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Abstract Renewable resources are playing a key role on the
synthesis of biodegradable polyols. Moreover, the incorpora-
tion of covalently linked additives is increasing in importance
in the polyurethane (PU) market. In this work, previously ep-
oxidized grape seed oil andmethyl oleate were transformed into
phosphorylated biopolyols through an acid-catalyzed ring-
opening hydrolysis in the presence of H3PO4. The formation
of phosphate polyesters was confirmed by FT-IR and 31P-
NMR. However, the synthesis of a high-quality PU rigid foam
was not possible using exclusively these polyols attending to
their low hydroxyl value. In that way, different rigid PU foams
were prepared from the phosphorylated biopolyols and the
commercial polyol Alcupol R4520. It was observed that phos-
phorylated biopolyols can be incorporated up to a 57 wt.% in
the PU synthesis without significant structural changes with
respect to the commercial foam. Finally, thermogravimetric
and EDAX analyses revealed an improvement of thermal sta-
bility by the formation of a protective phosphorocarbonaceous
char layer.
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Introduction

Polyurethanes (PUs) are versatile polymers which have tradi-
tionally been produced from petroleum (Avar et al. 2012). The
PU products can be divided mainly into elastomers (Petrović
and Ferguson 1991), adhesives (Bahattab et al. 2011), coat-
ings (Chattopadhyay and Raju 2007), and foams (Narine et al.
2007). Over three quarters of the global consumption of PU
products is in the form of foams (Zia et al. 2007). PU foams
cover a wide range of applications, including thermal insula-
tion, footwear, bedding, and automotive seating, etc. Most of
the rigid PU foam currently available on the market are made
from petroleum-based polyether or polyester polyol.
However, growing concerns about biodegradability, sustain-
ability, carbon dioxide emissions, and other environmental
problems are driving the search of renewable raw materials
to substitute petroleum in polyol production (Petrovic 2008;
Vroman and Tighzert 2009).

Vegetable oils and related products (e.g., free fatty acids)
are non-toxic, non-volatile, renewable, and biodegradable re-
sources which represent the main biomaterial for the synthesis
of biopolyols and other chemicals (Grishchuk and Karger-
Kocsis 2011; Islam et al. 2014; Liu et al. 2012b). There are
several methods to prepare vegetable oil-based polyols: thiol-
ene coupling reaction (Samuelsson et al. 2004), ozonolysis
(Petrović et al. 2005), hydroformylation (Petrović et al.
2008), transesterification (Tavares et al. 2016), etc., being
the epoxidation of the double bonds and their further hydro-
lysis the most important pathway (Miao et al. 2014). Different
functional groups, such as ester (Fridrihsone et al. 2013), acyl
(Sharma et al. 2008), azide (de Haro et al. 2016b), or amine
groups (Biswas et al. 2005), have been incorporated into
biopolyols using this route.

Among the different vegetable oils, grape seed oil is a highly
unsaturated one which can be obtained by pressing or solvent
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extraction from grape seeds (Da Porto et al. 2013; Sovová et al.
1994; Venkitasamy et al. 2014). Despite that it is an edible oil, it
can be considered as a by-product of winemaking industry
since the potential production of grape seed oil is huge com-
pared with its average consumption as edible oil (Ng et al.
2015). This causes grape seed to be burned as biofuel for energy
production (Fiori et al. 2012). Moreover, many authors defend
that grape seed oil does not belong to the high nutritional oil
group due to its fatty acid profile and low content of vitamin E
active compounds (Matthäus 2008; Shinagawa et al. 2015).

The epoxides are cyclic ethers which generate a great ten-
sion in the molecule, increasing the reactivity of the vegetable
oils. The most extended and well epoxidation route is the
Prilezhaev method (Findley et al. 1945), in which reaction
mechanism and the kinetic model have already been proposed
on literature (de Haro et al. 2016a; Goud et al. 2006).

However, most PU are in general very flammable which is
a highly undesirable characteristic under burning conditions
because it represents a risk for the security. In that way, during
the synthesis of a PU foams, beside the polyol and
polyisocyanate, different additives are incorporated to im-
prove the quality of the final product. Flame retardants, which
are considered as one of the most important additives, inhibit
or delay the spread of thermal decomposition by suppressing
the combustion cycle on the surface of the material. There are
two different approaches to incorporate flame retardants in PU
foams either as free additives or as functional groups grafted
covalently to the polyol/polyisocyanate structure. The latter
one offers several advantages, such that functional groups
are not susceptible to be lost through migration to the polymer
surface of solvent leaching, what can become an environment
problem (Chokwe et al. 2015; Kim et al. 2013; Pereira et al.
2015). Also, it can be homogeneously dispersed throughout
the polymer and because of this may be required lower con-
centrations of additives than comparable not grafted ones
(Chattopadhyay and Webster 2009). Several reactive flame
retardants have been proposed, being phosphorus compounds
the most important group of environmentally friendly flame
retardant due to its low toxicity, no release of poison gases and
producing low smoke during the burning process (Levchik
and Weil 2006; van der Veen and de Boer 2012).

The goals of this work were focused on the synthesis of
different phosphorylated biopolyols that could act as flame
retardants and further to study the technical viability of syn-
thesizing rigid PU foams using these biopolyols. Grape seed
oil and the oleic acid were chosen as raw materials because
they actually represent the two main by-products generated by
the wine and edible oil industries, respectively, at the region of
Castilla-La Mancha (Spain). The epoxidation of both raw ma-
terials and the subsequent hydrolysis reaction in presence of
phosphoric acid were studied. Finally, the synthesis of rigid
PU foams with enhanced thermal stability properties was
accomplished.

Materials and methods

Materials

Grape seed oil was provided by Bodegas Crisve, a local co-
operative from Ciudad Real (Spain). Methyl oleate was pro-
duced from oleic acid (technical grade, >90%) and methanol
(>99%) supplied by Sigma-Aldrich using the method indicat-
ed at EN ISO 12966-2:2011. Glacial acetic acid (CH3COOH,
99–100%), sulfuric acid (H2SO4, 95–97%), aqueous hydro-
gen peroxide (H2O2, 50 wt.%), phosphoric acid (H3PO4,
85%), potassium iodide (KI, 99.5–100%), hydrogen bromide
solution in acetic acid (HBr, 33 wt.%), violet crystal (90–
100%), potassium hydroxide (KOH, 0.5 M ethanolic dissolu-
tion), phenolphthalein (C20H14O4, 1% in ethanol), potassium
hydroxide (KOH 0.1 N ethanolic dissolution), tetrahydrofuran
(THF, C4H8O, 99.9–100%), methyl nonadecanoate
(C19H40O2, 99.5–100%), and methylenediphenyldiisocyanate
(MDI, 98%) were supplied by Sigma-Aldrich. Sodium thio-
sulfate (Na2S2O3·5H2O, 0.1 M), cyclohexane (C6H12, 99.5–
100%), Wij’s reactive (0.1 N), potassium hydrogen phthalate
(C6H4COOHCOOK, 99.8–100%), pyridine (C5H5N, 99.5–
100%), acetic anhydride ((CH3CO)2, 98–100%), ethanol
(CH3CH2OH, 96%), and diethylether (C2H5OC2H5, 99.7–
100%) were supplied by Panreac. Methanesulfonic acid
(Lutropur MSA100) was supplied by BASF. The commercial
polyol Alcupol R4520 (molecular weight 5500 g/mol; hy-
droxyl value 455 mg KOH/g) was supplied by Repsol.
Methylene diphenyl diisocyanate (MDI) was supplied by
Poliuretanos Aismar, S.A. The catalyst Tegoamin 33 and the
silicone Tegostab B8404 were supplied by Evonik Degussa
International AG. All the reagents were used as received with-
out any further purification.

Epoxidation procedure

The epoxidation reaction was performed in a 1-l mechanically
agitated glass reactor equipped with a six-bladed Rushton
stainless steel stirrer according to an optimized method stud-
ied previously (de Haro et al. 2016a). For this purpose, the
required amount of grape seed oil or methyl oleate and 0.5 mol
of acetic acid per mole of unsaturation were added to the
reactor. Then, the agitation rate and temperature were fixed
at the desired values. Once the bulk reached the desired
values, the catalyst (H2SO4, 2% by weight of the aqueous
phase) and aqueous H2O2 (2 mol per mole of unsaturation)
were added. H2O2 was introduced drop-wise over 30min. The
reaction was performed at 90 °C for 60 min.

Ring-opening reaction procedure

All the hydrolysis reactions reported in this study were carried
out in a multi-neck round-bottom 500-ml reactor equipped
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with a thermocouple, a magnetic stirrer, and a reflux condens-
er placed in an oil bath following the procedure indicated
elsewhere (Guo et al. 2007). A mass ratio acetone/H3PO4/
water/epoxidized product of 5:1:1:1 was used. The mixture
was kept under reflux at 56 °C for 6 h. The obtained product
was washed with ultrapure water to remove the H3PO4.
Finally, the organic phase was separated by centrifugation,
and the solvents were removed by vacuum evaporation.

Foaming procedure

Rigid PU foams were synthesized by weighting and mixing
the desired masses of polyol, silicone, water, and amine cata-
lyst. This mixture was agitated until a perfect homogenization
was achieved. Then, the required amount of MDI was added
and the resulting solution was stirred for 15 s, at which point
the foam started to grow up. Finally, the foams were cured at
room temperature. The required quantities of these reactants
were calculated based on the hydroxyl number of the polyol
used to synthesize the rigid PU foam, as indicated elsewhere
(Simón et al. 2015).

Analytical techniques

Iodine value determinations were carried out according to EN
14111:2003 method. From this quantified value, the conver-
sion of double bonds during the epoxidation reaction was
calculated following the eq. 1.

Conversion %ð Þ ¼ IV0−IV f

IV0
� 100 ð1Þ

where IV0 is the iodine value of the raw material and IVf the
iodine value of the epoxidized product.

The amount of oxirane oxygen (OO), expressed in percent-
age by weight, was calculated by direct method employing
hydrobromic acid solution in glacial acetic acid according to
AOCS Official Method Cd 9-57. This result was used to

determine the yield of the epoxidation process according to
eq. 2.

Yield %ð Þ ¼
OO � 253:8

16
IV0

� 100 ð2Þ

The hydroxyl value, in mg KOH per gram of product, was
carried out according to the AOCS Official Method Tx 1a-66.
Duplicate analyses were performed on each sample for all the
variables and average values are reported.

The molecular weight distribution of each product was de-
termined with gel permeation chromatography (GPC).
Products were previously dissolved in THF at a concentration
of 10 mg/ml. A Shimadzu chromatograph system (Japan)
equipped with two columns (Styragel HR2 and Styragel
HR0.5), using THF as the eluent at 40 °C (flow rate of 1 ml/
min), and a refractive index detector was used.

The presence of phosphate esters and hydroxyl groups was
determined using a Perkin-Elmer 16PC FT-IR spectrophotom-
eter with 35 scans per sample at a resolution of 8 cm−1 in the
range of 4000–400 cm−1.

Phosphorus nuclear magnetic resonance spectroscopy (31P-
NMR) was measured with a Varian Gemini FT-400 spectrom-
eter using chloroform as solvent. H3PO4 (85%, aqueous solu-
tion) was used for calibrating 31P-NMR.

In order to study the flame retardant capability of the syn-
thesized PU foams and biopolyols, thermogravimetric analy-
ses were performed using a TA Instruments SDT Q600
Simultaneous DSC-TGA. Samples were heated from room
temperature to 700 °C at a heating rate of 10 °C/min under a
synthetic air atmosphere. The data were analyzed using TA
Universal Analysis 200 software.

The PU foams were also characterized using a Quanta 250
scanning electron microscope (SEM) to observe the cell

Table 1 Iodine value, oxirane oxygen content, hydroxyl values,
conversion, and yield towards epoxide groups of the raw materials and
the epoxidized products (epoxidation conditions: molar ratio acetic
acid/H2O2/unsaturation = 0.5:2:1; H2SO4: 2% by weight of the aqueous
phase; T = 90 °C; t = 60 min)

Sample Iodine value
(g I2/100 g)

Oxirane
oxygen
(%)

Hydroxyl
value (mg
KOH/g)

Conversion
(%)

Yield
(%)

GSO 140.30 0.0 4 - -

MO 88.37 0.0 4 - -

EGSO 46.72 5.02 13 66.70 56.76

EMO 23.77 3.60 17 73.10 64.62
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structure and its size distribution. It was coupled to an energy
dispersive X-ray spectrometer (EDAX) for elemental compo-
sition analysis.

Results

Epoxidation reaction

The grape seed oil (GSO) and methyl oleate (MO) were char-
acterized prior to epoxidation. Table 1 shows the iodine value
and the hydroxyl value of both raw materials. The iodine

value of both raw materials is similar to that of other com-
pounds previously used in the literature to produce epoxidized
biodegradable compounds (Ji et al. 2015; Lu et al. 2010).
Hydroxyl and acid values are also in the average range.
Therefore, it confirms that grape seed oil and methyl oleate
are appropriate startingmaterial for the biopolyol synthesis via
epoxidation. The oxirane oxygen content (OO) of both raw
materials was also determined, and as expected, they were free
of this functional group.

GSO and MO were epoxidized following the previously
indicated procedure. During the in situ epoxidation, the
peracetic acid is generated from acetic acid and hydrogen
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peroxide in the presence of sulfuric acid as catalyst. Acetic
acid and sulfuric acid were chosen due to its higher catalytic
activity (Dinda et al. 2008).

Table 1 shows the obtained iodine values, hydroxyl values,
and oxirane oxygen content of the epoxidized grape seed oil
(EGSO) and the epoxidized methyl oleate (EMO). The
double-bond conversion and the yield of the process towards
the formation of epoxy groups were calculated from these
values as described in BAnalytical techniques^ section. As
can be observed, the conversion of MO is greater than the
conversion obtained in the case of GSO. The same trend
was also observed in the case of the yield of the process to
the formation of oxirane rings. This effect might be caused by
the different steric hindrance of MO and GSO due to their
different molecular weights and polarities.

The differences between the conversion and yield of the
process on the epoxidation reaction for both raw materials
indicate the presence of secondary reactions. As has been
previously established in literature, the epoxide groups might
be hydrolyzed to form hydroxyl groups. It was evident that

this secondary reaction took place during the process based on
the increase of hydroxyl value of the epoxidized products with
respect to the raw materials. Besides, the hydroxyl groups can
react with the epoxide groups previously formed, creating ether
linkages to form oligomers (de Haro et al. 2016a; Guo et al.
2000). The presence of oligomers was confirmed by the GPC
analyses (Fig. 1). As can be observed, EGSO and EMO chro-
matographs presented three peaks, which correspond to the main
product, dimers, and trimers. In addition, a slight increase inMW
of the main product of both epoxidized products was observed
due to the incorporation of the oxirane oxygen to GSO andMO.

Ring-opening reaction with H3PO4

Figure 2 shows a general reaction mechanism for the acid-
catalyzed ring-opening hydrolysis of oxirane compounds. As
can be observed, a wide variety of species can be obtained as
products. Wu and Soucek indicated that this reaction can lead
to the formation of 1,2-diol compounds (pathway A),
polyether alcohols (pathway B), and ether alcohols when
phosphate ion does not participate on the reaction progress
(Wu and Soucek 1998). However, Guo et al. have already
reported that the use of H3PO4 as ring-opening agent might
drive to the formation of phosphate mono-, di-, and triesters
(pathway D) (Guo et al. 2007). Therefore, the four different
pathways compete each other for the ring-opening reaction.

Both epoxidized products, EGSO and EMO, were hydro-
lyzed using H3PO4 as ring-opening agent. The obtained
biopolyols were named as phosphorylated grape seed oil
(PGSO) and phosphorylated methyl oleate (PMO). In both
cases, the obtained products had an oxirane oxygen content
of 0.0%, indicating a full conversion of the epoxy groups. The
hydroxyl values of PGSO and PMOwere found to be 123 and
45 mg KOH/g, respectively. As expected, these values in-
creased during the hydrolysis reaction compared with it epox-
idized precursor. However, the increase observed in the hy-
droxyl value of PGSO was much greater than PMO one. This
can be explained by the fact that GSO has a higher steric
hindrance than MO, and therefore, oligomerization reactions
described previously (Fig. 2, pathways B, C, and D) are not
favored during EGSO hydrolysis reaction. Figure 1 shows that
the main specie after the hydrolysis reaction of PGSO was the
triglyceride, contrary to the case of PMOwhichwas the dimer.
Nevertheless, a slight increase on the MW of all the species
was observed due to the incorporation of the hydroxyl and
phosphate groups. However, the identification of the different
possible products was not possible due to the wide variety of
formed species and the overlapping of their MWs, according
to the GPC chromatogram (Fig. 2).

Figure 3 presents the FT-IR spectra of PGSO and PMO.
The FT-IR spectra shows the characteristic bands of hydroxyl
groups at 3480 cm−1, C–H stretching vibrations at 2875–
2970 cm−1, −CH2 and −CH3 at 1350–1450 cm

−1. As hydroxyl
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values predicted, the band of hydroxyl groups is much more
intense at PGSO than at PMO. The presence of another char-
acteristic signal at 1020 cm−1 is also remarkable indicating the
presence of phosphate ester groups (Guo et al. 2007; Pretsch
et al. 2000).

31P-NMR spectroscopy, which is a more sensitive tech-
nique, was performed to confirm the incorporation of phos-
phorous into the structure of the biopolyol. Figure 4 shows the
31P-NMR spectrum of PGSO (a) and EGSO (b). PGSO spec-
tra present two signals at 1.02 and 17.23 ppm. This indicates
that H3PO4 is attached to the skeleton of the bipolyol and that
it is not present as a free molecule. Furthermore, the presence

of two different chemical shifts indicates that two different
phosphoric functional groups are linked. These signals were
assigned to phosphate mono- and diester, according to Fig. 2
(pathway D), in which these products are easier formed than
phosphate triester.

Assessment of PGSO and PMO in rigid PU foam synthesis

Different rigid PU foams were synthesized from PGSO and
PMO as biopolyols. The commercial polyol Alcupol R4520
was used as reference material to compare the internal struc-
ture and flame retardant properties.

Table 2 Rigid PU foam composition

Foam Component (wt.%)

R4520 PGSO PMO MDI Water Silicone Catalyst

PU-PGSO 0.000 0.576 0.000 0.386 0.014 0.009 0.014

PU-PMO 0.0000 0.0000 0.6490 0.3088 0.0162 0.0097 0.0162

PU-R4520 0.4045 0.0000 0.0000 0.5692 0.0101 0.0061 0.0101

PU-A 0.0000 0.5113 0.0730 0.3776 0.0146 0.0088 0.0146

PU-B 0.1302 0.3907 0.0000 0.4452 0.0130 0.0078 0.0130

PU-C 0.1085 0.3254 0.1085 0.4224 0.0136 0.0081 0.0136

PU-D 0.0000 0.4283 0.1666 0.3664 0.0149 0.0089 0.0149

PU-E 0.0428 0.2231 0.3290 0.3664 0.0149 0.0089 0.0149

PU-F 0.1166 0.1832 0.2554 0.4086 0.0139 0.0083 0.0139

PU-G 0.1708 0.2226 0.1242 0.4488 0.0129 0.0078 0.0129

PU-H 0.2846 0.1708 0.0000 0.5151 0.0114 0.0068 0.0114

PU-I 0.2576 0.1288 0.0906 0.4920 0.0119 0.0072 0.0119

PU-J 0.2178 0.0861 0.2026 0.4607 0.0127 0.0076 0.0127

PU-K 0.0892 0.0000 0.5057 0.3663 0.0149 0.0089 0.0149

PU-L 0.1973 0.0000 0.3324 0.4359 0.0132 0.0079 0.0132

PU-M 0.3349 0.0000 0.1116 0.5245 0.0112 0.0067 0.0112
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Firstly, three different foams were produced using each one
of these polyols. The amounts of reactants used on the syn-
thesis are specified at Table 2. Unfortunately, the synthesis of a
rigid PU foam using exclusively PMOwas not possible due to
its low hydroxyl value. Therefore, two rigid PU foams were
obtained from PGSO (PU-PGSO) and Alcupol R4520 (PU-
R4520). The internal structure of PU-PGSO and PU-R4520
was observed using a SEM (Fig. 5). The average cell size of
PU-R4520 and PU-PGSO was found to be 0.511 and
50.805 μm, respectively, making the differences between both
micrographs noticeable. Extra PU foams were synthesized
using exclusively PGSO as biopolyol, but modifying up to
±10 wt.% the MDI, si l icone, and water content .
Nevertheless, the average cell size did not vary significantly
from the previous value. This big difference in the internal
structure might be justified by understanding the foaming

process, which is carried out because of two parallel process-
es: the formation of the polymeric structure and the gas pro-
duction. If one of these processes is accelerated in comparison
to the other, the morphology of the cell structure will be af-
fected. Since the MW distribution and structure of both
polyols are not similar, differences on the internal structure
of PU foams might occur (Velencoso et al. 2015). However,
the high influence of geometric shape and internal structure on
the mechanical properties of PU foams has been demonstrated
in literature (Goto et al. 2004; Hou et al. 2014). Therefore,
PGSO cannot substitute totally Alcupol R4520 as polyol on
the synthesis of rigid PU foams.

As neither of the phosphorylated biopolyols are suitable to
fully replace Alcupol R4520, 13 different mixtures of the
polyols (A to M) were used to synthesize rigid PU foams
(PU-A to PU-M). These polyol mixtures are illustrated at
Fig. 6 and the composition of each foam is shown in
Table 2. A boundary condition of a hydroxyl value of
100 mg KOH/g, represented by the red line, was established
to ensure the formation of a rigid PU foam in all cases.

Figure 6 shows the physical aspect of the rigid PU foams
synthesized. As expected, differences among the foams were
observed depending on the polyol mixture composition used
on its synthesis. For example, when Alcupol R4520 was not
used (PU-A and PU-D), an irregular foaming process was
observed. However, a higher content on PGSO leaded to
better-looking foam due to its higher hydroxyl value. The
same trend was observed on the binary mixtures PGSO-
Alcupol R4520 (PU-B and PU-H) and PMO-Alcupol R4520

Table 3 Significant values of thermogravimetric analyses of PU-
R4520 and PU-J

Sample Ton (°C) Tmax (wt.%/°C) Yc (wt.%)

PU-R4520 274.8 318.5 18.2

PU-J 188.2 327.7 21.3
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(PU-K, PU-L, and PU-M). It is also remarkable that the incor-
poration of small amounts of Alcupol R4520 to the polyol
mixture improved notably the foaming process, as can be
observed on PU-D, PU-E, and PU-K. Therefore, only the
foams included on the highlighted region were considered
for the subsequent analyses.

PU-J, synthesized from a polyol mixture of 43% Alcupol
R4520, 17% PGSO, and 40% PMO, presented the most reg-
ular and similar to PU-R4520 internal structure. Figure 7
shows the SEM image of foam PU-J. As can be observed, it
exhibited a polyhedral cell structure with faces formed by the
junction of three struts. The average cell size was found to be
0.641 μm. Therefore, a rigid PU foam with a similar internal
structure to a commercial one was synthesized substituting a
57% of the petroleum-based polyol by renewable phosphory-
lated biopolyols polyols.

Thermal degradation behavior of PU foams

It has been well recognized that phosphorus compounds can
be used as flame retardants in polymers. The mechanism of
flame retardancy of phosphoric groups, independently if they
are covalently joined to the polymer chain or not, is based on
the promotion of char formation and the inhibiting of glowing
(Maiti et al. 1993).

TGAwas used to investigate the effect of phosphate ester
groups on the thermal stability of the rigid PU foams. Figure 8
shows the TGA and DTGA curves of PU-R4520 and PU-J.
The significant values of the thermogravimetric analyses are
resumed in Table 3, showing the onset degradation tempera-
ture (Ton), which is defined as the temperature at which a 5%

mass loss had occurred: the maximum rate degradation tem-
perature (Tmax) and the char yield at 700 °C (Yc).

As can be observed, the foam PU-J showed a degradation
trend at a lower temperature than PU-R4520, implying a lower
onset degradation temperature. This behavior has been studied
and attributed by some authors to the degradation of phospho-
rus groups, due to the fact that P–O–C bonds are less thermal-
ly stable than the predominant C–O–C bonds of petroleum-
based polyether polyols (Mequanint et al. 2002; Troev et al.
1996). It is also remarkable that the weight loss of the phos-
phorylated PU foam (PU-J) in the temperature range of 360–
410 °C is around 60% whereas for PU-R4520, an increase of
about 70% was registered. This is caused by the degradation
of the phosphate groups, which leads to the formation of an
organophosphorus char that prevents degradation of the re-
maining PU foam (Liu et al. 2012a; Price et al. 2007).
However, when the temperature raised to 430–490 °C, the
foam PU-J undergoes another weight loss step, indicating
the decomposition of organophosphorus char layer. Finally,
the residue (Yc) was observed to be higher in the foam PU-J
than in the foam PU-R4520, indicating a protective effect of
the char, even at 700 °C.

To confirm that the phosphorous compounds were retained
in the char and thus acted as a flame retardant barrier, the mor-
phological structure of the char was studied by SEM. EDAX
associated with SEM was used to obtain the elemental compo-
sition of the chars of foams PU-R4520 and PU-J. Figure 9
shows the SEM images of both chars generated after thermo-
gravimetric analysis at 700 °C. As can be observed, a great
average cell size diminution was produced due to the thermal
degradation process. Nevertheless, there is a more compact and
denser structure on the surface of the burned PU-J, which indi-
cates the presence of a protective char. Table 4 shows the sur-
face composition of the chars obtained by EDAX. As can be
observed, C, N, and O were the main remaining elements.
Besides, PU-J showed a phosphorous content of 15.31 wt.%,
confirming the formation of a protective phosphorylated layer,
as also was corroborated by the TGA results.

Table 4 EDAX data of the chars of PU-R4520 and PU-J

Sample C (wt.%) N (wt.%) O (wt.%) P (wt.%) Others (wt.%)

PU-R4520 51.93 22.82 24.04 0 1.21

PU-J 45.66 16.54 22.05 15.31 0.44
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Fig. 9 SEM images of the chars
at 700 °C of the foams a PU-
R4520 and b PU-PGSO



Conclusions

Grape seed oil (GSO) and methyl oleate (MO) were success-
fully epoxidized, reaching an oxirane oxygen content of 5.02
and 3.60%, respectively. The acid-catalyzed ring-opening hy-
drolysis was performed by using H3PO4 for both epoxidized
materials, reaching a 100% conversion in 6 h. The formation
of phosphate polyester was confirmed by FT-IR and 31P-
NMR. Unfortunately, it was not possible to synthesize a
high-quality rigid PU foam using exclusively the previously
synthesized phosphorylated biopolyols. The incorporation of
small amounts of Alcupol R4520 to the polyol mixture im-
proved notably the quality of the rigid PU foam. PU-J, syn-
thesized from a polyol mixture of Alcupol R4520, PGSO, and
PMO, having a composition of 43, 40, and 17 wt.%, respec-
tively, presented the most regular and similar internal structure
to the PU-R4520 foam. In addition, thermogravimetric and
EDAX analyses revealed a noticeable improvement in PU
thermal stability by the formation of a protective phosphory-
lated char layer.
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