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ABSTRACT:	� Vegetable oils are being used for the production of biodegradable polymers, opening new possibilities for the 
synthesis of greener materials that could compete in national markets with petroleum-based polymers. In this 
study, castor oil and a catalyst (cobalt[II] naphtenate as promotor and MEKP as initiator) from local stores and 
styrene in different ratios were used to produce thermostable polymers. The kinetics of the polymerization 
reaction was followed by infrared spectroscopy. A polymeric material was synthetized which presents good 
mechanical properties. Therefore, composites were produced using 1 wt% of microcellulose extracted from 
biomass waste as reinforcement or 1 wt% microsilica to improve the mechanical properties. The microfillers 
showed an improvement in the properties of composites by showing an increase in the Young’s modulus. 
This easy production method can be suitable for small and medium companies who are trying to embrace 
responsible environmental consciousness. 
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1  INTRODUCTION

The growing interest in bioplastics due to environmen-
tal consciousness has led to the development of new 
research areas for new synthetic routes for the pro-
duction of bioplastics based on renewable resources. 
Therefore, new legal requirements governing indus-
try responsibility in terms of the environment are 
pushing for new and cleaner synthetic routes. These 
requirements have arisen due to the already known 
greenhouse emissions effect and pollution. The harm-
ful environmental effects of plastic waste are  associ-
ated with global warming and loss of natural species 
[1, 2]. The use of biobased materials is an alternative to 
reduce the quantity of waste due to their higher deg-
radation rates [3, 4] and the possibility of being reused 
in applications as compostable organic materials in 
farms [4, 5].

In the last decade, sustainable sources such as vege-
table oils have been widely investigated as substitutes 
for petroleum monomers because of their unsaturated 

bonds which can be copolymerized with other vinyl 
monomers and also their low price, inherent biode-
gradability and worldwide availability [6–9]. In gen-
eral, biopolymers derived from oils do not match the  
mechanical properties to replace the  petroleum-based 
polymers and  fillers should be added to form com-
posites [10–13]. Cellulose, for example, has been used 
as reinforcement fiber because of its low cost and high 
Young’s modulus [14, 15]. Microsilica has also been 
used as filler to improve the material properties such as 
thermal stability and stiffness, Young’s modulus and 
the fracture tenacity [16, 17]. In this research, castor oil 
and styrene (St) from local sources were used for the 
production of biopolymers. Polymer composites were 
prepared using cellulose and silica microparticles in 
order to improve the mechanical properties [18, 19].

2  EXPERIMENTAL SECTION

2.1  Materials

Maleic anhydride was supplied by Laboratorios 
Quimar and used without purification. Styrene 
monomer, cobalt(II) naphtenate 12% and MEKP 30% 
were purchased from Fibrocentro S.A. Castor oil was 
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obtained from Malik S.A. Cellulose was extracted 
from pineapple peels supplied by Florida Products 
S.A. Castor oil was obtained from local stores with 
a hydroxyl value of 163.13 and an acid value of 0.25 
and 87.26% of ricinoleic acid. Pirosil-PS200 (Valkimya 
Centroamerica) was used as microsilica particles, 
which have a size of 45 µm.

2.2 � Synthesis of Maleinized Castor Oil 
(MaCO)

Castor oil (CO) was previously dried under reduced 
pressure for one hour. The esterification of CO with 
maleic anhydride was carried out under nitrogen 
atmosphere. Maleic anhydride was used in molar ratio 
of 2:1 (maleic anhydride to castor oil). The tempera-
ture was maintained using an oil bath at 120 °C and 
the reaction time was between 3–5 hours. 

2.3  Acid Number Determination

A sample between 0.5–1 g was dissolved in 50 mL of 
toluene, then 5 mL of water was added and heated 
in a water bath at 50 °C during 30 minutes. Once the 
mixture was cooled down at room temperature, phe-
nolphthalein was added. The acid number was deter-
mined by titration with 0.1 mol/L KOH in ethanol 
until the pink color lasted for 30 s. The acid number 
was calculated using Equation 1:

	 Acid
,

number =
∗ ∗56 1 V C
M

� (1)

where V is the volume of KOH solution consumed, C 
is the concentration of the solution and M the sample 
weight.

2.4 � Thermostable Biobased Polymer 
Preparation

For polymerization the styrene was bought from local 
stores and the maleate castor oil (MaCO) with vari-
able ratios was measured in weight percentage. The 
polymerization was carried out under room condi-
tions; concentration of additives was added by weight 
and reacted before the sample became viscous. MEKP 
was varied from 1–2 wt% and cobalt(II) naphtenate 
from 0.5–8 wt%. Then, the material was cured in an 
oven at 70 °C for two hours. 

2.5  Microcrystalline Cellulose Preparation 

Pineapple peels were placed in a solution of NaOH 20 
wt%, at 70–90 °C for 1.5 hours. Next, they were rinsed 
and placed in NaOH 12% for 1 hour. The material was 

bleached with NaClO at 2.5 wt% for 2 hours at 60 °C.  
Afterwards, white cellulose was treated with HCl 17 
wt% at 60 °C for 2 hours to obtain microcellulose.

2.6 � Fourier Transform Infrared 
Spectroscopy (FTIR)

The FTIR spectra were recorded for the monitor-
ing of reactions of esterification and polymeriza-
tion. The measurements were made using a Nicolet 
6700  Thermoscientific spectrometer in a range of 
500–4000 cm−1 and a resolution of 4 cm−1. This technique 
was used for monitoring the esterification reaction. 
The peak at 1730 cm–1 was used as an internal standard 
for monitoring the polymerization reaction [20].

2.7  Kinetic Measurements

Delahaye’s [21] kinetic model for unsaturated polyes-
ter thermostable resins was used to study the polym-
erization reaction:

	 α α τt emax

t

( ) = −

−

′ ( )1 � (2)

where α is the functional group conversion through 
reaction, τ the time constant specific for each func-
tional group and t the reaction time.

2.8  Dynamic Mechanical Analysis (DMA)

For DMA data, a DHR-3 rheometer was used for per-
forming the mechanical analysis samples with dimen-
sions of 60 × 14 × 1 (mm × mm × mm). The parameters 
used were shear rate of 1.6 × 10–5 s–1.

2.9  Scanning Electron Microscopy (SEM)

The surface morphology of the microparticles, biopol-
ymers and composite materials were investigated 
by using a scanning electron microscope (JEOL JSM-
6390LV) at an accelerated voltage of 5–10 kV and a 
vacuum of 1E-4 Pa.

3  RESULTS AND DISCUSSION

3.1  Synthesis of MaCO

The maleinized castor oil (MaCO) used was a yellow-
orange viscous material with an acid number of 90. 
The hydroxyl values and fatty acid percentage, spe-
cifically of ricinoleic acid, are very similar to those 
used by other authors to produce biopolymers based 
on this source [10–18]. Specifically, the hydroxyl value 
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is important because it equals the amount of dou-
ble bonds in the structure, which are the sites for the 
crosslinking [11]. This indicates that a similar amount 
of crosslinking can be achieved with a local castor 
oil compared to other castor oils used by the authors 
mentioned above. The initial reaction was carried 
out using a molar ratio of 2:1 of maleic anhydride to 
castor oil; using this molar ratio the precipitation of 
maleic acid was avoided [10, 22]. The maleinization 
reaction was monitored by FTIR to understand the 
change in chemical bonds (Figure 1). The peak around 
~1640 cm–1 corresponds to the -C=C- of maleic anhy-
dride after reacting with hydroxyl content in castor oil 
and it was enhanced with the reaction time [23]. The 
absorption at ~1740 cm–1 corresponds to the carbonyl 
C=O moieties in castor oil and the peaks at 1850 and 
1780 cm–1 correspond to the signals for cyclic maleic 
anhydride C=O symmetrical and asymmetrical vibra-
tions, which seem to decrease in intensity at longer 
reaction times due to ring opening; indicating  that the 
reaction is taking place [24]. Meanwhile, the broad-
ening at 1740 cm–1 could be related to the increase of 
hydrogen bonding.

The versatile system could yield a variety of materi-
als depending on the amount of additives and MaCO 
to styrene ratio in the synthesis. The reaction ratios 
used were 55:45 and 45:55 of MaCO to styrene, 3 wt% 
of commercial cobalt(II) naphtenate and 2 wt% of 
commercial MEKP. The ratios were chosen according 
to preliminary tests in which good mechanical proper-
ties were achieved. Both mixtures contained the same 
amount of additives, which led to a gelation time of 
approximately 20 min at room temperature. It was 
determined that 1 and 2 wt% of cobalt gave gelation 

times of 40 minutes and 25 minutes. Gelation times of 
20 to 30 minutes were obtained with 3 wt% to 8 wt%.  
An intermediate value of 3 wt% of cobalt was chosen 
because at higher values than that the relation concen-
tration/time did not increase between 8 wt% to 3 wt% 
as in the case of lower concentrations. This perfor-
mance regarding the gelation time can be compared to 
other systems for unsaturated polyester resin reported 
in the literature [25]. 

The polymerization reaction was also monitored by 
FTIR spectroscopy, as shown in Figure 2. 

Changes in carbon-carbon double bonds are 
observed in the range of 1640–1600 cm–1. As polym-
erization reaction occurs, the peak signal of the dou-
ble bond from the maleic anhydride moiety between 
1640–1630 cm–1 decreases, becoming almost unno-
ticeable in  Figure 2d and 2e [26]. Meanwhile, bands 
in 1600 cm–1, 760 cm–1 and 1455 cm–1 arose from the 
polystyrene formation. Other peak bands at 980 cm–1 
and 775 cm–1 described the consumption of the double 
bond in the MaCO chain and in the styrene monomer 
respectively; this will be followed quantitatively for 
the kinetic analysis in Figure 3. The curves obtained 
have the common shape for the curing of thermoset-
ting resins [21, 27]. 

Using these kinetic measurements, time constants 
were obtained and compared with other reported 
data of similar systems. The time constant obtained 
of 25 min for styrene consumption is similar to  the 
value reported by Delahaye et al. [18]. Meanwhile, for 
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Figure 1  Maleinization reaction monitoring by FTIR 
spectroscopy: (a) Castor oil, (b) 15 min, (c) 40 min, (d) 100 min 
and (e) 140 min.

Figure 2  FTIR spectra comparison for the monitoring of the 
polymerization reaction of the system 55:45 MaCO:Styrene, 
3 wt% cobalt(II) naphtenate and 2 wt% MEKP: (a) 0 min, 
(b) 10 min, (c) 40 min, (d) 15 min at 70°C and (e) 140 min at 
70 °C .
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3.2 � Characterization of Synthesized 
Biobased Polymer

Figure 4a and 4b shows the spectra of 45:55 MaCO:St 
and 55:45 MaCO:St and both exhibit a broad peak in 
the range of 2500–3000 cm-1 due to the presence of 
carboxylic acid groups. The peak at 1720 cm–1 corre-
sponds to the vibration of the C=O group in the poly-
mer network. The contributions of the asymmetric and 
symmetric vibration of the C-H are presented at 2926 
and 2842 cm–1. The peaks at 1444 and 1360 cm–1 are 
assigned to the symmetric bands of the alkyl groups 
-CH2 and –CH3, respectively. The peaks at 1242, 1165 
and 1100 cm–1 

 are assigned to the -C-O- stretching [32].
The polymer without reinforcement has lower 

Young’s modulus than polystyrene, as will be shown 
in the mechanical properties analysis section. For this 
reason, the addition of microcellulose or microsilica 
was used as a strategy for improving the mechanical 
properties.

 Figure 5 shows the FTIR of the composite pro-
duced using microcellulose as a reinforcement. Figure 
5a shows the spectra of the  microcellulose with peaks 
assigned to the vibrational modes of specific func-
tional groups [33–35]. The peaks at 1650 and 1730 cm-1 
are associated with the carbonyl absorption and acyl 
group and uranic acid group of the hemicellulose. The 
appearance of the peak at 1274 cm-1 in Figure 5c and 5e 
is attributed to the split of C-O band because of hydro-
gen bonding of the microcellulose with the MaCO of 
the biobased polymer. This indicates that the microcel-
lulose was physically blended with MaCO and they 
could have a good interaction [36].
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Figure 4  FTIR spectra of biobased polymer (a) 45:55 
MaCO:St and (b) 55:45 MaCO:St.
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Figure 3  Rate of conversion of functional groups 
corresponding to  Styrene monomer (775 cm-1) and  MaCO 
double bonds (980 cm–1).

the MaCO double bond it was 55 min, less than the 
one obtained by the same author. This result could 
be explained by an incomplete maleinization reac-
tion. This is acceptable because the reaction time was 
shorter than that reported in the literature of  8 to 16 
hours [10, 28, 29]. There is evidence of a faster conver-
sion of styrene in the first minutes, relative to the con-
sumption of the double bond in MaCO, which can be  
associated with evaporation of styrene or formation 
of polystyrene [30, 31]. The last hypothesis is more 
likely to happen because of the increase in the band 
at 1455 cm-1 product of the polystyrene formation. 
General characterization of the polymers is given in 
Figure 4.
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Figure 5  FTIR Spectra for (a) Microcellulose, (b) 45:55 
MaCO:St, (c) 45:55 MaCO:St 1% microcellulose, (d) 55:45 
MaCO:St and (e) 55:45 MaCO:St 1% microcellulose.
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Figure 6 shows the FTIR spectra of resin reinforced 
with microsilica. The pure silica typically exhibits 
three peaks centered at ~ 450 cm−1, ~ 800 cm−1 and a 
broad peak at ~ 1100 cm−1, as can be seen in Figure 6a. 
The absorption at ~ 450 cm−1 is assigned to the rock-
ing motion of oxygen atoms bridging silicon atoms in 
siloxane bonds (Si-O-Si). The symmetric vibrations of 
silicon atoms in a siloxane bond occur at ~ 800 cm−1 
and are called Si-O-Si. The largest peak observed in 
a silica spectrum is present at ~100 cm−1 and is domi-
nated by the antisymmetric motion of silicon atoms in 
siloxane bonds [36–38].

It can be found that the peaks in the FTIR spectra of 
45:55 MaCO:St 1 wt% microsilica and  55:45 MaCO:St 
1 wt% microsilica  exhibit  a peak at 1274  cm–1, due 
to the split of the original C-O band of the bioresin 
at 1168 cm–1. This is attributed to the interference 
between the hydrogen bonding of the chains of the 
polymer and the silica, causing the number of hydro-
gen bonds to decrease between polymers chains. 
Therefore, the peak at ~1250 cm-1 was associated with 
the Si-O stretching. These changes in the spectra could 
be associated with the interaction of the silica with the 
polymer [39, 40].The silica could form a cation-π inter-
action between the silica metal atoms and the benzene 
ring of the polystyrene. There could be an interaction 
of  the π-electrons of the aromatic ring and its specific 
Coulombic interaction with the silica atoms [41].

3.3  Mechanical Properties

The torsional behavior of the synthesized thermosta-
ble biobased polymers was studied and the results are 

shown in Figure 7. The diagram of stress-strain shows 
the influence of the styrene concentration in the poly-
mer strength, where a smaller ratio of it in the resin 
gives more resistant polymers [42].

The morphology of the near surface polymer sam-
ples prepared using two composition ratios was exam-
ined by SEM. Figure 8a and 8b show smooth films; 
similar surface morphologies were observed. Figure 
8c and 8d show the microsilica and mirocelullose par-
ticles. The silica particle presents roundish structures 
and particle sizes between 1–75 µm while microcellu-
lose exhibits a preferential fibril structure with particle 
sizes between 5–200 µm. 

Figure 9 shows the 45:55 and 55:45 surface structure 
of the biopolymers reinforced with 1 wt% of microsil-
ica and microcellulose. Figure 9c and 9d shows single 
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Figure 6  FTIR spectra for (a) Microsilica, (b) 45:55 MaCO:St, 
(c) 45:55 MaCO:St with 1% microsilica, (d) 55:45 MaCO:St 
and (e) 55:45 MaCO:St 1% microsilica.
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Figure 7  Stress-strain curves for biobased polymers of 45:55 
and 55:45 MaCO:St ratios.
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Figure 8  SEM micrographs of (a) MaCO:Styrene 
45:55, (b) MaCO:St 45:55, (c) microsilica particles and 
(d) microcellulose.
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also important is the interaction between them due to 
their chemical nature and the structure, size and crys-
tallinity of the microparticles [43]. an increase in the 
mechanical properties is also an indication of possible 
good dispersion of the microparticles in the polymeric 
matrix [44].

Microcellulose and microsilica gave an evident 
increase of the Young’s modulus in the polymeric 
matrix prepared using 45:55 ratio and a reduction for 
that of 55:45 (see Table 1). This could be  related to the 
nonhomogeneous dispersion in the media  due to the 
higher viscosity of the resin; when the  styrene ratio 
decreases in the mixture its viscosity increases [45]. 
Nonetheless, the effect of the reinforcement can be 
seen in the composites, showing a better performance 
when a higher amount of St is present, this is because 
a more homogenous mix was achieved. Thus, promo-
tion of the polymer-microparticle interaction increases 
the glass transition of the polymer matrix (see Table 1). 

Thermal stability of resins with different MaCO:St 
compositions was determined by thermogravimet-
ric analysis (TGA), as shown in Figure 10, including 
samples with and without reinforcement materials. 
Thermal stability is mostly related to degradation of 
C=C bonds (styrene chains) and ester and acid bonds 
in MaCO chains. The TGA curves show differences in 
the behavior between MaCO-St matrix and silica or 
cellulose reinforcement by analyzing changes in the 
T10% (temperature at which 10% of sample weight has 
been lost). Table 1 shows that the silica reinforcement 
implies a lower degradation temperature of the res-
ins because the presence of silica interferes with the 
polymer chain-chain interactions, as shown by FTIR in 
Figure 6. Cellulose reinforcement implies a higher T10% 
than those samples with silica reinforcement because 
of the presence of many O-H groups that promote H 
bonding between the polymer chains and micropar-
ticles, which improves the stability of chain bonds. In 
general, there is only one mass loss stage of decom-
position at ~ 275 °C to ~ 400 °C. There is a little drop 
at 200 °C that can be associated with the evaporation 

particles with fibril-like morphology imaged near 
the surface, which is associated with microcellulose. 
Therefore, more electrodense (higher contrast with 
the carbon polymeric matrix) roundish particles were 
observed in Figure 9a and 9b, which are related to sil-
ica. A good dispersion of the microcellulose and the 
silica was obtained. The morphological effect of the 
microparticles using both compositions was similar. 
However, an increase in the surface roughness of the 
biopolymer containing microcellulose in comparison 
with the silica composites and the pristine polymers 
could be observed.  

The composite material prepared with silica or 
microcellulose presented good dispersion of the mic-
roparticles. However, the microcellulose presented a 
higher increase in the mechanical properties, as can 
be seen in the stress-strain curves (see Figure 7). The 
dispersion is an important factor in improving the 
mechanical properties of a polymer with a filler, but 

(a) (b)

(c) (d)

Figure 9  SEM micrographs of 1% MaCO:Styrene 45:55 
(a) microsilica, (b) microcellulose and MaCO:Styrene 55:45, 
(c) microsilica and (d) microcellulose particle.

Table 1  Mechanical and thermal properties of biobased thermostable polymers.

Sample Etor
a(MPa) Tg

a(°C) T10%
b(°C) Tg

 c(°C)

45:55 MaCO:St 1,65 51 264 18

55:45 MaCO:St 2,68 54 267 19

45:55 MaCO:St with 1 wt% silica 2.02 54 259 29

55:45 MaCO:St with 1 wt% silica 0,96 32 242 10

45:55 MaCO:St with 1 wt% cellulose 2,99 58 268 36

55:45 MaCO:St with 1 wt% cellulose 2,71 55 274 37

*Values obtained by a Rheometer-DMTA, b TGA and cDSC
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show differences in the G’ curve, indicating the influ-
ence of the composition on the elastic properties of the 
matrix. The variation of storage modulus (G’) of com-
posites in Figure 12 shows that the initial G’ values 
were higher for the resins without reinforcement. The 
higher values of G’ for resins without reinforcement 
are related to the capacity of the polymer network to 
absorb the energy that is applied during the test. There 
is a unique behavior of the G’ curve for 55:45 MaCO:St 
because it started decreasing, then there was a little 
increase in storage modulus in the temperature from 
80 °C. This increase in storage modulus could exist 
due to the condensation reaction occurring between 
the MaCO molecules in close proximity with each 
other in the formed polymer network [52].

Figure 12 shows dependence of the tan δ with 
increasing the temperature of the biobased resins. All 
the tan δ curves demonstrated similar behaviors and 
glass transition temperature (Tg) can also be measured 
by this method; this data is listed in Table 1. The Tg is 
determined by the peak temperature of tan δ.

of unreacted monomers and other volatile substances 
incorporated into the resin matrix [46–49]. Therefore, 
Table 1 shows  the glass transition temperatures of 
45:55 MaCO:St and 55:45 MaCO:St of resins measured 
by using DSC, where a difference of 3 °C is appreci-
ated; the higher content of MaCO increases the cross-
link between polymer chains and mobility is more 
restricted, so more energy is needed to move the 
polymer chains [42]. The polymer network is affected 
by crosslink density [50], so higher Tg means that the 
matrix of the polymer is crosslinked better than mate-
rials with lower Tg.  Intermolecular forces also affect 
the changes of glass transition temperatures because 
high intermolecular forces in the matrix cause poly-
meric network to have less mobility, so it needs more 
temperature to flow [51].

Figure 11 shows the storage modulus (G’) curves 
for the biobased thermostable polymers. These curves 
are obtained by DMTA testing, a method that mea-
sures the response of a given material to a cyclic defor-
mation as a function of temperature. MaCO:St resins 
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Figure 11  Storage modulus curves for bioresins of 45:55 and 55:45 MaCO:St ratios.
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Figure 12  Biobased polymers of 45:55 and 55:45 MaCO:St 
ratios curves for tan δ behavior with temperature increase.
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Figure 10  Thermogravimetric analysis of biobased polymers 
of 45:55 and 55:45 MaCO:St ratios.
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Microcellulose can help in the orientation of the 
chains of the crosslinked polymer along the matrix 
axis, improving the mechanical properties of the mate-
rial [53]. According to Table 1, composites with 1 wt% 
of microcellulose have the higher Tg, and due to inter-
actions that appear when the cellulose is added, more 
H bonds and crosslinked networks can be achieved, 
adding cellulose content. On the other hand, 55:45 
MaCO:St with 1 wt% of microsilica reaches a lower 
Tg; in this case it is possible that van der Waals forces 
are affected by the microparticles and chains can move 
more, so microsilica has a plasticizer effect [51, 54]. 
According to the above results, we can conclude that 
45:55 MaCO:St with 1 wt% of microcellulose system 
has the better result, showing a higher performance as 
composite material.

4  CONCLUSIONS

Using a Costa Rican castor oil, maleinization was suc-
cessfully achieved for the production of a competent 
thermostable polymer. The system was optimized at 
room temperature with a gel time of 20 min with 3 wt% 
cobalt(II) naphtenate and 2 wt% MEKP. The kinetics 
of the polymerization reaction, followed by FTIR, was 
close to those reported by other authors and depends 
on the time of maleinization as well as the amount of 
styrene. The polymer synthesized is promising as a 
potential material for industrial applications in terms 
of low-cost materials and cheap processing. Generally, 
the use of reinforcement in the thermostable polymers 
gave harder final resins than those that do not have 
microcellulose or microsilica. Reinforcement with 
nanomaterials is being tested for a resin with mechani-
cal properties as well as commercial ones. 
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