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ABSTRACT

Castor oil was initially subjected  to an interesterification reac-
tion  with linseed and tung oils and the resulting intermediate was
used for the preparation of polyurethanes and their IPNs with
poly(methyl methacrylate). They were characterized for their
physico-mechanical, swelling, and thermal properties. The mor-
phologies of IPNs were studied with the aid of scanning electron
microscopy and differential scanning calorimetry. On comparing
the  mechanical properties of castor oil polyurethane (CU) and
their IPNs (C-IPNs) with those of the castor oil modified with
linseed and tung oil (L-IPN and T-IPN, respectively) it was found
that  L-IPNs  showed  higher tensile strength, hardness, and bet-
ter compatibility than C-IPNs. All IPNs showed synergistic effect
in elongation and exhibited similar thermal behavior with no sig-
nificant change with respect to their composition. However, the
castor oil polyurethane and their IPNs showed relatively higher
elongation and better resistance to solvents. 
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INTRODUCTION

The efforts of both industrialized and developing countries to use and
cultivate natural oils as a renewable source for polymer manufacture have led to
a high growth in the world-wide production of natural oils. Multiple hydroxyl
functionality is required for the natural oils to be used as convenient raw mater-
ial for polyurethane production. Hydroxyl functionality occurs naturally in cas-
tor oil. Thus, castor oil acts as a polyol which reacts with polyfunctional iso-
cyanates to form polyurethanes whose properties range from rigid polymers to
elastomers [1, 2]. Presently, the synthesis of interpenetrating polymer networks
(IPNs ) from natural products (mainly from castor oil) has attracted the attention
of many researchers worldwide [3-9]. The materials known as IPNs contain two
or more polymers each in a network form. A practical restriction requires at least
one of the polymer networks being polymerized or crosslinked in the immediate
presence of the other.

The central concept of the present communication is to investigate the
effect of increasing unsaturation in castor oil, on the physical, swelling and ther-
mal properties of its resulting polymers (IPNs). Polyols were prepared by inter-
esterification of castor oil with linseed and tung oil. These oils had a constant
hydroxyl number, and exhibited different degree of unsaturation. The present
paper reports the synthesis and characterisation of modified castor oil polyure-
thane, which is elastomeric in nature and its IPNs using poly (methyl methacry-
late) as a plastic component. 

EXPERIMENTAL

Materials

British Standard Specifications (BSS) grade castor oil [hydroxyl value,
162 mg KOH/g, acid value, 2.0 mg KOH/g and iodine value (Wij method), 82-
90] was procured from M/s Jayant Oil Mill, India. Isophorone diisocyanate
(IPDI) and benzoyl peroxide were obtained from Fluka, Switzerland and Thomas
Baker Co., India, respectively. Methyl methacrylate (MMA) and ethylene glycol
dimethacrylate (EGDMA) purchased from Sisco-Chem., India and Fluka,
Switzerland, respectively were washed with 2% NaOH, dried over CaCl2 and
distilled under reduced pressure prior to use. Dibutyltin dilaurate (DBTL), Fascat
4100 (tin catalyst for interesterification), alkali refined linseed oil [iodine value
(Wij method) 180 and acid value, 6.0 mg KOH/g] and tung oil [iodine value (Wij
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method) 165, acid value, 4.0mg KOH/g] were obtained from the local market.
All other reagents were of analytical grade and have been used without further
purification. 

Synthesis (Figure 1)

Synthesis of Castor Oil-Linseed Oil/Tung Oil Interesterification Intermediate
(IP)

Castor oil and linseed oil/tung oil, in a predetermined proportion were
placed in a reaction kettle equipped with thermometer, water condenser, stirrer,
and nitrogen inlet. The mixture was heated to 200oC and Fascat 4100 catalyst
(0.05 wt%  based on castor oil) was added. The temperature was then raised to
230oC and maintained between 230 to 235oC, with constant stirring in an atmo-
sphere of nitrogen for 2 hours. The reaction was monitored by thin layer chro-
matography (solvent system: petroleum ether, diethyl ether and acetic acid in a
ratio of  85:15:1 by  volume, respectively).  In the later stage, traces of water in
the resin were removed by adding a small amount of xylene to the kettle and dis-
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Figure 1. Synthesis of  modified castor oil urethane and IPNs with PMMA. 
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tilling it under vacuum. Hydroxyl and acid values of the resulting product were
determined using American Oil ChemistsÕ Association (AOCS) official method
and reported in Table 1. 

Synthesis of Polyurethane Network (U)

A reaction kettle equipped with a stirrer and nitrogen inlet, was charged
with one equivalent of 50% solution of castor oil-linseed oil/tung oil interesteri-
fied product in dioxane. Then, two equivalents of IPDI along with catalyst DBTL
(0.01 g/g of IPDI) was added to it and the mixture was kept in a thermostated
water bath, which was maintained at 40 ± 2ûC for 2 hours with continuous stir-
ring.  After completion of 2 hours, triethanolamine (1.0 wt% of the resin  for
chain extension and curing  was added and mixed thoroughly for 5 minutes. The
solution was then poured into the mold, where it was kept initially at 78ûC for 24
hours and later on at 120ûC for 4 hours.

Interpenetrating Polymer Networks (IPNs)

The reaction kettle containing urethane prepolymer was charged with
triethanolamine (1.0 wt% based on polyurethane), predetermined amount of
MMA along with EGDMA (1.0 wt% based on MMA) and benzoyl peroxide (0.5
wt% based on MMA) and thoroughly mixed for 3 minutes at 40ûC.  The tem-
perature was raised to 75 to 78ûC and reaction was continued for 60 minutes.
Finally, the reaction mixture was poured into the mold and cured initially at 75
to 78ûC for 24 hours and later at 120ûC for 6 hours.

Characterizations

Infrared spectra of the IPNs were obtained from Shimadzu FTIR 4200
series spectrophotometer using KBr pellets, whereas, in the case of polyurethane
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TABLE 1.  Acid and Hydroxyl Values for ICL Intermedi-
ates in mg KOH/g of Sample
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prepolymer, being highly viscous in nature, a thin film was cast over NaCl block.
Tensile strength and elongation at break were measured using computerized ten-
sile testing machine ÒTensilonÓ (R & D Electronics, India) as per ASTM  D  638,
and hardness was determined with a Shore A durometer using ASTM D 2240-75
standard. The apparent densities of the films were obtained by weighing the
strips of the films of measured volume [10]. The swelling study was carried out
in water, methyl ethyl ketone (MEK) and toluene [11]. Thermogravimetric mea-
surements were made on a Mettler TA 4000 thermogravimetric analyzer (TGA)
at a heating  rate of 10ûC/min in a nitrogen atmosphere and the energy of activa-
tion was computed by using Broido method [12]. Sample morphology was stud-
ied by scanning electron microscopy. Samples were prepared for SEM by freeze
fracturing them in liquid nitrogen and applying a gold coating of approximately
200 Angstrom units. The gold coated samples were mounted on the SEM stubs
with Ag adhesive paste. And glass transition temperatures were determined by
differential scanning calorimetry on DuPont 9900 thermal analyzer  at a heating
rate of 10ûC/min in a nitrogen atmosphere. 

RESULTS AND DISCUSSION

Infrared Spectroscopy (IR)

IR spectra of polyurethane prepolymer showed characteristic absorption
bands at 1740 cm-1 and 3400 cm-1 corresponding to urethane and amide II (-NH
stretching), respectively. As the prepolymer is isocyanate terminated, an intense
and sharp band due to NCO was observed at 2270 cm-1.  IR spectra of   IPNs
showed all bands corresponding to polyurethane and methacrylate network and
no additional bands were observed, thereby ruling out the possibility of any
chemical interaction between the component networks.   

Glass Transition Temperatures (Tg )

Table 2 shows that, C-IPNs exhibited  two glass transitions, which indi-
cated phase separations. However, there was an inward shift of Tg corresponding
to polyurethane and PMMA phase, implying a small amount of polyurethane
mixed with the polyacrylate phase. All the other IPNs showed a single glass tran-
sition intermediate between those of their parent networks ensuring better inter-
penetration. In the case of L-IPNs and T-IPNs, the latter showed relatively less
deviation of Tg from theoretically calculated Tg, suggesting a high  degree of
interpenetration. It is difficult to correlate the composition of IPNs with the shift-
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ing in glass transition temperatures because of wide distribution of phase
domains and complexity of the morphology.

Morphology

Morphology of the IPNs is revealed by electron micrographs [Figure 2
(a, b, c)]. All IPNs showed microphase dispersion of PMMA phase in the
polyurethane matrix, indicating heterophase morphology.  However, in the case
of T-IPNs [Figure 2(c)] continuous phase of urethane network was observed
clearly along with the dispersion of some small particles of domain sizes rang-
ing between 0.9-3.0 µm, suggesting less separation of the phases. In the L-IPNs,
the domain size  (3 µm) is small, indicating good  mixing of the constituent poly-
mers.  Figure 2(a) shows that in C-IPNs along with microphase dispersion, large
globules of acrylate having domain sizes ranging from 8 µm to 30 µm have also
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TABLE 2.  Glass Transition Temperatures (Tgs) of Homopolymers
and IPNs
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Figure 2. Representative Scanning Electron Micrographs of (a) IPN-2,
CU50/PMMA50, (b) IPN-5, ICLU50/PMMA50, (c) IPN-8, ICTU50/PMMA50.
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been dispersed. This behavior indicated higher compatibility of L-IPNs and T-
IPNs than C-IPNs.

Mechanical Properties 

Tensile strength, elongation at break and shore A hardness of homopoly-
mers and their corresponding IPNs are given in Table 3. PMMA is characterized
by high tensile strength and low elongation compared to polyurethane networks.
It can be noted from Table 2, that tensile strength decreased and elongation
increased with increasing polyurethane content in all the IPNs. In all the cases,
variation of  blend ratio resulted in considerable change in the elongation but,
only nominal change occurred in tensile strength. Thus, interpenetration of
polyurethane and poly (methyl methacrylate) did not directly influence the ten-
sile strength of  these IPN systems. The critical observation of Table 2 showed
that, among all the IPNs,  C-IPNs exhibited relatively higher elongation. This is
possibly due to the loosely packed structure in C-IPNs, as observed from the
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TABLE 3.   Mechanical Properties of Hompolymers and IPNs

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



large domain sizes (8 µm- 30 µm) [Figure 2(a)] leading to an increase in the free
volume and  mobility of elastomeric urethane chains. In all the IPNs, the com-
positions having 75% urethane showed higher elongation than that of their con-
stituent homopolymers. This is mainly due to reinforcement of interpenetration
at this particular composition. Interestingly, T-IPNs  did not show any enhance-
ment in the tensile strength over that of  the parent networks. This could be due
to the the plasticization effect of T-oil (without OH), reducing the mechanical
properties and hardness.

Hardness

It was worth noting (Table 3) that, L-IPNs and C-IPNs showed higher
hardness as compared to T-IPNs at 75%  polyurethane content in the blend. This
is due to the formation of more crosslinked and stiffer poyurethane networks in
the L-IPNs and C-IPNs. However, this enhancement occurs to a lesser extent in
C-IPNs. In all the cases, hardness increased with concentration of PMMA in the
IPNs, which is because, soft and flexible polyurethane resin was being substitut-
ed by hard poly (methyl methacrylate). Interestingly, T-IPNs showed compara-
tively low hardness at 75% concentration of polyurethane. This is possibly due
to the formation of relatively more linear network of ICTU during IPN synthesis
which gave highly elastic polymer rather than plastic.  Shore A hardness of C-
IPNs ranges between 71 to 92 and T-IPNs between 60 to 96.

Apparent Density 

The density-composition curves of all the IPNs  [Figures 3(a-c)] showed
that  the densities of C-IPNs, L-IPNs and T-IPNs increased with the correspond-
ing  increase in the PMMA contents. PMMA is denser than urethane, hence, den-
sity of IPN system increased as more and more polyurethane was substituted by
PMMA.  It can be observed from Figures 3(c), that in the case of  T-IPNs theo-
retical (calculated on the basis of  additivity  principle) and actual density curves
are well separated  for all the concentrations, whereas, in the case of C-IPNs
[Figure 3(a)] these curves are much closer to each other up to 50% polyurethane
concentration. The higher actual density exhibited by L-IPNs [Figure 3(b)]
(50/50) and C-IPNs (75/25) than the theoretically calculated values, is possibly
due to the increase of interpenetration at those particular compositions.  T- IPNs
[Figure 3(c)] showed lower densities than the C-IPNs and L-IPNs. In all the
IPNs, (except L-IPN 50/50 and C-IPNs 75/25), the actual densities were lower
than the theoretical densities. Disagreement of the actual and theoretical densi-

URETHANE/PMMA IPNs 73

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ties implies that, there seems to be a low density amorphous region at the inter-
face between polyurethane and PMMA phases. Interpenetration of the two net-
works causes the low density amorphous region. The deviation between actual
and theoretical densities is dependent on the amount of such an interpenetrated
layer in the blends [13].

Swelling Study

Swelling experiments were carried out according to the procedure of
Sperling and Mihalakis and the percentage of swelling was calculated for each
IPN and homopolymers according to the following equation :
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Figure 3. Density vs. polyurethane concentration (in wt%) of (a) CU/PMMA
IPNs; (b) ICLU/PMMA IPNs; (c) ICTU/PMMA IPNs.
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% Swelling = (weight of swollen polymer Ð weight of dry polymer)
× 100 weight of dry polymer

Table 4 reveals the % swelling data of IPNs in MEK, toluene and water.
Swelling was more prominent in MEK and toluene, possibly due to the ease of
penetration of  the solvents into the IPN matrix with less resistance. In contrast
to the gradual increase in swelling with an increase in concentration of
polyurethane in the case of C-IPNs and T-IPNs, the swelling was highest at 50%
polyurethane composition for  L-IPNs. C- IPNs exhibited relatively greater resis-
tance to swellability than those of L-IPNs and T-IPNs. This is because castor oil
forms relatively more crosslinked polyurethane network, which limits the
swelling of PMMA network and hence that of the IPNs. Swelling of IPNs was
more prominent in toluene, which proves that, toluene penetrates into core of the
IPN matrix with less resistance. Among all IPNs, T-IPNs showed relatively
greater swelling . This, was supported  by the fact that due to the more linear
nature of parent network ( ICTU ) [as observed from Figure 2(c)], which allows
the solvents to penetrate in easily.
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TABLE 4.  Swelling  of Homopolymers and IPNs
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Thermal Properties

Thermal behavior of the IPNs and homopolymers suggests that, the ther-
mal stability of the IPNs falls intermediate between those of  polyurethane and
PMMA. Clustering of the TGA curves [Figure 4] indicated that there was no sig-
nificant difference in the degradation behavior of all the IPNs. However, from
the activation energy data [Table 5] it was observed that, polyurethane
homopolymer (CU) is relatively more stable than ICLU,  ICTU. In all the cases,
generally, two stage decomposition was observed. Stage I corresponds to the ure-
thane bond breaking in the case of urethane, whereas, in its IPNs, along with ure-
thane bond breaking, unzipping of PMMA network also occurred,  in the tem-
perature range 330-340ûC. Stage II corresponds to the polyol decomposition,
which occurred at 450-455ûC for both,  polyurethane and their IPNs [14]. Finally,
polyurethane showed complete weight loss at 500ûC and its IPNs at 550ûC. All
the IPNs decomposed within 2-4%  weight in the temperature range of 0-200ûC,
and about 10% weight loss occurred at 310ûC-320û C. There was rapid weight
loss from 30_90% at 355ûCÐ475û C. This is because of decross-linking of the two
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Figure 4. Representative thermograms for 50/50 (Urethane/PMMA) IPNs and
homopolymers.
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networks.  Almost all IPNs decomposed completely from 475ûC onwards up to
550ûC. In this region along with the unzipped  MMA monomer the polyol of the
urethane network was detached by a free radical mechanism. For all the
homopolymers and IPNs, activation energy values were lower in the first stage
of degradation and higher in the second stage indicating that, the degradation
process was relatively faster in the first stage. PMMA showed single stage
decomposition and lower activation energy, implying that the chain scission of
PMMA was a  rapid process. 

CONCLUSION

The insertion of double bond in castor oil (via interesterification with lin-
seed oil /tung oil) gives a versatile and highly compatible polymer with MMA.
The T-IPNs though, were quite weak with a low tensile strength as compared to
those synthesised from castor oil based polyurethane yet, have a high potential
for elastomer application  L- IPNs offers a high tensile strength with relatively
greater hardness. Hence, it can be put to use for various elastomeric as well as
plastic applications. These results  demonstrate  the versatility of castor oil based
polyurethane IPNs and highlight its adaptability by suitable incorporation of
unsaturation for meeting specific end uses.  
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TABLE  5.  Thermal Decomposition of Homopolymers and IPNs
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APPENDIX

Table 1

CO: Castor oil
LO: Linseed oil
TO: Tung oil

Tables 2-5

CU = unmodified castor oil urethane
ICLU= modified castor oil  (using 30% linseed oil) urethane
ICTU= modified castor oil (using 30% tung oil) urethane
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