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Abstract

In this work, the synthesis of biopolyols derived from castor oil and different glycerols was performed by chemical glycer-
olysis with sodium hydroxide as catalyst at 225 °C. The biopolyol obtained from high purity glycerol led to predominantly
MAG formation, whereas the biopolyol produced using crude glycerol, byproduct from biodiesel industry, resulted in higher
DAG, TAG and FFA content due to the higher amount of water. Both biopolyols were employed for the synthesis of polyu-
rethane (PU) foams by bulk polymerization using methylene diphenyl diisocyanate (MDI) at different NCO:OH ratios. The
foams were evaluated by apparent density, insoluble fraction, Fourier transform infrared spectroscopy, scanning electron
microscope and thermogravimetric analysis. The results showed that crude glycerol provided PU foams as much as com-
mercial glycerol, however the characteristics may be different, mainly due to the presence of water in the reaction medium.
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Introduction

Among the most commonly used polymers are polyure-
thanes foams (PU), a versatile polymer material which fea-
tures a wide range of applications as thermal insulation of
buildings and refrigerators, automotive manufacture and in
chemical and food industries [1]. The formation of PU is
carried out by the polymerization of a polyol and a diiso-
cyanate molecule, where the hydroxyl group (OH) reacts
with an isocyanate group (R-N=C=0) forming carbamate
(urethane) linkages [2], consequently, the control of the
NCO:OH molar ratio is one of the most important factors to
control the polymer structure [3, 4]. To obtain PU foams a
blowing agent should be employed. This agent can be either
physical, like HCFCs, low boiling-point hydrocarbons or
liquid CO,, even water. The chemical blowing agents (gase-
ous products) are formed by a chemical reaction during the
polymerization, as the exothermic reaction between water
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and isocyanate group to yield a thermally unstable carbamic
acid which decomposes to provide an amine functionality
and carbon dioxide. The amine group that was formed in
the first step reacts with another isocyanate group to give a
disubstituted urea and additional heat is released. The exo-
thermic reaction, releasing carbonic gas, is responsible for
the polymeric mass expansion, forming cells connected in a
three-dimensional structure [5, 6].

Usually, the PU foam industry uses polyols obtained from
petrochemistry, however, alternatives routes to obtain bio-
based polyols from renewable resources are being investi-
gated [7-10]. Due to its chemical composition, castor oil
is one of the most studied vegetable oil for PU synthesis
[11-13]. The castor oil is composed by a triacylglycerol
with six predominant fatty acids in its composition, being
approximately 90% of ricinoleic acid that has a secondary
hydroxyl group enabled to react with NCO functionality.
Petrovic et al. [14] studied the transesterification reaction
using castor oil and trimethylolpropane as monomers, the
authors obtained flexible PU foams by bulk polymerization.
Zhang et al. [15] produced flame-retardant PU foams using
polyols from castor oil, glycerol, hydrogen peroxide and
diethyl phosphate.

Other important green precursor that can be used for PU
production is crude glycerol (CGL), a main byproduct of
biodiesel production [16, 17]. Glycerol chemical structure
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has three hydroxyl groups (two primary and one second-
ary hydroxyl) in a three carbon chain, that commonly result
in PU foams with low resistance and low brittleness [18].
Since CGL contains impurities, such as methanol, water,
free fatty acids (FFAs), fatty acid methyl esters (FAMEs)
[19], purification is, usually, the first step for the utilization.
However, higher degrees of purity require several process
steps increasing production costs. Therefore, utilizing CGL
for the production of biopolyols has the potential to signifi-
cantly impact the PU industry [20].

The combination of a vegetable oil and glycerol (GL) can
be used to produce monoacylglycerols (MAG) and diacyl-
glycerol (DAG) by glycerolysis reaction. The glycerolysis
can occur by two different paths. The first, usually named
chemical glycerolysis, uses a basic or acid catalyst at high
temperature (150-250 °C) to proceed the reaction. The sec-
ond path, usually named enzymatic glycerolysis, uses low
temperature (60 °C) and needs the presence of biocatalysts
such as Lipases [21]. Chemical glycerolysis is used when
low cost is required and presents a high conversion. Addi-
tionally, the amount of catalyst used is small (0.05-0.2%
relative to the total reaction mass) [22-24]. Li et al. [20]
evaluated the production of biopolyol derived from crude
glycerol containing free glycerol, FAMESs, FFAs, Soaps,
MAGs and DAGs. The crude glycerol was let to react at
150 °C for 2.5 and 5 h and a high vacuum (0.001 MPa) con-
dition was applied to accelerate the removal of methanol and
water. The biopolyols produced at different reaction times
were used to produce polyurethane foams. Hu et al. [25]
investigated the use of biodiesel-derived crude glycerol to
produce polyols via thermochemical conversion to obtain
waterborne polyurethane dispersions and the results indi-
cated that crude glycerol-based polyols had a potential for
waterborne PU coating applications. Another application
of crude glycerol for the synthesis of polymeric resins was

performed by Echeverri et al. [26] that conducted a study
where the product of the glycerolysis of soybean oil and
castor oil with crude glycerol was subjected to maleiniza-
tion reaction, converted into resins and copolymerized with
styrene.

Thereby, the purpose of this study was to investigate the
characteristics of the effects of biopolyols composition on
PU foam structure made from biopolyols obtained from the
chemical glycerolysis between castor oil with two different
glycerols (Fig. 1): a commercial glycerol and a crude glyc-
erol obtained as a byproduct of biodiesel production.

Experimental
Materials

Castor oil (Quimidrol, hydroxyl value 135), crude glycerol
(BSBios Indistria e Comércio de Biodiesel Sul Brazil S/A,)
and glycerol P.A. (Vetec, 98%) and sodium hydroxide P.A.
(Dinamica, 99%) were used for biopolyol synthesis. Diphe-
nylmethane diisocyanate (MDI) was kindly donated by Dow
Chemical Company and was used as diisocyanate monomer.
N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA)
from Merk Millipore, n-heptanol (Sigma-Aldrich) and
pyridine (Sigma-Aldrich) were used in gas chromatograph
analyses. All chemicals were used as received.

Methods
Castor Oil Characterization
Castor oil composition was determined by gas chromatogra-

phy. Samples were prepared according to ASTM D 6584-00
[27] methodology using MSTFA as derivatizing agent. The
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Fig. 1 Scheme of the triacylglycerol (fatty acid R;, R, and Ry) chemical glycerolysis using a basic catalyst and high temperatures. The
major fatty acid in the castor oil are: ricinoleic (C18:1 12-OH), linolenic (C18:3), linoleic (C18:2), oleic (C18:1) and stearic (C18:0)
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analyses were performed using a Thermo Trace 1310 chro-
matograph with flame ionization detector, using a Biodiesel
Select (CP9080-30 m x 0.25 x 0.32 mm) as column, nitro-
gen (99.9%) as carrier gas. The water content was measured
by Karl Fischer titration (Q349 QUIMIS). All samples were
analyzed in triplicate.

Crude Glycerol (CGL) and Glycerol P.A. Characterization

For pH determination, glycerols (1.0 +0.1 g) were solu-
bilized in 10 mL of DDI water (distilled and deionized).
The pH of the solution was measured by a digital pH meter
(pHmeterAN2000 Analion) at room temperature. The acid
value analysis was performed according to NBR 11115 [28].
The viscosity of crude glycerol was measured at 25+0.5 °C
using a Brookfield DV III Ultra viscometer equipped with a
small sample adapter, a temperature probe, and a tempera-
ture control unit. The water content of glycerols were deter-
mined by volumetric Karl Fischer titration using a Q349
QUIMIS. All analysis were performed in triplicate.

Biopolyol Preparation

Biopolyol was obtained by chemical glycerolysis based on
the method presented by Sonntag [18] and Felizardo et al.
[19]. In all reactions, it was employed castor oil:GL molar
ratio of 1:5 (100 g of oil and 48.45 g of GL) and 0.2 wt.% of
catalyst (0.29 g) in relation of the total mass of the reactants.
The castor oil and glycerol (CGL or glycerol P.A.) mixture
was added to a 250-mL three-neck flash immersed in an oil
bath. The mixture was kept on N, modified atmosphere and
the temperature of the reaction medium was raised up to
225 °C. The catalyst was added when the reaction medium
reached approximately 225 °C and the reaction proceeded
for 2 h at constant temperature (225 °C) and stirring speed
(300 rpm). Afterwards, the reaction products were trans-
ferred into a separation funnel, and the bottom phase con-
tained unreacted glycerin and catalyst was discarded. When
glycerol P.A. was used in the glycerolysis the polyol was
named biopolyol 1 and when crude glycerol was used it was
named biopolyol 2.

Biopolyols Characterization

The biopolyols were characterized by gas chromatography to
determine the fractions of monoacylglycerols (MAG), dia-
cylglycerol (DAG) and non-reacted castor oil (triacylglyc-
erol, TAG). Samples were prepared as described previously
(Sect. 2.2.1). Water content, pH and acid value analysis
were performed according to the methods described in the
Sect. 2.2.2. The hydroxyl value of biopolyols was measured
following the procedure presented in ASTM D 4274-16 [29].
All analysis were performed in triplicate.

PU Foams Synthesis

To obtain PU foams, the biopolyol and MDI were added to a
beaker at room temperature (~23 °C) and mixed vigorously
(3000 rpm) for 1 min. After that, the mechanical stirrer was
removed and the PU foam expansion started. To evaluate the
effect of NCO:OH molar ratio on PU foam characteristics
(cell size, cell morphology, foam density, insoluble fraction
in toluene and thermogravimetric analysis), the NCO:OH
molar ratio was varied from 0.7:1 to 1.1:1 for each biopolyol.
1.2:1 NCO:OH molar ratio was also evaluated for biopolyol
1 and this extrapolation was performed only with biopolyol
1 to verify whether there would be changes in the cell struc-
ture, density and insoluble fraction of the foam. The water
content in the biopolyols was not considered in the calcula-
tions of NCO:OH molar ratio. The total mass of reactants
was fixed in 40 g and the formulation is presented in Table 1.

PU Foams Characterization

PU foams were characterized by Fourier transform infrared
spectroscopy (FTIR) in attenuated total reflectance mode
(ATR) equipped with a ZnSe single crystal (Bruker Ten-
sor 27). The samples were analyzed by transmittance, in
the region between 4000 and 600 cm™! with resolution of
4 cm™! and 32 scans. The morphology of PU foams was
evaluated by scanning electron microscopy with field emis-
sion (SEM-JEOL JSM-6390LV). The foams were cut and
fixed with double-sided tape on a stub and coated with a thin
layer of gold being observed with X30 magnification. The
average cell size was obtained from measuring 30-65 cells
per sample using the software SizeMeter 1.1.

The apparent density analysis was performed according to
the methodology described in ASTM D 1622/D 1622M-14
[30]. The samples were cut 40 x40 x 10 mm with a vernier
caliper (Starrett: 125MEB-6/150) aid. Then, it was weighed
in a digital scale with a precision of 0.001 and 220 g capacity

Table 1 Polyurethane foams formulation

Molar ratio Polyol mass (g) MDI mass (g)

(NCO:0OH)

Biopolyol 1 0.7:1 23.72 16.28
0.8:1 22.41 17.59
0.9:1 21.24 18.76
1:1 20.2 19.82
1.2:1 19.27 20.73

Biopolyol 2 0.7:1 28.35 11.65
0.8:1 27.22 12.78
0.9:1 26.17 13.83
1:1 25.20 14.8
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(model AUY220-Mars). The value calculated is expressed in
kg m~>. The analyses were performed in duplicate.

The insoluble fraction of PU foams was evaluated accord-
ing to the solvent-extraction methodology described in
ASTM D 2765-01 [31] where 5 g of foam were soaked in
toluene (Dindmica, 99.5%) and refluxed with boiling toluene
at atmospheric pressure for 24 h in a soxhlet apparatus. After
that, the remaining insoluble sample was dried in a vacuum
oven to remove the residual solvent. The insoluble fraction
of the PU foam was calculated by the ratio of the weight
of the dried insoluble sample to the weight of the original
foam sample.

The samples with higher insoluble fraction were evalu-
ated by thermogravimetric analysis (TGA). The analysis was
performed with a STA 449 F3 Jupiter. Samples of approxi-
mately 10 mg were heated from 30 to 900 °C with a heating
rate of 10 °C min~"! in a flowing nitrogen atmosphere.

Results and Discussion
Castor Oil and Glycerols Characterization

According to the results obtained by gas chromatography,
the composition of the castor oil employed in this work was:
9.3+0.2% of stearic acid (C18:0), 7.1 +0.4% of oleic acid
(C18:1), 3.5+0.1% of linoleic acid (C18:2), 8.4 +0.3% of
linolenic acid (C18:3) and 57.7+0.7% of ricinoleic acid
(C18:1 12-OH). Although, the ricinoleic acid content is
lower than the usual for castor oil, the amount of ricinoleic
acid was high enough to guarantee that most of molecules
formed after glycerolysis contained two or more hydroxyls
groups, as can be observed in Fig. 1 that shows the scheme of
chemical glycerolysis between triacylglycerol and glycerol.

Glycerol physicochemical analyses are shown in Table 2.
The pH of CGL was approximately 5.2 and the pH of PGL
was 6.5. According to the literature this range of pH is suit-
able for glycerolysis and will not affect MAGs and DAGs
formation [32]. Water content was obtained by Karl Fischer
titration. The crude glycerol, CGL, presented a high water
content (13.2 +0.5%), which enabled the formation of free
fatty acids (FFA) in larger quantities during the glyceroly-
sis reaction, while pure glycerol, PGL, presented a much
smaller amount of water (1.7 +0.3%).

Table 2 Glycerol physicochemical parameters

Parameters PGL CGL

pH 5.2 6.5

Acid value (mg KOH g~1) 1.0+0.1 3.1+0.8
Water content (%) 1.7+0.3 13.2+0.5

@ Springer

Biopolyols Characterization

The biopolyols physicochemical parameters are shown in
Table 3. The water content of biopolyol 1 was 0.5+0.2
and 1.4+0.3% for the biopolyol 2. Gas chromatography of
biopolyol 1 and biopolyol 2 are shown in Fig. 2a, b, where

Table 3 Biopolyols physicochemical parameters

Parameters Biopolyol 1 Biopolyol 2
pH 8.3 7.5
Acid value (mg KOH g1 1.7+0.8 13.1+0.1
Hydroxyl number 539.95 353.35
Water content (%) 0.5+0.2 14+0.3
1400
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Fig.2 Gas chromatographic analyses of a biopolyol 1 and b biopol-
yol 2
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the products are separated according carbon numbers
(ASTM D 6584-00) [27]. According to the results, MAG
was detected with three different fatty acids: ricinoleic, pal-
mitic and stearic acid. The total amount of MAG and DAG
on biopolyol 1 was 77.8+0.9 and 11.3 +0.1%, respectively.
Small peaks were observed at 22.75 and 23.53 min of reten-
tion time which comprises 5.8% of the composition and
indicated the presence of free fatty acid (FFA), as a result
of hydrolysis reactions, which occurs concomitantly to the
glycerolysis. The biopolyol 2 presented 21.7 +0.3% of MAG
and 19.9 +0.4% of DAG. Furthermore, the results showed
the presence of unreacted TAG and a high quantity of FFA
(24.7 +£0.2%) due to hydrolysis reactions. The formation of
FFA was accentuated on biopolyol 2 because the crude glyc-
erol contained a larger amount of water The higher amount
of FFA in biopolyol 2 resulted in the lower hydroxyl value
of biopolyol 2 compared to biopolyol 1 as FFA of ricinoleic
acid presented just one hydroxyl per molecule instead of two
to three hydroxyls per molecule of MAG and DAG.

PU Foams Characterization

For the PU foam synthesis, the molar ratio NCO:OH ranged
from 0.7:1 to 1.2:1 when biopolyol 1 was used and from
0.7:1 to 1:1 when biopolyol 2 was used. When biopolyol 1
reacted with diisocyanate at a NCO:OH molar ratio of 0.7:1,
it was not observed the formation of foam, probably due
to the combination of low amount of water (0.5 wt.%) and
diisocyanate, since water acts as a blowing agent for rigid
polyurethane foams due to the formation of CO, and urea
bonds [5, 33]. The samples with higher NCO content (1.2:1)
in the formulation showed a superior foam expansion. In
general, the higher NCO:OH molar ratio led to major foam
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Fig.3 FTIR spectrum of PU foams synthetized using a molar ratio

NCO:OH 1:2, b molar ratio NCO:OH 1:1, ¢ molar ratio NCO:OH
0.9:1 and d molar ratio NCO:OH 0.8:1 for biopolyol 1

expansion, which occurs due the availability of functional
groups present in the reaction medium.

The foams were analyzed by FTIR and the results are
presented in the Figs. 3 and 4 and Table 4. FTIR spectra
shows a peak at 3316 cm™! characteristic for the vibrations
of the N-H groups present in urethane groups [8] for both
biopolyol 1 (Fig. 3) and biopolyol 2 (Fig. 4). The stretching
observed in the region of 2924 and 2844 cm™! indicates the
presence of asymmetric and symmetric vibration of CH,,
respectively. The peak at 1722 cm™" is characteristic of car-
bonyl bonds from urethane. The stretching present in 1597
and 1220 cm™! correspond to the presence of C—N bonds
[34].

The PU foam morphology was analyzed by SEM. Fig-
ure 5 shows the SEM image of a PU foam obtained using
biopolyol 1 with a NCO:OH molar ratio of 0.8:1. For this
particular molar ratio the PU foam does not present well
defined cells (Fig. 5a), possibly due to the lower concentra-
tions of NCO groups leading to low CO, formation. On the

Transmittance (a.u.)

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig.4 FTIR spectrum of PU foams synthetized using a molar ratio
NCO:OH 1.2:1, b molar ratio NCO:OH 1:1, ¢ molar ratio NCO:OH
0.8:1 and d molar ratio NCO:OH 0.7:1 for biopolyol 2

Table 4 1R absorption frequencies of organic functional groups

Bond (vibration) ‘Wavenum-
ber (cm™)

N-H (stretching) 3316

C-H (symmetric vibration) 2924

C-H (asymmetric vibration) 2844

C=O0 (stretching) 1722

N-H (blending) 1597

N-H (stretching) 1220

C—O (stretching) 1053
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Fig.5 Scanning electron micrograpy images of PU foams obtained from biopolyol 1 with a molar ratio NCO:OH 0.8:1, b molar ratio NCO:OH

0.9:1, ¢ molar ratio NCO:OH 1:1 and d molar ratio NCO:OH 1:1.2

other hand, when the molar ratio was increased tol:1 the
formation of closed cells with average size of 395+ 72 um
could be observed (Fig. 5c). Increasing furthermore the
NCO:OH molar ratio to 1.2:1 the average cells size increased
to 600 + 100 um (Fig. 5d).

When biopolyol 2 was used to obtain PU foams with a
NCO:0OH molar ratio of 0.8:1, the PU foam cells showed
a closed structure with an average size of 538 + 159 pm
(Fig. 6b). The different behavior observed when compared
to biopolyol 1 could be explained due to the higher amount
of water that reacted with diisocyanate generating more car-
bon dioxide that acted as blowing agent [5]. Using a higher
NCO:OH molar ratio (1:1), there was an expansion of PU
cells with an average size of 580+ 132 um (Fig. 6d). The
size and morphology of the cells of this foam were similar
to of that obtained with biopolyol 1 with higher NCO:OH
molar ratio.

MAGs and DAGs of both biopolyols presented mol-
ecules with three hydroxyl groups that could lead to poly-
mer crosslinking that is usually determined as the insolu-
ble fraction of the polymer network. Results show that the
insoluble fraction depended on the NCO:OH molar ratio.

@ Springer

Lower values of NCO:OH molar ratio (0.7:1) resulted in
PUs with lower insoluble fraction for both biopolyols.
Increasing NCO:OH molar ratio increased the insolu-
ble fraction of PU foams as more hydroxyl groups were
converted to urethane linkage. It was also observed that
foams obtained from biopolyol 2 presented an insoluble
fraction higher than the foams obtained from biopolyol
1. The difference in insoluble fraction for foams obtained
from biopolyol 1 and 2 with the same NCO:OH ratio could
be credited to the higher amount of water in biopolyol 2
that led to the formation of more urea linkages and con-
sequently to higher physical crosslinking. When water is
present in the reaction medium there is the formation of
urea linkages and, eventually, depending on the water con-
tent, segments of polyurea, that are not soluble in toluene,
could be formed. In polyurea intermolecular hydrogen
bonds are formed between the active hydrogen atoms of
one urea donor group (—NH-) and the acceptor carbonyl
group from another urea motif (~CO-) forming strong
physical bonds between the polymer chains [35]. There-
fore, the insoluble fraction that was estimated by soxhlet
extraction was formed by chemical crosslinking provided
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Fig.6 Scanning electron micrograpy images of PU foams obtained from biopolyol 2 with a molar ratio NCO:OH 0.7:1, b molar ratio NCO:OH

0.8:1, ¢ molar ratio NCO:OH 0.9:1 and d molar ratio NCO:OH 1:1

Table 5 Insoluble fraction, apparent density and average cell size of
PU foams

Molar ratio  Insoluble Apparent den- Average
(NCO:OH) fraction sity (kg m™)  cell size
(um)

Biopolyol 1  0.7:1 0.51 - -

0.8:1 0.74 285.1+5.8 -

0.9:1 0.85 274.7+2.8 460135

1:1 091 2448+5.5 395+72

1.2:1 0.93 160.5+0.6 600+ 100
Biopolyol 2 0.7:1 0.64 189.8+4.1 481115

0.8:1 0.92 125.5+3.5 538+159

0.9:1 0.98 110.9+6.7 575165

1:1 0.98 953+3.2 604 £131

by polyols containing three hydroxyl groups and physical
crosslinking between the urea moieties.

The density of PU foam decreased when the insolu-
ble fraction increased, as reported in Table 5. In fact,
the higher degree of crosslinking given by the insoluble

fraction could increase the resistance for cell expansion.
Nonetheless, the higher concentration of diisocyanate led
not only to an increased conversion of pending OH groups
of MAGs and DAGs but also to faster reaction with resid-
ual water that generated CO, blowing agent resulting in
higher foaming despite the increased resistance.

DTG curves of rigid polyurethane foams prepared using
both biopolyols are shown in Fig. 7 and reveal that the
thermal decomposition of rigid PU foams in nitrogen was a
multistage process. In the range of 200-430 °C the events
were attributed to the decomposition of urethane and urea
linkages, which involves dissociations to isocyanate and
the alcohol, amines and olefins or to secondary amines
[20, 36]. It is observed that all foams were thermally stable
up to 200 °C. The first stage of weight loss, around 229 °C,
referred to the degradation of —-C—H linkage and PU seg-
ments. The second stage, observed in 350 °C was due to
the degradation of C=0 and N-H linkages. In the last
stage, around 460 °C, occurred the complete degradation
of the polymer, being the temperature range of 440—490 °C
associated with clearance of carbon—carbon bonds [37].
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Fig.7 Thermogravimetric analyses of rigid polyurethane foams
obtained from / biopolyol 1 with NCO:OH molar ratio 1.2:1 and 2
using biopolyol 2 with NCO:OH molar ratio 1:1 (heating rate: 1 °C
min~'; atmosphere: N,)

Conclusions

The synthesis of biopolyols derived from castor oil and dif-
ferent glycerols was performed by chemical glycerolysis
with sodium hydroxide as catalyst at 225 °C. The biopolyol
obtained from high purity glycerol led to predominantly
MAG formation, whereas the biopolyol produced using
crude glycerol, resulted in higher DAG, TAG and FFA con-
tent due to the higher amount of water. Both biopolyols were
employed for the synthesis of polyurethane (PU) foams by
bulk polymerization using methylene diphenyl diisocyanate
(MDI) at different NCO:OH ratios.

The higher NCO:OH molar ratio led to higher polymer
insoluble fraction and lower foam density due to increased
OH conversion. The polymerizations performed with the
biopolyol obtained from crude glycerol presented higher
foam expansion, in relation to the foam obtained with
biopolyol synthetized from commercial glycerol, due to the
higher amount of water that reacted with isocyanate gen-
erating more carbon dioxide that acted as blowing agent.
Thermogravimetric analyzes showed that foams obtained
from both biopolyols presented similar thermal degradation
behavior and great thermal stability. Results showed that
low-cost crude glycerol provided PU rigid foams with high
thermal stability as much as commercial glycerol, however
the characteristics as apparent density may be different,
mainly due to the presence of water in the reaction medium.
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