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In the present work, polyesters were prepared from the polycondensation between glycerol and adipic acid
using dibutyltin dilaurate as catalyst. Three glycerol: adipic acid molar ratio were used for the bulk polymerization
namely: 2:2; 2:3 and 2:4. FTIR confirmed the esterification of glycerol by the acid for all the polymers. DSC
and XRD indicated no crystallinity for all the polymers. The morphology of the materials are characterized by
globular structure, which may suggest compositional fluctuations throughout the samples.
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1. Introduction

In the past decades, the development of biomaterials received
a great deal of attention. The first material derived from biological/
natural sources is cellulose acetate, which is actually a biodegradable
thermoplastic with many applications which includes reverse osmosis
membranes'. The development of the “green” composites based on
vegetable fibres (juta, sisal among others) represent a new step into
the use of renewable sources for engineering applications?.

Recently the use of vegetal oils to produce monomers tailored for
the synthesis of new polymers became a new and promising issue for
the development of new materials with reduced cost production and
interesting properties**. Not only the manufacturing of thermoplastics
and duromers (thermosets) may benefit from the use of these oils,
but also the production of alternative fuels as renewable sources of
energy. In this context, the development of new fuels (like the bio-
diesel) and other products derived from the ricinus oil (castor oil)
seems to be very promising®”’.

Since bio-diesel is a renewable and environmentally friendly fuel,
its production has been encouraged by the Brazilian government’.
The ricinus oil is an interesting precursor for biodiesel production.
Ricinus can be grown up in the arid north-western regions of Brazil,
therefore Ricinus plants may become an income for rural population.
As aresult, 1 employee per 2 hectares may be contracted. The ricinus
oil production is about 1 t/ha’.

During the cracking/processing of castor oil, huge amounts
(30 wt. (%)) of glycerol are obtained as by-product'®. Therefore,
the development of new materials derived from the glycerol may
contribute to make the production of bio-diesel even more attractive
from the economical and technological point of view!"!2. In this con-
text, we purpose the use of glycerol as monomer for the synthesis of
aromatic and/or aliphatic polyesters'® with potential applications as
membranes, additives for polyurethanes among others'*.

2. Experimental

The starting materials were adipic acid, dibutyltin dilaurate
(10 wt. (%) in hexanes) and glycerol were purchased from Vetec,
Sigma-Aldrich and Synth, respectively.

*e-mail: nadia@ufba.br

For the polymerization process, glycerol and adipic acid were
mixed in a three-necked round-bottomed flask equipped with a contact
thermometer and a Claisen-condenser. The mixture was heated up
to 100 °C under constant stirring. After the homogenisation of the
mixture, the dibutyltin dilaurate was added and the temperature was
increased up to 150 °C. As the polymerisation proceeded, the water
produced during the reaction was distilled off and removed by the
condenser. The glycerol/adipic acid molar ratio was varied in order
to obtain polymers with different properties. The catalyst amount was
kept constant at 0.15% (weight percentage) in relation to the total
mass of monomers. The formulations used for the preparation of the
poly(glycerol adipate) polymers are summarized in Table 1. For the
sake of simplicity, these samples were coded as POLA.

The polymers were obtained as resinous solids and were dried
under vacuum at 50 °C for at least 48 hours.

Powder X ray data for structural analysis were collected on a Shi-
madzu XRD-600 diffractometer, with Cu-Ko: radiation (A = 1.54 A),
30 kV potential and 20 mA current from 5 to 80 degrees.

The infra-red spectra were recorded on a Spectrum One (Perkin
Elmer) instrument in the range of 4000 to 500 cm™ and the samples
were analyzed as fine films, aiming at confirming the efficiency of
the glycerol esterification process.

The thermal behavior of the polyesters was evaluated by a
TGA/DTA 851 (Metler Toledo) thermo-balance. The samples were
heated from 25 up to 1000 °C under N, flow using a heating rate of
20 °C/min, and on a DSC 60 (Shimadzu) calorimeter, using a heating
rate of 20 °C/min from room temperature up to 600 °C.

The morphological analysis were carried out using a SS 550 Scan-
ning Electron Microscope (Shimadzu). The acceleration voltage was
7 kV and the samples were sputtered with gold prior to the analysis.

3. Results and Discussions

3.1. Polymerisation reaction

The polyesters were produced through polycondensation polym-
erisation reactions between adipic acid and glycerol, as illustrated
by Equation 1:
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Table 1. Composition of the polyesters prepared in the present work.

Sample Molar ratio (glycerol/adipic acid)
POLA I 1:1
POLA II 1:1,5
POLA III 1:2

Since glycerol has three —OH groups, the formation of ramified
and/or cross-linked structures can be postulated. The cross-linking
degree is determined by the composition of the initial formulation.
Highly cross-linked polyesters derived from glycerol and adipic acid
is expected to be produced, if 2 mols of glycerol were fully esterified
by 3 mols of adipic acid. Therefore, assuming the esterifcation reac-
tion was complete, the polyester POLA II should present the highest
cross-linking density of all the polymers prepared in the present
work. The polymers POLAI and POLAIII have excess of —OH and
—COOH functional groups, respectively. Hence, the structures of
these materials should contain more branches.

The final structure of the networks does not depend solely on
the composition, but also on the changes of the viscosity during
the reaction'. Since the adipic acid is a solid material, the viscosity
of the polymer reactions of mixtures containing higher amounts of
adipic acid (POLA II and POLA III) should be higher than that ob-
tained from mixtures having higher amounts of glycerol (POLA I).
Since all the polymerization reactions were carried out without any
solvent; the viscosity of the reaction media might be very high. In
this case, the conversion could be hindered by the restricted diffusion
of the monomers in the high viscous polymer dispersion. The high
conversion could be guaranteed by removing the water produced
during the polymerisation process. The removal of the water shifts
the equilibrium to product generation; therefore, the formation of a
polymer with higher molecular weight can be favoured.

In fact, the polymers were obtained as resinous materials as
shown in Figure 1.

3.2. Characterization of the polyesters

3.2.1. X ray powder diffraction

The X ray diffractograms (Figure 2) showed a broad peak at
20 =20°. This peak is associated to the intra-chain segments distance
of 0.45 nm (determined using the Bragg’s law)'¢. Since the intensity
increased for the polyester containing higher amounts of adipic acid,
it can be suggested that the excess of -COOH group favoured some
mesomorphic (or crystalline) organization of the polyester chains.

3.2.2. Infrared spectroscopy (FTIR)

The infrared spectra of the polyesters POLA and of the adipic acid
are shown in Figure 3. The esterification of glycerol is confirmed by
the presence of the bands at 1739 cm™; 1134 and 1118 cm™'; and 1080
and 1064 cm™, which can be assigned to the ester groups. The band
at 1711 cm™ is indicative of the presence of un-reacted -COOH'"'8,
The intensity of this band increases proportionally to the adipic acid
content in the polymer. The assignment of the absorption bands is
summarized in Table 2.
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Figure 1. Photograph of the polymers a) POLA I; b) POLA II; and
c) POLA IIL
POLA III
=
=
z
g POLA II
POLA I
T T T T T T T T T T T L LU e
0 10 20 30 40 50 60 70 80 90
Angle (20)

Figure 2. X ray diffractograms of POLA I, POLA II and POLA III.
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Figure 3. Infra-red spectra from POLA series.
Table 2. FTIR analysis of the POLA polymers'®!”.
Wavenumber (cm™) Assignment®
3300-2500 V(O_H)almhol, carboxylic acid
2950-2932-2855 V(C_H)alliphalic
1720 v(C=0),,.,
1711 V(C=())czn'boxylic acid dimmer (free adlplC aCid)
1439-1371 6(C-H)methyl
1215 5(C-C)

ester

av: strechting, d: bending.
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3.2.3. Evaluation of the thermal stability

The thermal stability of the POLA polyester was evaluated by
thermogravimetric analysis (TGA). As can be seen in Figure 6a, the
decomposition patterns of the POLA polymers present two steps.
At temperatures below 100 °C, 2% of weight loss can probably be
attributed to the volatilization of low molecular weight compounds
(e.g. adsorbed water) and post-curing processes. The degradation of
the polyester chain took place at temperatures higher than 300 °C, as
observed for many aliphatic polyesters'*?2. The main degradation step
occurred at ~ 300 to 485 °C, with a weight loss in the range of 96 to
98%. The chain scission takes place via transfer of the H (in the B posi-
tion to the oxygen atoms of esterified —OH groups of the glycerol),
followed by cleavage of the C-C bond of the glycerol moiety, yielding
an alkene and free carboxylic acid as illustrated by the Figure 4.

In spite of the structural complexity, which is expected for the
poly(glycerol adipate)s POLA I, II and III; there will be always an
hydrogen atom in the suitable configuration for the occurrence of the
scission described in Figure 4. Figure 5 detaches the H, of the mono-
esterified and the di-esterified moieties of the POLA polymers. It is
clearly demonstrated here that, there will be always at least one H,
for all the isomers, therefore, all the networks prepared in this work
should have very similar thermal stability.

In fact, the DTG curves of all polymers prepared in this work
(Figure 6b) are very similar, on account of the presence of H; in all
the networks.

3.2.4. Analysis of the thermal behavior

The DSC curves of the POLA polymers are shown in Figure 7.
The DSC results supported the conclusions drawn from the TGA and
DTG. The evaporation and degradation processes could be identified

Figure 4. Degradation mechanism proposed for aliphatic polyesters (R =-OH
or an esterified alcohol group) (adapted from ref. 20).

H, H H, H
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Figure 5. Mono- and di-esterified moieties of the POLA polymers. (RO and
OR represent esterified hydroxyl groups, and HO and OH represents the
non-esterified hydroxyl groups. The asterisk at the O atoms serves to distin-
guish between the two esterified hydroxyl groups and to identify prompter
the HBs). a) 1-substitued (or 3-substituted) moiety; b) 2-substituted moiety;
¢) 1,3-disubstituted moiety; and d) 1,2-disubstituted moiety.
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as peaks associated to two endothermic processes in the intervals
between 25-100 and 390-470 °C. Since no melting peaks could be
identified in the DSC curves, these polyesters can be regarded as
amorphous materials.
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Figure 6. a) Thermogravimetric Analysis curves; and b) DTG from POLA
series.
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Figure 7. Differential scanning calorimetry curves from POLA series.
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3.2.5. Scanning Electron Microscopy (SEM)

The polymers of series POLA had presented surface with rough-
ness details, uniformly distributed in all the extension of the sample,
as it can be seen in Figure 8.
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Figure 8. SEM Micrographs of a) POLA I; b) POLA II; and ¢) POLA III.
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4. Conclusions

The bulk polymerization between adipic acid and glycerol proved
to be an efficient method for the production of new polyesters, though
evidences for the presence of un-reacted —-COOH groups were found
for all the polymers prepared in this work. The materials had good
mechanical and thermal stability (up to 390 °C). DSC and XRD
results suggested that these materials are amorphous, although some
organization may arise for the samples containing higher amounts
of adipic acid.

These features could enable the use of these polyesters as modi-
fiers for thermosets (epoxy resins) or polyurethanes. The use of these
materials for the development of new membranes for gas-separation
and pervapouration will be also considered and it is going to be a
topic of research in our group for the coming years.
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