar-
ticle for use in polymer nanocomposites that can offer possibilities for new material
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development. Various methods that can be employed for the preparation of polymer
graphene nanocomposites include solution blending [31, 34], exfoliation–adsorption
[35], in situ intercalative polymerization [36] and melt intercalation [37].

There are some reports on expanded graphite or exfoliated GO, rGO, function-
alized rGO, and nanocomposites based on a range of polymers [38–41] but there
appear to be few reports on pristine graphene–polyurethane nanocomposites, and to
the best of our knowledge, no report on rubber seed oil polyol based polyurethane
nanocomposite. In this study, we report the preparation of rubber seed oil polyol
(RSOP) based graphene-reinforced polyurethane nanocomposites.

Experimental

Materials and Methods

Mechanically expressed rubber seed oil (RSO) was obtained from Rubber Research
Institute of Nigeria and used as received in the preparation of rubber seed oil polyol
[42], physico-chemical properties given in Table 1. Laboratory grade graphite pow-
der, −20–80 mesh, 99.9% (metal basis), was obtained from Alfa Aesar, USA. Hex-
amethylene diisocyanates (HMDI), 4,4’-methylene-bis(phenylisocyanate) (MDI),
toluene, ethanol, dichloromethane, and dibutyltindilaurate (DBTDL) were obtained
from Sigma Aldrich, India.

Table 1 Physico-chemical
properties of RSOP

Properties RSOP

Color Orange-yellow

Density 1.019

AV (mgKOHg−1) 14.733

SV (mgKOHg−1) 239.17

IV (gI2100 g−1) 9.240

HV (mgKOHg−1) 203.47

Oxirane content (%) 0.402

Mn (g mol−1) 1014.68

Functionality 3.7524
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Characterization Techniques

Structural and Morphological Analyses

Structural studies of the Polyurethane and nanocomposites samples were recorded
using Agilent Technologies Cary 660 FTIR spectroscopy attached with attenuated
total reflectance (ATR). Rigaku Smart lab Wide Angle X-ray Diffraction (WAXD)
machine using CuKa radiation (at λ= 1.54068 A°) and a Bragg–Brentano geometry,
equipped with X-ray generator set at 45kV tension and 100 mA current, a point
proportional detector, and a curve quartz monochromator, a goniometer radius circle
of 250 mm were used for examining the crystalline and morphology of the samples.
A scanning rate of 0.02o/s over range of 2θ (2–50o) for one-dimensional X-ray
diffraction (XRD) pattern on oriental samples suspended on a glass slide was used
for the X-ray studies. Also, the Bruker Dimension ICON ScanAsyst Atomic Force
Microscopy (AFM) was used for the surface morphology, using the tapping mode.

Physico-Mechanical Properties of Polyurethanes and Nanocomposites

Tinius Olsen H50KS Universal Testing Machine (using ASTM 6287-09 method,
50KN force at a speed of 50 mm/min and gauge length of 12.04) and Hystron TI
950 Triboindenter, with a standard diamond indenter probe, using ASTM E2546-
07, were used for determining the tensile properties and hardness, respectively. The
thermal stability of the samples was carried out with the Netzsch STA 449 FI Jupiter
analyzer at a heating rate of 10 °C/min, to a temperature of 600 °C, using sample
weight between 10 and 14 mg at 10 k/min in nitrogen. The degree of swelling of the
polymers was carried out by immersing cut-and-weighed size pieces into a solution
of toluene and taking the weight at interval at ambient temperature until a constant
weight was obtained. At this point, the sample was blotted dry with a dry cloth and
weighed. Duplicate experiment was carried out for each sample and the average was
taken as the final weight [43].

Preparation of Graphene-Reinforced Polyurethane
Nanocomposites

Exfoliation of Graphene Nanosheets

The method of Liu et al. [15]was used in the preparation of the mono- or few layered
graphene (Gr), by sonication of graphite powder in ethanol/water solution. In a
typical experiment, 1 g of graphite powder, −20–80 mesh and 99.9% metal basis,
was weighed into a vial, and 40 ml solution of 70/30 ethanol/water solution was
poured in. The mixture was shaken for about a minute and placed in an ultrasonic
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Fig. 1 aCentrifuged and sonicated graphite/graphene dispersion in ethanol–water.bRSOP. c Pipet-
ted upper layer supernatant graphene dispersion (middle vial is ethanol–water reference). dMixture
of pipette graphene layer in ethanol–water and RSOP

water bath, at 25 °C, and dispersed for about 3 h, after which it was centrifuged for
60 min at 500 rpm. The supernatant upper layer graphene was pipetted off, using a
micro-pipette, into a pre-weighed reactor flask, see Fig. 1a, c.

Preparation of Graphene–Rubber Seed Oil Polyol (RSOP) Hybrid

A calculated amount of rubber seed oil polyol (RSOP) (required in preparing
polyurethanes atNCO/OH ratio 1.0)was added to the flask containing the as-obtained
graphene dispersed in ethanol/water described above. The flask was swirled to dis-
solve the RSOP and to ensure proper mixing and placed in a rotary evaporator to
remove the ethanol/water solution, first at 40 °C, and then at 80 °C, in a total of about
24 h, until the graphene–rubber seed oil polyol (Gr-RSOP) hybrid so obtained was
solvent and moisture free.

Preparation of Polyurethanes and Graphene-Reinforced Polyurethane
Nanocomposites

Into two quick-fit flasks containing Gr-RSOP hybrid obtained above and RSOP,
respectively, under reflux and fitted with nitrogen gas inlet and was charged the
required amount of DBTDL catalyst and toluene, and stirred to enable proper mix-
ing in an inert atmosphere. Then the calculated amount of HMDI required to give an
NCO/OH ratio of 1.0 was calculated (see recipe on Table 2), and was charged into the
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Table 2 Recipe of
graphene-reinforced
polyurethanes
nanocomposites

Samples Ingredients Graphene content (%)

PUH RSOP—HMDI
(NCO/OH ratio 1.0)

0

Gr–PUH RSOP—HMDI
(NCO/OH ratio 1.0)

0.13

PUM RSOP—MDI
(NCO/OH ratio 1.0)

0

Gr–PUM RSOP—MDI
(NCO/OH ratio 1.0)

0.13

Fig. 2 Preparation of graphene-reinforced polyurethane nanocomposites

flasks, and the mixture was stirred and de-gassed, and then poured into a pre-greased
mold to give graphene-reinforced polyurethane (Gr–PUH) and neat polyurethane
(PUH) samples. The samples (Gr–PUH and PUH) were cured for about 2 h at 60 °C,
and finally for about 12 h at 100 °C. This process was repeated using MDI as the
polyisocyanate to give Gr–PUMand PUM samples. Figure 2 is a schematic represen-
tation of the reaction processes. The graphene loading per nanocomposites prepared
was about 0.13%, based on the content of polyol.

Results and Discussion

Morphology of polyurethane nanocomposites
Insight into the degree of nanodispersion of the polyurethane nanocomposites was
evaluated withWAXD. From the XRD diffraction patterns of the nanocomposite and
neat polyurethanes (Fig. 3), the amorphous nature of the polyurethane nanocompos-
ites (Gr–PUH andGr–PUM)with little crystallinity, similar to the neat polyurethanes
(PUHandPUM), is revealed. Thus, themolecules of the polyurethanes and nanocom-
posites are mainly irregularly packed with disordered orientation. This is due to the
fact that polymers are composed of low atomic number elements with small atomic
scattering factors and have only small content of crystal present [38]. For compar-
ison, the XRD pattern of graphite (G), graphene oxide (GO), graphene nanosheet
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Fig. 3 X-ray diffractions of graphite, graphene nanosheets, graphene oxide, HMDI and MDI
polyurethanes and their graphene-reinforced nanocomposites

(GNS), and Gr-PUs are shown with their characteristic peaks. The absence of the
sharp planar (hexagonal arrangement of carbons) peak of graphite at about 27.4o in
the 2θ degree of the Gr–PU XRD is an indication of the absence of graphite. Suffice
to say also that it affirms to the fact that graphite was not oxidized to its oxide (GO) in
the processing stage, nor did it remains in the graphite state. This could only point to
the fact that there was successful dispersion (exfoliation) of graphite in ethanol/water
mixture to single and few layered graphene nanosheets according to the technique
reported by Liu et al. [15], neither did it restack or agglomerate back to graphite in
the course of its dispersion into RSOP, nor in the preparation of the polyurethane
nanocomposites. This is further confirmed by the XRD of the exfoliated graphene,
which shows no prominent peak, except a very little hump (23–27°) subsumed in the
halo peaks of the polyurethanes. And there are no other visible peaks in this region
in the XRD of the nanocomposites that suggest otherwise.

The tapping mode AFM technique was also used in the morphological study
of the samples. In Fig. 4a, b are shown the soft (dark) and hard (bright) domain
segments of pristine polyurethanes elastomeric PUH and the rigid PUM surfaces,
which are typical with polyurethanes. Detailed information on the nature and dimen-
sion of the dispersed phase on the continuous matrix phase, as seen in Fig. 4c, was
not possible due to confusion with the characteristic segmentation domains of the
polyurethanes and absence of SEM and TEM analysis of samples. However, the sur-
face roughness as average Root Mean Square (Rq) values of Gr–PUH (10.13 nm)
and Gr–PUM1 (21.8 nm) which are higher than those of the pristine polyurethanes
(PUH and PUM), with an average Root Mean Square (Rq) values of 7.125 nm and
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Fig. 4 a AFM of PUH and PUM showing the segment, b AFM of Gr–PUH

19.25 nm, respectively, was obtained with the AFM. This increase in surface rough-
ness of the graphene-reinforced polyurethane nanocomposites could be attributed to
the inclusion of the graphene nanosheet fillers.

The FTIR is a vital instrument used in the structural elucidation of polyurethane,
as it gives very vital information of two major band regions, namely, the urethane
linkage-NH region and the carbonyl (−C = O) region of the polymer. The FTIR
spectra of the polyurethanes and their nanocomposites (Gr–PUH and Gr–PUM) are
shown in Fig. 5a, b and are observed to be very similar with their respective pristine
polymer. The spectra show the typical donor N-H and acceptor C = O stretching
absorption bands of polyurethane at 3300–3360 cm−1 and 16950–1735 cm−1, respec-
tively, the asymmetric and symmetric stretching absorption bands of CH (2865–297)
and present in the MDI derivatives are the C = C in-plane aromatic peaks. In the
carbonyl region, the presence of the associated and non-associated stretching bands,
which represents the level of H-bonding and free or non-hydrogen bondingwithin the
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Fig. 5 FTIR of a HMDI polyurethane, PUH, and graphene polyurethane nanocomposite (Gr–
PUH). b IR of MDI polyurethane (PUM) and graphene polyurethane nanocomposite (GrPUM)

urethanes structures, is visible. It is observed that the peaks of theH-bondedC=Oare
more intense and broad, which also reflects the level of inter-molecular activities in
the network. There is an exceptional little shoulder around 1785–1800 cm−1, present
in the two nanocomposites spectra, absent in those of the pristine polyurethanes.

Mechanical Properties

Pristine graphene is reported to have the highest theoretical strength of all recorded
known materials [44], and it is expected that this will greatly impart on physico-
mechanical properties of the polyurethanes, such as hardness (ability to resist inden-
tation), strength and modulus, thermal stability, etc., where there is proper mixing
and exfoliation (Table 3).

Table 3 Physico-mechanical properties of polymer and nanocomposites

Sample Young’s
modulus
(GPa)

Average
hardness
(Mpa)

Tensile
strength
(Mpa)

Total
elongation
(MPa)

Ultimate
true
stress
(MPa)

Yield
stress
(MPa)

Swelling
@30° C
(%)

PUH 0.016 ± 001 1.399 ± 001 2.09 187 5.93 2.09 1. 58

Gr–PUH 0.020 ± 002 1.580 ± 003 2.12 83.9 3.92 1.75 1.54

PUM 1.963 ± 001 60.50 ± 001 5.17 161 12.6 5.17 1.51

Gr–PUM 2.967 ± 001 136.92 ± 001 8.56 113 9.08 7.68 1.46
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Fig. 6 Loading–unloading curves of polyurethanes and nanocomposites

Hardness

The loading–unloading curves of the polyurethanes (PUH and PUM), which are
soft and rigid, respectively, and the nanocomposites (Gr–PUH and Gr–PUM), which
are both rigid, are shown in Fig. 6 GR–PUH and Gr–PUM with about 12.9% and
126.2%, respectively, from the pristine PUH and PUM. The relatively high level
of improvement recorded in Gr–PUM compared to Gr–PUH could be due to the
combinative effect of graphene’s hardness, brought to fore by good dispersion and
interaction at the interphase, and the rigid nature of the pristine aromatic polyurethane
facilitated by Van der Waals forces and hydrogen-bond interactions [44].

Tensile Strength and Modulus

The stress–strain curves of PH, PUM, Gr–PUH and Gr–PUM are shown in Fig. 7,
and it is seen that there is an increase in the tensile strength of the nanocomposites
relative to the unfilled polyurethanes, which led to 1.4 and 65.57% increase in Gr–
PUH and Gr–PUM, respectively. The comparatively lesser improvement in Gr–PUH
could be due to the inability of the graphene nanosheet and the polyurethane matrix
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Fig. 7 Stress–strain curves of polyurethanes and nanocomposites

to have an optimized intereactivity at the interphases, resulting in the very low force
of intimacy or homogeneity. This explanation is supported by the drastic reduction in
its elongation at break, which is 83.9% (about 55.1% reduction from PUH), however.
There was no sign of graphene stacking, as evidenced in the lack of the graphitic
peak in the Gr–PUs X-ray diffractions. The relatively high increment in Gr–PUM
could be due to relatively good dispersion and interaction at the interphases of the
graphene sheets and polymer matrix, in addition to the rigid nature of the aromatic
diisocyanate based polyurethane, resulting from higher H-bonding content, the effect
of the aromatic ring, and higher crosslink in the network.

The Young’s modulus is observed to increase by 25 and 51.1% in Gr–PUH and
Gr–PUM. However, these increments in hardness and strength were followed by
a corresponding decrease in elongation at break. As stated earlier, the unprece-
dented reduction in the elongation in Gr–PUH could be due to the failure at the
interfacial region which did not have optimum interaction at the interphase of the
graphene nanosheet and matrix of the polymer. Also, there is a reduction in the ulti-
mate true stress in Gr–PUH and Gr–PUM, while yield stress increased in Gr–PUM
and decreased in Gr–PUH. There is generally some improvement in the mechanical
property of the polyurethane nancomposites (see Fig. 8), which could be ascribed to
the impact of the presence of graphene reinforcement.
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Fig. 8 Thermograms of polyurethanes and nanocomposites

Thermal Stability

The TGA results of the nanocomposites are listed in Table 4, while the respective
thermograms are shown in Fig. 8.

The onset of degradationwas at 250 °C forGr–PUHandGr–PUMeach, represent-
ing an increment of about 23.7% and 219%, respectively, compared to the pristine
polyurethanes. There is an increase in the temperature of the first step of degradation
from 298°C to 297°C in PUH and PUM, to 310 °C, in Gr–PUH and Gr–PUM, i.e.,
about 4.0% and 4.1% increase, respectively. However, it was observed that unlike
the pristine PUH, Gr–PUH thermogram had three steps, with the middle step not
as pronounced, showing some level of stability at about 419 °C, which could be
ascribed to the aromatic rings present in graphene.

This same step is seen in the thermograms of PUM and Gr–PUM, which is the
middle or second degradation step, also due to degradation of the aromatic ring from
the MDI aromatic ring, occurring at temperature of 430 °C.

Table 4 Thermal properties of Polyurethanes

Sample Onset (oC) First step (oC) Second step (oC) Third step (oC)

PUH1 202 298 515 –

Gr–PUH 255 310 420 530

PUM1 205 297 430 520

Gr–PUM 255 310 430 510
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Conclusions

1. Graphene (mono- and few layered) sheets prepared by the method of Liu et al.
[15], via aqueous liquid-phase technique, were successfully dispersed in RSOP
co-monomer without re-aggregation, and used to prepare RSO polyol based
graphene–polyurethane nanocomposites.

2. The inclusion of graphene brought about improvement in some of the properties
of the nanocomposites.

3. It is quite impressive to note that at filler level of about 0.13% there is
improvement in some properties of polyurethane nanocomposites.

4. This inclusion must satisfy certain conditions, such as good dispersion and/or
optimized interactions at the interphases, for significant improvement to be
obtained, as seen in Gr–PUH and Gr–PUM.
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