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modification of natural Sapium
sebiferum oil-based polyol for synthesis of
polyurethane with improved properties

Guiying Wu, Xin He and Yunjun Yan*

Polyols are one of the dominant reactants in polyurethane (PU) synthesis. However, polyols from Sapium

sebiferum oil prepared by epoxidation–hydroxylation have an inferiority of secondary alcohol groups and

large non-functional branches. Their lower reactivity, which in turn limits the properties of the generated

PU. In this study, the optimal reaction conditions for the synthesis of polyols with primary alcohol groups

by lipase hydrolysis have been investigated by single factorial experiments and response surface

methodology. The optimized conditions for lipase hydrolysis were identified as a molar ratio of 2.2 : 1,

a reaction time of 11.2 h, and a temperature of 47.2 �C. The highest hydroxyl value of the obtained

polyol with primary alcohol groups reached 211 mg KOH per g. Furthermore, a novel PU was

successfully synthesized from the synthetic polyol and isophorone diisocyanate by an in situ

polymerization method. The generated PU showed a glass transition temperature of 60.6 �C, an initial

decomposition temperature of 307.2 �C, a tensile strength of 12.5 MPa, and a Young's modulus of

22.3 MPa. These good thermal and mechanical properties of the PU prepared from the modified polyol

by lipase hydrolysis can be attributed to its greater number of chemical interactions and cross-linked

networks.
1. Introduction

Polyurethanes (PUs), aer about 70 years of development, have
become one of themost dynamic groups of polymers, exhibiting
versatile properties suitable for practical use in all elds of
polymer applications, such as foams, elastomers, thermoplas-
tics, adhesives, coatings, sealants, bers, and so on.1 PUs are
usually obtained by reaction of an oligomeric polyol derived
from petroleum and a diisocyanate (or polyisocyanate). Because
of signicant uctuations in the crude oil market and unsus-
tainable development, there has been much recent interest
from the chemical industry in the production of bio-based
polyols, which are mainly synthesized from vegetable oils.2

The markets for vegetable oil-based polyols are growing due to
economic, environmental, and sustainability advantages.3

Sapium sebiferum (Chinese tallow tree) is one of the four
major woody oil trees in China, and provides excellent and
abundant biomass.4 The trees can grow rapidly and reach
maturity within approximately 3�4 years, and generate
economic yields in its productive life span of which ranges
between 70 and 100 years. Also the trees can be cultivated in
marginal land and non-agricultural areas with low fertility and
he Ministry of Education, College of Life

sity of Science and Technology, Wuhan

du.cn; Fax: +86-27-87792213; Tel: +86-
moisture demand. Moreover, they have huge potential to
restore degraded lands, create rural employment generation
and xing of up to CO2 emissions.5 Sapium sebiferum oil (SSO) as
an industrial resource can avoid competition with human food
supplying, because they are not suitable for human food due to
the presence of some toxic components in the oil.6 Therefore,
SSO is one of the most suitable platform feedstock for the
production of polyols and PUs.

A polyol bearing a primary alcohol group is usually three
times more reactive towards isocyanate than one bearing
a secondary alcohol group.7 Typical SSO-based polyols have
secondary alcohol groups derived from epoxide ring-opening
reaction near the middle of the fatty acid chain. Partial hydro-
lysis by lipase to afford primary alcohol groups could improve
the reactivity of SSO-based polyols. Therefore, lipase hydrolysis
has been applied to increase the number of primary alcohol
groups in SSO-based polyols and replace the undesirable satu-
rated fatty acid moieties. Lipases are renewable biocatalysts
broadly employed in the transformation of lipids, especially in
food, detergent, oil processing, biodiesel preparation, and
many other biosynthetic industries.8 They offer high stereo-
selectivity and regioselectivity, but this depends on enzyme
structure, substrate structure, factors affecting binding of the
enzyme to the substrate, and other factors inuencing the
enzyme activity.9

The objective of this study is to propose the generation of
new SSO-based polyols by two sequential steps of epoxidation-
This journal is © The Royal Society of Chemistry 2017
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hydroxylation and lipase partial hydrolysis with a selected
C. rugosa lipase. The resulting SSO-derived polyol bearing
primary alcohol groups should be suitable for the synthesis of
PU with improved properties.

2. Materials and methods
2.1 Materials

SSO was purchased from a renery factory in Dawu County
(Hubei Province, China). C. rugosa lipase was bought from
Sigma-Aldrich (Shanghai, China) and used without further
purication. Isophorone diisocyanate (IPDI) was obtained
commercially from Aladdin Chemistry Ltd. Co. (China). Per-
acetic acid, acetic acid, methanol, uoroboric acid, chloroform,
and acetone were obtained from Sinopharm Chemical Reagent
Ltd. Co. (Shanghai, China). Polyols prepared from SSO were
dried at 60 �C for 12 h under vacuum to remove moisture.

2.2 Synthesis methods

2.2.1 Preparation of polyol by epoxidation–hydroxylation.
The polyol was generated from SSO in a continuous process of
epoxidation–hydroxylation to avoid unnecessary intermediate
steps.10 First, SSO (20 g) was placed in a 500 mL four-necked
round-bottomed ask equipped with a thermometer, a drop-
ping funnel, and a mechanical stirrer. A solution of peracetic
acid in acetic acid was dropped into the oil at 10 �C, maintained
by means of an ice-bath. The mixture was stirred at 25 �C for 5 h
to afford a solution of the epoxidized oil product in acetic acid.
Methanol and uoroboric acid were placed in a 500 mL three-
necked round-bottomed ask at room temperature. The
prepared epoxidized SSO was then dropped into the methanol/
uoroboric acid solution to give a molar ratio of methanol to
SSO of 10 : 1 and a uoroboric acid loading of 0.4 wt% with
respect to SSO, and the mixture was stirred at 55 �C for 0.5 h.
Aer the solution had cooled, water (100 mL) and chloroform
(50 mL) were added. Aer a certain time, the organic and
aqueous layers were separated. The organic phase was then
washed with deionized water until the washings were neutral.
Scheme 1 Modification of polyol-143 by lipase hydrolysis.

This journal is © The Royal Society of Chemistry 2017
The solvent was removed under vacuum to leave a yellow oily
material. The polyol product showed an –OH number of 143 mg
KOH per g, and was thus designated as polyol-143.

2.2.2 Modication of polyol-143 by lipase hydrolysis. The
aforementioned obtained polyol-143 was partially hydrolyzed by
C. rugosa lipase without any surfactant or organic solvent (as
shown in Scheme 1). By following the progress of the reaction,
a single factorial experiment was rst designed, and then
response surface methodology (RSM) was adopted to further
optimize the principal parameters.4,11

Hydrolysis of polyol-143 with distilled water (H2O) was
carried out using C. rugosa lipase as catalyst in a 50 mL ask,
which was placed in a thermostatted shaking bed with
a temperature monitor. The agitation rate was set at 200 rpm.
The components of polyol-143, H2O, and C. rugosa lipase (5 wt%
loading of polyol-143) were allowed to react under certain
conditions. Specically, the effects of reaction temperature
(30�65 �C), reaction time (1�13 h), and molar ratio of H2O to
polyol-143 (1 : 1–5 : 1) on the hydrolysis were explored, and the
increased hydroxyl value of the produced polyol was chosen as
an indicator.

Aer reaction, the product was partitioned between suitable
volumes of aqueous Na2CO3 solution (0.5 M, pH 11.0) and
diethyl ether in a separating funnel. The mixture was le over-
night, and then high-speed centrifugation was applied to help
separate the fatty acid from the organic phase. Free fatty acids
were in the aqueous phase, whereas ester glycerides were in the
organic phase. Finally, diethyl ether was removed from the
organic phase at 50 �C. The obtained ester glycerides (the polyol
product) showed a hydroxyl value of 211 mg KOH/g, and the
sample was designated as polyol-211.

2.2.3 Synthesis of PU from the modied polyol-211.
SSO-based PUs were synthesized by the reaction of IPDI and
SSO-based polyols according to previously reported
methods.10,12 The PUs prepared from polyol-143 and polyol-211
were designated as PU143 and PU211, respectively. The
synthetic route to PU211 is shown in Scheme 2. The polyols and
IPDI (1.1 : 1 molar ratio of –NCO to –OH groups) were allowed to
RSC Adv., 2017, 7, 1504–1512 | 1505
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Scheme 2 Synthesis of PU211 from the modified polyol-211.
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react with magnetic stirring under a N2 atmosphere in a ask
tted with a water-cooled condenser at 60 �C. During this stage,
acetone was added to reduce the viscosity of the system. Aer
reaction for 2 h, the respective products were degassed under
vacuum for 10 min, poured onto a sheet of release paper, and
then heated in an oven at 60 �C for 24 h to complete the reac-
tions. The samples were then allowed to cool to room temper-
ature and were demolded.
2.3 Testing and measurement

Acid value is an important index for evaluation of vegetable oil-
based polyols. Their values were determined through standard
test GB/T5530-2005 with some modications. The acid value is
used to determine polyols' equivalent weight by the following
equation:

Acid equivalent weight ¼ 56:1� 1000

acid value ðmg KOH per gÞ

Hydroxyl value is one of the most important properties of
polyols indicating numbers of hydroxy functional groups per
gram of polyols. The number is evaluated according to HG/T
2709-95 to determine hydroxyl numbers of polyols. The
hydroxyl value is also used to determine polyols' equivalent
weight by the following equation:

Hydroxyl equivalent weight ¼ 56:1� 1000

hydroxyl value ðmg KOH per gÞ

For the experimental data, average value xi are calculated.

xi ¼

Xn
j¼1

yi

n
, y is the experimental data, n is the repeated exper-

imental times, j for every experiment point, i with different
samples synthesized in the same condition, which is 3 during

our calculation. Standard deviation s: sxi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xni
j¼1

ð yij � xiÞ2

n� 1
:

vuuuut
1506 | RSC Adv., 2017, 7, 1504–1512
The Gel Permeation Chromatography (GPC) set-up was
equipped with a refractive index detector and a pillar-type PL gel
5 mmMIXED-C 300� 7.5 mm column. The column temperature
and pressure were 40 �C and 6.86 MPa, respectively. Tetrahy-
drofuran was used as eluent at a ow rate of 1.0 mL min�1 and
polystyrene standards (SHODEX SL-105) were used as standard
sample.

To examine the signicant absorption bands of the PUs,
Fourier-transform infrared (FTIR) spectra of the samples in the
wavenumber range, n ¼ 4000�400 cm�1 were obtained at
a resolution of 4 cm�1 on Bruker Vertex 70 FTIR spectrometer at
room temperature.

To investigate the thermal stabilities of the PUs, thermog-
ravimetric analysis (TGA) was performed on a Pyris 1 TGA
instrument. Samples (ca. 5 mg) were heated from 50 to 600 �C at
a rate of 10 �C min�1 in a nitrogen atmosphere.

The glass transition temperature (Tg) of the PU was deter-
mined by differential scanning calorimetry (Diamond DSC)
from 10 to 150 �C at a heating rate of 10 �C min�1 under
nitrogen ow, which is a midpoint temperature between
extrapolated onset temperature and extrapolated end
temperature.

The mechanical properties of the PU lms (100 mm � 10
mm � 1 mm) were tested on a CMT4104 universal testing
machine (Shenzhen SANS Testing Machine Ltd. Co., Shenzhen,
China) at a speed of 50 mm min�1. For each sample, ve
specimens were tested, and the average value was calculated.
3. Results and discussion
3.1 Lipase-catalyzed synthesis of polyols with primary
alcohol groups

3.1.1 Single factorial experiments
3.1.1.1 Effect of molar ratio of H2O to polyol-143. All three

polyol-143 samples were lipase hydrolyzed in the same experi-
mental conditions of 5 wt% enzyme dosage, rotate speed of
200 rpm, the reaction time of 10 h and the reaction temperature
of 45 �C. The effect of molar ratio of H2O and polyol-143 on the
increased hydroxyl value was studied. It can be seen from Fig. 1
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of reaction temperature on increased hydroxyl value.Fig. 1 Effect of molar ratio of H2O to polyol-143 on increased
hydroxyl value.
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that in the range from 1 : 1 to 5 : 1, increasing H2O content
initially improves the hydroxyl value of the polyol, but that
excess H2O decreases this value. It can be deduced that
increasing the water content in the system can reduce its
viscosity and promote the catalytic efficiency of the lipase.
However, with excessive H2O amount, the low concentration of
reactant could reduce the reaction rate. It is also possible that
too much hydrolysis will produce a certain amount of glycerols,
which are then lost into the aqueous phase during the puri-
cation. Therefore, the maximum hydroxyl value was achieved at
a molar ratio of H2O to polyol-143 of 2 : 1.

3.1.1.2 Effect of reaction time. All three polyol-143 samples
were lipase hydrolyzed in the same experimental conditions of 5
wt% enzyme dosage, 200 rpm rotate speed, 45 �C reaction
temperature, 2 : 1 for the molar ratio of H2O to polyol-143. The
effect of the reaction time on the increased hydroxyl value was
studied. As shown in Fig. 2, during reaction for 11 h, the
hydroxyl value of the polyol rst showed a signicant increase
and then a maximum was attained. On extending the reaction
time to 13 h, there was a downward trend in the hydroxyl value.
It could be deduced that with extension of the reaction time, the
Fig. 2 Effect of reaction time on increased hydroxyl value.

This journal is © The Royal Society of Chemistry 2017
complete hydrolization of the three ester bond of triglycerides
with a certain amount would produces glycerols, which can be
dissolved in the water. Therefore, aer high-speed centrifuga-
tion, the hydroxyl value of the polyol in the oil phase was slightly
decreased.

3.1.1.3 Effect of reaction temperature. All three polyol-143
samples were lipase hydrolyzed in the same experimental
conditions of 5 wt% enzyme dosage, 200 rpm rotate speed, 11 h
reaction time, 2 : 1 molar ratio of H2O to polyol-143. The effect
of reaction temperature on the hydrolysis was investigated in
the range from 30 to 65 �C (as shown in Fig. 3). The maximum
hydroxyl value was obtained at 45 �C. On further increasing the
reaction temperature, a decreasing trend was observed. For this
reaction, temperature is effectively a double-edged sword. On
the one hand, higher temperature would improve the reaction
rate. On the other hand, an excessively high temperature will
reduce the enzyme activity and cause oligomerization of the
polyol.

3.1.2 Parameters optimized in the RSM
3.1.2.1 Experimental design of the RSM. In order to further

optimize the reaction parameters for polyol synthesis, a RSM
experiment was designed according to the Box-Behnken model
based on the above single factorial experiments.8,13,14 A three-
factor, three-level design that addressed the effects of molar
ratio of H2O to polyol-143, reaction time, and reaction temper-
ature on the increased hydroxyl value of polyols was selected.
The RSM experimental design is presented in Table 1. The
experimental increased hydroxyl value responses obtained at
the design points are illustrated in Table 2. Fieen experiments
were included in the design, and the results were analyzed with
multiple regressions using SAS 9.2 soware.

The model for the increased hydroxyl values of the polyols
was regressed, and can be expressed as follows (in terms of
coded levels):

Y1 ¼ �1859.61 + 58.4625X1 + 245.875X2 + 20.6725X3 �
4.3625X1X1 � 2.7X1X2 � 0.195X1X3 � 11.2875X2X2 + 0.27X2X3

� 0.2465X3X3
RSC Adv., 2017, 7, 1504–1512 | 1507
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Table 3 ANOVA and fit statistics of RSM

Source DF SS MS F Pr > F

X1 1 51.51125 51.51125 17.92007 0.0082a

X2 1 147.92 147.92 51.45938 0.0008a

X3 1 227.9113 227.9113 79.28727 0.0003a

X1X1 1 70.26981 70.26981 24.44592 0.0043a

X1X2 1 29.16 29.16 10.14437 0.0244a

X1X3 1 3.8025 3.8025 1.322839 0.3021
X2X2 1 470.4283 470.4283 163.6557 <0.0001a

X2X3 1 7.29 7.29 2.536093 0.1721
X3X3 1 140.2206 140.2206 48.78086 0.0009a

Model 9 1078.381 119.8201 41.6838 0.0004
Linear 3 427.3425 142.4475 49.55557 0.0004
Quadratic 3 610.7858 203.5953 70.82807 0.0002
Cross product 3 40.2525 13.4175 4.667768 0.0652
Error 5 14.3725 2.8745
Lack of t 3 12.6925 4.230833 5.036706 0.1701
Pure error 2 1.68 0.84
R2 ¼ 98.68%

a Signicant at 5% level.

Table 2 The experimental results of RSM

No. X1 X2 (h) X3 (�C) Y1 (mg KOH per g)

1 1 10 45 39.6
2 1 12 45 55.8
3 3 10 45 51.3
4 3 12 45 56.7
5 2 10 40 41.9
6 2 10 50 49.8
7 2 12 40 45.6
8 2 12 50 58.9
9 1 11 40 47.7
10 3 11 40 53.5
11 1 11 50 60.4
12 3 11 50 62.3
13 2 11 45 66.7
14 2 11 45 67.3
15 2 11 45 65.5

Table 1 The experimental design of RSM

Independent
variables Symbols

�1
(low level)

0
(mid-level)

1
(high Level)

Molar ratio
(mol mol�1)

X1 1 2 3

Time (h) X2 10 11 12
Temperature (�C) X3 40 45 50
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Table 3 lists details of the ANOVAs and tting statistics for
the regression model. The regression equation obtained from
the ANOVA yielded a R2 (multiple correlation coefficient) of
98.68% (a value >0.75 conrms tness of the model), conrm-
ing the validity of the model. Furthermore, the ANOVA analysis
also provided a P-value for the model (0.0004) and for lack of t
(0.1701), suggesting that the experimental data were well tted
by the model. The results indicated that the model terms X1, X2,
X3, X1

2, X2
2, and X3

2 were signicant (P < 0.05).
The overall effects of the reaction factors at each level and

the responses could be clearly understood from the set of
surface plots and contour plots (see Fig. 4).

3.1.2.2 Validation of the RSM model. The optimized reaction
conditions estimated through the model were a molar ratio of
H2O to polyol-143 of 2.2 : 1, a reaction time of 11.2 h, and
a reaction temperature of 47.2 �C. Triplicate experiments were
then conducted under the optimal conditions to validate the
precision of the RSMmodel. The increased hydroxyl value of the
polyol was 67.9 mg KOH per g, which perfectly coincided with
the model predicted value of 68.3 � 0.9. Thus, the developed
model was accurate and suitable for predicting the hydroxyl
value of the polyol.

3.1.3 The basic characteristics of the polyols. The SSO-
based polyol-143 was partially hydrolyzed with C. rugosa
lipase, and then a two-phase separation was performed with
aqueous Na2CO3 solution (0.5 M, pH 11.0). The measured basic
characteristics of the polyol products are listed in Table 4.
1508 | RSC Adv., 2017, 7, 1504–1512
C. rugosa lipase contains tunnel-like binding sites and
prefers to bind to straight chain fatty acids rather than to bulky
substrates.15 The fatty acid moieties with secondary alcohol
groups on polyol-143 tend to bend and be bulky, and saturated
fatty acid groups can probably t more easily and rapidly into
the active sites of C. rugosa lipase. Therefore, lipase partial
hydrolysis can remove the undesirable saturated fatty acid
moieties from polyol-143, and tends to produce a certain
amount of primary alcohol groups.

The C. rugosa lipase powder solid from Sigma Aldrich
contain not only the lipase catalyst, but also other auxiliary
components such as enzyme stabilizer, inhibitor and preser-
vative, which can inhibit the inactivation and oxidation of
enzyme. Aer the lipase-catalyzed hydrolysis reaction, the
product was treated by high speed centrifugation, but there
were still some enzyme auxiliary agent residues in the ether
phase. Therefore, the obtained polyol-211 had a greater
viscosity and a lower molecular weight, compared to polyol-143.

High acid value of the polyol obtained by lipase hydrolysis
can prolong reaction times in PU synthesis, as the carboxylic
groups will undesirably consume isocyanates, forming unstable
anhydrides.7 The high acid number product was therefore
subjected to a washing step to remove most of the hydrolyzed
acid groups and to reduce the acid number. Na2CO3 solution
with pH in the range 11.0–13.0 could effectively saponify and
remove most of the fatty acids in the ester glyceride phase.16

3.1.4 Synthesis of SSO-based PU. Plant oils are a rich source
of polymer precursors that can be modied to exhibit various
types of functionalities, leading to new PUmaterials with a wide
range of properties from structural to functional.17 SSO, as
a non-edible drying oil, contains about 90% unsaturated fatty
acids and its double bonds per molecule attain 6.6, much
higher than those of castor oil (3.0) and soybean oil (4.5). The
major fatty acids of SSO are palmitic, stearic, oleic, linoleic and
linolenic acids, and the highest percentage is composed of
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Response surface plots and contour plots of interaction between the three independent factors on increased hydroxyl value (a) X1 (molar
ratio) and X2 (reaction time), (b) X1 (molar ratio) and X3 (reaction temperature), (c) X2 (reaction time) and X3 (reaction temperature).
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linolenic acid (42.7%), followed by linoleic acid (29.8%) and
oleic acid (14.2%).12 Its iodine value reaches 186.8 g of I2/100 g,
which has a higher iodine value compared with those of other
seven plant oils (see Table 5).10 Therefore, SSO is one of themost
suitable platform chemical materials for different polymer
production, such as PUs.

The SSO triglycerides have more than 10% of saturated fatty
acid chains including 7.1% palmitic (16 : 0) and 2.0% stearic
(18 : 0) fatty acid chains. And the largest non-functional
branches on SSO-based polyols synthesized by epoxidation-
Table 4 The basic characteristic properties of polyol-143 and polyol-21

Sample
Hydroxyl value
(mg KOH per g)

Acid valu
(mg KOH

Polyol-143 143 1.4
Polyol-211 211 3.2

This journal is © The Royal Society of Chemistry 2017
hydroxylation are the saturated fatty acid branches. These
saturated fatty acids reduce the reactivity of SSO-based polyols
and affect the nal PU properties.18 Lipase hydrolysis method
can produce the primary alcohol groups in SSO-based polyol
and replace the undesirable saturated fatty acid moieties.
Furthermore, primary alcohols are usually more reactive with
isocyanate than secondary alcohols. Therefore, the high reac-
tivity of primary alcohol groups could improve the formulation
of PU synthesis, for example it could reduce catalyst loading, or
additive loading in the formulations.7
1

e
per g)

Viscosity
(25 �C) (mm2 s�1)

Mw

(g mol�1)

2569 3010
3874 2180
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Table 5 Fatty acids composition (mass%) and iodine values of common plant oils

Name Palmitic Stearic Oleic Linoleic Linolenic
Iodine value
(g of I2/100 g)

Soybean oil 14.0 4.0 23.3 52.2 5.6 128.7
Linseed oil 5.0 4.0 22.0 17.0 52.0 180.0
Sunower oil 6.5 2.0 45.4 46.0 0.1 120.2
Peanut oil 11.6 2.2 46.5 32.2 — 97.6
Cottonseed oil 22.1 2.8 19.4 53.5 2.3 109.4
Palm oil 41.8 3.4 41.9 11.0 — 43.3
Rapeseed oil 4.0 2.0 56.0 26.0 10.0 102.0
Castor oil 1.5 0.5 5.0 4.0 0.5 102.2
Corn oil 10.0 4.0 34.0 48.0 — 123.5
SSO 7.1 2.0 14.2 29.8 42.7 186.8
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3.1.5 FTIR spectra of PU143 and PU211. Representative
FTIR spectra of PU143 and PU211 are shown in Fig. 5. The
disappearance of the stretching vibration band at n ¼ 2270
cm�1, which corresponds to the –NCO groups of IPDI, suggests
that the –OH groups of the polyols consumed these groups.
Moreover, characteristic bands at n ¼ 3352 cm�1 (N–H stretch-
ing vibration), 1742 cm�1 (carbonyl C]O stretching vibration),
1562 cm�1 (N–H out-of-plane bending and C–N stretching
vibrations), and 1244 cm�1 (ester C–O stretching vibration)
conrmed the formation of urethane groups (–NH–(C]O)–O–)
aer the reaction.19 The results suggest that PU143 and PU211
had been successfully prepared.

3.1.6 Thermal properties of PU143 and PU211. Fig. 6
presents the TGA and Differential Thermal Gravity (DTG) curves
for PU143 and PU211, respectively. In comparison with that of
PU143, the TGA curve for PU211 obviously shied towards
higher temperatures. The initial decomposition temperature
(IDT) of PU211, which is the temperature at 5% weight loss, is
higher than that of PU143 by 82.6 �C. Thermal degradation of
the two PUs takes place in two stages, corresponding to the hard
and so segments, because of thermodynamic incompatibility
of these segments of the PU matrix.20 The temperatures corre-
sponding to the maximum rate of degradation (Tmaxs) in each of
the two stages for PU143 and PU211 are also listed in Fig. 6. In
Fig. 5 FTIR spectra of PU143 and PU211.

1510 | RSC Adv., 2017, 7, 1504–1512
each stage, the thermal degradation temperature of PU211 is
signicantly higher than that of PU143. The Tmax values of
PU211 are increased by 78.3 �C and 97.4 �C in the respective
stages. The results indicate that the thermal stability of PU211
was substantially increased. Saturated fatty acid groups in
polyol-143 will reduce its reactivity and affect the properties of
the nal PU.18 Lipase hydrolysis could replace the undesirable
saturated fatty acid groups with primary alcohol groups.7

Typical polyol-143 has secondary alcohol groups derived from
epoxide ring-opening reaction near the middle of the fatty acid
chain. However, a polyol bearing secondary alcohol groups is
usually less reactive towards isocyanate than a polyol bearing
primary alcohol groups. Thus, there is greater reactivity between
polyol-211 bearing primary alcohol groups and isocyanate,
resulting in better thermal stability of the derived PU211.

DSC curves of PU143 and PU211 are presented in Fig. 7. The
Tgs of PU143 and PU211 were determined as 40.9 �C and
60.6 �C, respectively. Therefore, the Tg value of PU211 was
distinctly higher than that of PU143. Tg represents the mobility
of polymer chains in the matrix at the molecular level, and an
increase therein indicates a decrease in molecular movement in
the polymer.21 Because polyol-211 with primary alcohol groups
bears more hydroxyl groups than polyol-143, it can engage in
more chemical interactions with isocyanate, resulting in more
Fig. 6 TGA and DTG curves of PU143 and PU211.

This journal is © The Royal Society of Chemistry 2017
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Table 6 Mechanical properties of PU143 and PU211

Sample
Tensile strength
(MPa)

Elongation at
break (%)

Young's
modulus (MPa)

PU143 3.7 � 0.2 293.5 � 18.4 10.4 � 0.9
PU211 12.5 � 0.8 168.3 � 13.2 22.3 � 2.4

Fig. 7 DSC curves of PU143 and PU211.
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networks of polymer molecules and a higher Tg for PU211
compared with those for PU143. The increase in Tg for PU211
corresponds to an improvement in its mechanical properties,
such as tensile strength and modulus.

3.1.7 Mechanical properties of PU143 and PU211. Tensile
strength, Young's modulus, and elongation at break deter-
mined for PU143 and PU211 are summarized in Table 6.
Compared with PU143, PU211 has 238% higher tensile strength
and 114% larger Young's modulus. These results are also in
accordance with the Tg values. It is because PU211 prepared
from polyol-211 with primary alcohol groups forms more cross-
linked networks than PU143, leading to higher density.22 The
obtained polyol-143 by epoxidation–hydroxylation contains
more saturated fatty acids, and these inactive regions belong to
the category of pendant chains. Pendant chains of the resulting
Table 7 Properties comparison of synthesized PUs from common plant

Sample Tg (�C)

TGA

IDT (�C) Tmax1 (�C)

Soybean oil 20.9 242 —
Linseed oil 35.9 150 267
Sunower oil 41 — 284
Peanut oil �9.2 — —
Cottonseed oil — — —
Palm oil 39.7 191.9 275
Rapeseed oil 43.9 256 282
Castor oil �40.2 281 354
Corn oil �6.6 — —
SSO 60.6 307.2 356.7

This journal is © The Royal Society of Chemistry 2017
PU networks represent imperfections in the chemical structure
and act as plasticizers that reduce polymer rigidity and improve
polymer exibility.23,24 They may be introduced into the polymer
network due to incomplete cross-linking reactions, or the
presence of monofunctional monomers.25 Because of more
pendant chains on the polymer molecules, PU143 has a higher
elongation at break, compared with PU211.

Table 7 presents the thermal and mechanical properties of
the PUs from SSO and other plant oils, such as soybean oil,26

linseed oil,27 sunower oil,28 cottonseed oil,29 palm oil,30 rape-
seed oil,31 castor oil,32 peanut oil and corn oil.33 The properties
of PUs depend on the reactivity of plant oils, the properties of
fatty acids, and their relative percentages.34 Table 7 lists the
properties of SSO-based PU synthesized by epoxidation–
hydroxylation and lipase hydrolysis, such as thermal stability,
tensile strength and elongation at break, which are well
matched with other types of plant-oil-PUs. Furthermore, DSC
results illustrate Tg value of SSO-based PU211 is higher than
that of other plant-oil-PUs. The rich hydroxyl numbers and
primary alcohol groups of the polyol result in the higher cross-
linking density in SSO-based PU211 chemical structure, which
can benet its properties.

4. Conclusion

Aer epoxidation-hydroxylation of SSO to generate polyol-143,
a single-factor design and RSM design methodology have
been applied to optimize the lipase-catalyzed modication of
polyol-143 to increase the number of primary alcohol groups.
The results show good consistency between the predicted and
experimental values, and R2 ¼ 98.68% demonstrates a high
signicance for the regression model. The best result in terms
of hydroxyl value of the modied polyol reached 211 mg KOH
per g under optimal conditions of a molar ratio of H2O to polyol-
143 of 2.2 : 1, a reaction time of 11.2 h, and a reaction
temperature of 47.2 �C. Furthermore, two PUs have been
synthesized from the obtained SSO-based polyols and IPDI by in
situ polymerization. Characterization results revealed that the
Tg of PU211 derived from the modied polyol-211 was 60.6 �C
and its IDT was 307.2 �C, as compared to respective values of
40.9 �C and 224.6 �C for PU143 derived from polyol-143 directly
oils

Tensile strength
(MPa)

Elongation at
break (%)Tmax2 (�C)

— 4.5 � 0.6 329.6 � 47.2
312 3.8 � 1 256 � 6
408 23.18 � 0.8 750 � 5
— 2.27 � 0.03 343 � 10
— 3.26 � 0.50 2.44 � 0.27
447 1.5 � 0.3 —
423 11.7 � 0.8 420 � 10
434 6.3 � 0.3 389.1 � 12.3
— 3.40 � 0.23 322 � 12
443.1 12.5 � 0.8 168.3 � 13.2
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generated by epoxidation-hydroxylation. The tensile strength
and Young's modulus were also enhanced by 238% and 114%,
respectively. This was because of the more extensive cross-
linking networks in PU211 as compared to PU143 due to the
higher reactivity of modied polyol-211 bearing primary alcohol
groups introduced by lipase-catalyzed hydrolysis.
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