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a  b  s  t  r  a  c  t

The  present  study  describes  the  synthesis  of  polyurethane  and  polyurethane/nanosilica  (MBPU/NS)
hybrid  films  and  coatings  based  on  castor  oil,  transesterified  castor  oil,  palm  oil  based  isocyanate  and
1,4 butanediol.  As  a  feasible  alternative  to the  petrobased  isocyanate  a candid  approach  has  been  under-
taken  to synthesize  polyurethane  nanocomposite  from  palm  oil  based  isocyanate.  The results  indicate
that  the  polyurethanes  derived  from  transesterified  castor  oil presents  improved  properties  as  compared
with polyurethanes  derived  from  castor  oil owing  to higher  crosslinking  density.  Further,  improvement  in
the properties  of  transesterified  polyurethane  was  achieved  through  the  incorporation  of  nanosilica.  The
formation  of MBPU/NS  composite  was  confirmed  through  Fourier  transform  infrared  spectroscopy  (FTIR).
Atomic force  microscopy  (AFM)  and  transmission  electron  microscopy  (TEM)  studies  indicated  well  dis-
persed nanosilica  within  the  polyurethane  matrix  along  with  formation  of  phase  segregated  morphology
and  rough  surface.  The  MBPU/NS  composite  exhibited  higher  thermal,  swelling  and  coating  properties
owing  to  extensive  crosslinking,  phase  segregation  and  H-bonding.  Thus,  the above  synthesis  method  can
be  utilized  for developing  eco-friendly  polyurethane  nanocomposite  coatings  with  high  end  application.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Over the last few years, enormous research investigation has
been carried out in the field of polymeric coatings. It is worth-
while to mention that amongst the most used synthetic polymers,
polyurethane (PUs) holds the sixth position and contributes 60% of
the total volume as a coating material to the automotive industry.
The reason behind its profound attention in coating market lies in
its impeccable resistance to abrasion and chemicals, high tough-
ness and enhanced mechanical properties [1,2]. Several literature
reports have revealed that the structure-property relationship of
PUs intended for coating application depends upon several fac-
tors that include the stoichiometrically balanced (NCO/OH) molar
ratio, structure and composition of hard segment and soft segment,
crosslinking and hydrogen bonding (H-bonding) [3–5]. However, in
order to enhance its potential application in the field of coatings as
well as to meet the commercial requirements in terms of mechan-
ical performance, PU needs an in depth analysis in terms of the
possibility of improvement in the properties via modification pref-
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erentially by the addition of nano reinforcement. It is found that
the incorporation of nanosized fillers like TiO2, ZnO, Al2O3, silica
and clay is an effective strategy to improve performance charac-
teristic of PU coatings [6–8]. Amongst, the various nanosized fillers
used in the coating industry, nanosilica has been found to impart
significantly excellent mechanical, chemical and optical properties
owing to the strong bonding between the nanosilica molecule and
the PU matrix [9–11]. Moreover, the network structure formed in
PU/nanosilica composite improves the overall coating performance
characteristics such as water resistance, aging resistance, trans-
parency and finish of coatings [12]. Therefore, it is implicit that
nanosilica can be expected to be used, as a candid reinforcement in
PU matrix.

Conventionally, the major component for the synthesis of PUs
i.e. diol and diisocyanate used are petrobased in nature. Owing
to strict environmental concerns and to reduce the reliance on
petrobased feedstock researchers are focussing towards the syn-
thesis of PUs from renewable resources [10,13,14]. In this regard,
castor oil, the only available natural triglyceride of ricinoleic acid
can be a candid material for the development of green eco-friendly
PU coatings. However, issues like low mechanical properties and
sluggish rate of curing has been raised for CO based PUs which can
be overcome by using the transesterified CO for the synthesis of
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Table 1
Physical properties of PoIs.

Viscosity (mPas) NCO (%) Solid content (%) Flash Pointa (◦C) Equivalent weightb (g) Green carbon contentc(%)

PoIs 140 ± 80 12.3 ± 1.0 100 >120 325 Approx 32

a Closed cup analysis.
b On delivery form.
c ATMD 6866.

Table 2
Details regarding the physical properties of CO and MCO.

Sample code Hydroxyl value (mg  KOH/g) Equivalent weighta (g/equiv) Percentage Non volatile matterb (%NVM) Moisture content (%)c

CO 160 346.3 98.6 0.5
MCO  234 238.3 97.9 0.2

Hydroxyl values of CO and MCO were measured according to ASTM D-1957.
a Equivalent weight = (56.1 × 1000)/(hydroxyl number + acid number).
b Percentage non volatile matter was determined after keeping CO and MCO  at 120 ◦C for 2 days under vacuum respectively.
c Moisture content (%) was determined by using Association of analytical methods (AOAC method 2000).

PUs [15,16]. Furthermore, the petrobased isocyanates also impose
health hazards such as breathing and skin problems owing to its
toxic nature as well as produces higher amount of VOCs [17,18].
Low viscosity polyisocyanate are highly desired in response to envi-
ronmental legislation and CLEAN AIR ACT 1970 in order to reduce
the emission of VOCs from paint and coatings to the atmosphere
[18]. Hence, a green alternative to the petrobased isocyanate to
produce PUs with less pronounced toxic emission needs to be pre-
sented and used.

Keeping in view the requirement of renewable resource based
PUs, present work aims at developing green PUs from biobased
(palm oil based) polymeric isocyanate and castor oil based polyol.
Moreover, in order to improve the performance characteristics, PU
filled with nanosilica has also been prepared and analyzed. To the
best of our knowledge, this is a unique approach, presenting the
development of in-situ polymerized PU/nanosilica coating utiliz-
ing transesterified castor oil and palm oil based isocyanate (PoIs).
For a better insight, regarding the effect of nanosilica and transes-
terification, a comparative aspect of the properties of neat PUs (i.e.
without nanosilica) and PU/nanosilica composite has been estab-
lished. Further, attempts were also undertaken to determine an
optimum NCO/OH molar ratio that would potentially demonstrate
PUs excellence as structural and functional coating materials. In
addition, the interaction between the PU matrix and nanosilica and
its consequence on the protective as well as physico-mechanical
properties of PU coatings have also been investigated in detail.

2. Experimental

2.1. Materials and method

Castor oil (CO) was procured from M/s.SD Fine chemicals
(Kolkata, India). The palm oil based isocyanate (PoIs) with the trade
name TolonateTM X FLO 100 was kindly provided by M/s. Vencorex
Chemical, France. The detailed physical properties of PoIs are sum-
marized in Table 1. 1, 4 butanediol (1, 4 BD), pentaerythritol and
lead oxide (PbO) were procured from M/s  Himedia, India. The tin
catalyst dibutyltin dilaurate (DBTDL) and modified nanosilica par-
ticle (NS) with 99.9% purity was supplied by M/s. Sigma Aldrich,
Germany. Analytical grade acetone was procured from M/s  Fischer
Scientific, USA.

2.2. Synthesis of transesterified castor oil (MCO)

The method for transesterification of castor oil has been
reported in our earlier studies [16]. The synthesis of MCO  was
carried out by transesterification process of CO with pentaerythritol
(PE) at a molar ratio (PE/CO) of 0.2 in the presence of litharge cat-

alyst at 0.05%. The reaction temperature was  maintained at 210 ◦C
for 3 h with continuous stirring and the obtained MCO was then
dried under vacuum at 70 ◦C. The synthesized MCO  has two pri-
mary hydroxyl groups (OH) which can generate active sites to
exhibit higher reactivity towards the primary NCO group of PoIs.
The detailed information regarding the reaction scheme, including
the acid value and viscosity value of CO as well as MCO  has been
discussed in our previous publication [16]. The hydroxyl value and
its equivalent weight, percentage non-volatile matter and moisture
content of CO and MCO  are depicted in Table 2.

2.3. Synthesis of polyurethane and polyurethane nanocomposite
from CO/MCO and nanosilica

A well established method [16] was adapted to synthesize PUs
using CO and MCO  with PoIs and 1, 4 BD at different NCO/OH molar
ratios of 1, 1.1, 1.2, 1.3, 1.4, 1.5 and 1.6 respectively. All the reactions
were carried out in a three necked round bottomed flask equipped
with a magnetic stirrer, thermometer and nitrogen gas inlet at
60–75 ◦C for 1–1.5 h. The solution was degassed under vacuum
and then cast onto the polycarbonate (PC) substrate. Henceforth,
the PUs synthesized from neat CO will be referred as UBPUs while
the one synthesized from MCO  will be referred as MBPUs and the
number after them indicates the NCO/OH molar ratio.

The synthesis of PU/NS composite was  carried out at the opti-
mized NCO/OH molar ratio by in-situ polymerization technique
using MCO, PoIs, 1, 4 BD and NS. The NS particle was  first dehydrated
by keeping in hot air oven for 12 h at 80 ◦C. Thereafter, 2.5 wt.% of
NS was ultrasonicated with a predetermined amount of PoIs for 2 h
for alternative 30 cycles to promote complete homogenization and
dispersion of NS within the solution. After every alternate cycle of
ultrasonic process the sudden rise in temperature was avoided by
draining the hot water with ice cold water. After, homogenization
the dispersed solution was mixed with a weighed amount of MCO
and stirred continuously for 1–2 h by a high speed shear mechanical
stirrer at a constant oil bath temperature of 70–80 ◦C. To this solu-
tion 1, 4 BD was  added and stirred vigorously for another 30 min
at the same oil bath temperature. The reaction mixture was then
kept in vacuum oven for 30 min  to completely degas the mixture
and to remove the air bubbles created during high speed stir-
ring. Finally, the degassed nanocomposite resin was cast onto PC
substrate and glass sheet and moisture cured for 7 days. After mois-
ture curing for 7 days the respective PU films were peeled off from
the glass substrates for investigating the chemical, morphological
and mechanical properties. The prepared film sample was named
as MBPU/NS since, they were synthesized from MCO. The actual
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