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ABSTRACT: The objective of this research is to prepare rigid polyurethane (PU) foams from a-phellandrene, a biobased
compound. Two types of polyols were synthesized by reacting a-phellandrene with 2-mercaptoethanol and
o-thioglycerol via thiol-ene chemistry route. The completion of the reaction was identified by using FTIR. PU
foams from a-phellandrene polyols and commercial polyol were compared with regard to foam characteristics
and properties. All the PU foams showed apparent density of 28-39 kg/m® with closed-cell content above
90%. The highest glass transition temperature of 229 °C and compressive strength of 220 kPa were observed
for the polyol synthesized by reacting a-phellandrene and o-thioglycerol, due to the higher number of
hydroxyl functionalities. The type of polyol also had an influence on thermal stability and foam reactivity.
The PU foams from a-phellandrene polyol had lower onset degradation temperature. However, this was
improved upon blending with commercial polyol. Foam reactivity was the highest in the polyol consisting of
primary hydroxyl groups. This study establishes the preparation of biobased polyols from a-phellandrene for
the preparation of rigid PU foam which could be suitable for thermal insulation.
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1 INTRODUCTION

Polyurethane (PU) is an important class of polymers,
which manifests versatile properties suitable for a
wide range of industrial applications [1-3]. Rigid and
flexible foams are the two major polyurethane prod-
ucts. Elastomers, paints, sealants, and adhesives are
among other typical uses for polyurethane [4]. Rigid
polyurethane foams represent one of the most efficient
thermal insulators and are extensively used in the con-
struction industry as a thermal barrier because of their
low thermal conductivity, light weight, high compres-
sion strength, and good adhesion [5, 6]. Also, rigid PU
foams can be commonly found as an insulation layer
in pipes, tanks, refrigerators, boats, and aircrafts [7, 8].
The rigid foam structure of PU is formed by trapping
the gas generated by a blowing agent inside solid
PU matrix. Insulation properties of rigid PU foams
depend on the thermal conductivity of gas and solid
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PU, which are governed by the properties of the blow-
ing agent, closed-cell structure, and cell size [9, 10].
The excellent thermal insulation performance of rigid
PU foams is due to the very low thermal conductivity
of gas, and gas occupies nearly 96% of the total vol-
ume of rigid PU foams [11].

Currently, the starting chemicals for polyurethane
and most other polymers are accrued from petroleum
feedstocks. Increasing concerns over environmental
issues and scarcity of petroleum resources have moti-
vated the search for alternative starting raw materials
for polyurethane. Extensive research has been focused
on synthesizing plant-derived isocyanates [12, 13] and
polyols [14-17], two starting chemicals of polyure-
thane, to replace the conventional petrochemical-based
chemicals. So far, various plant-derived materials have
been explored for the synthesis of polyol for poly-
urethane because of their sustainability, availability,
value addition to the agricultural products, and com-
mercial competitiveness. However, most plant oils
require the incorporation of hydroxyl functional group
to undergo reaction with isocyanate for the preparation
of PU. Epoxidation [18-20], hydroformylation [21-23],
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ozonolysis [24, 25], and transesterification [26-28] are
among the commonly utilized synthesis routes to mod-
ify the unsaturation of the triglyceride or fatty acids.
These synthesis processes involve multistep reactions
or expensive catalysts. Recently, thiol-ene coupling
has been attracting interest as a viable option to func-
tionalize the unsaturated compounds via free radical
addition of thiol to the double bonds [29]. Presently,
thiol-ene coupling reaction is being used to alter the
chemical structure of plant oils for various applications.
Hydroxy thio-ether derivatives of vegetable oils were
obtained by thiol-ene coupling to improve the wear and
friction resistance of the vegetable oils [30-32]. Thiol-
ene coupling is an effective reaction for crosslinking and
oligomerization of vegetable oils with polyfunctional
thiols under UV irradiation [33-35]. Notably, renewable
monomers based on fatty acids have been synthesized
by thiol-ene reaction. Subsequently, monomers were
polymerized to polyesters and polyandries. These poly-
mers exhibited fast degradation in hydrolytic condition,
indicating their suitability for biomedical applications
[36-38]. Recently, thiol-ene reaction has been utilized to
synthesize biobased polyol, grafting 1-thioglycerol and
limonene dimercaptan onto double bonds of limonene
and glycerol-1-allylether, respectively. This thiol-ene
coupling showed the characteristics of “click” reaction
such as high yield of polyol, unsophisticated reaction
conditions and relatively short reaction time [3941].
o-Phellandrene is a monoterpene with two endo-
cyclic carbon double bonds. It is the main constituent
of several essential oils, extracted from plants such
as Peruvian pepper (Schinus molle L.) [42], eucalyp-
tus [43, 44], piper [45, 46], fennel [47, 48], false fennel
(Ridolfia segetum L. Moris) [49, 50] and dill (Anethum
graveolens L.) [51, 52]. a-Phellandrene inherently has a
strong aroma and is often incorporated into fragrances
[53]. In addition, o-phellandrene contains essential oil
capable of inhibiting microbial growth [54, 55]. For the
first time, we report the use a-phellandrene to syn-
thesize biobased polyols via thiol-ene chemistry for
the preparation of rigid PU foam. This article studies
the effect of the structural difference between the two
polyols in terms of foam reactivity, cell morphology,
thermal, and mechanical properties. We also compare
the synthesized polyols with a commercial counter-
part in the search for a potential industrial application.

2 EXPERIMENTAL

2.1 Materials

o-Phellandrene (= 85%, Sigma-Aldrich), o-thioglycerol
(TCI), 2-mercaptoethanol (Acros Organics) and
2-hydroxy-2-methylpropiophenone (TCI) were used
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as received for the synthesis of biobased polyol. A
commercially available Jeffol SG-360, a sucrose/
glycerine-based polyether polyol with an OH content
of 360 mg KOH/g (Huntsman), was selected as the
control polyol. The Rubinate M (polymeric methyl-
enediphenyl diisocyanate, NCO content of 31%) was
purchased from Huntsman. The following chemicals
were utilized for the preparation of polyurethane
foams: DABCO T-12 (Air Products) and NIAX A-1
(OSi Specialties) were used as the catalyst, and sili-
cone surfactant (Tegostab B-8404) was purchased from
Evonik. Distilled water was used as blowing agent.

2.2 Synthesis of o-Phellandrene-Derived
Polyol

o-Phellandrene-based polyol was synthesized by
reacting 27.13 g of o-phellandrene with 36.65 g of
o-thioglycerol (1:2 molar ratio of o-phellandrene and
o-thioglycerol) in the presence of 2.85 g of 2-hydroxy-
2-methylpropiophenone as the photoinitiator. The
photochemical reaction was carried out at room tem-
perature for 8 h under 365 nm ultraviolet radiations.
The synthesized polyol was named AP-TG. The same
synthesis route was adopted to synthesize AP-ME-TG
polyol (1:1:1 molar ratio of a-phellandrene, 2-mercap-
toethanol and o-thioglycerol).

2.3 Characterization of a-Phellandrene-
Derived Polyol

The synthesized polyols were characterized using
various techniques. The phthalic anhydride/pyri-
dine (PAP) method (ASTM D4274) was used to deter-
mine the hydroxyl number of the polyols. The FTIR
spectrum of polyol was recorded using a Shimadzu
IRAffinity-1 FTIR spectrophotometer at room temper-
ature. Viscosity was measured by using an AR 2000
dynamic stress rheometer (TA Instruments) at 25 °C.

2.4 Preparation of Rigid Polyurethane
Foams (RPFs)

Biobased polyol and/or commercial polyol, catalysts,
silicone surfactant and blowing agent were thoroughly
premixed in an open plastic container. Pre-weighted
diisocyanate was added to the above mixture and vig-
orously stirred about 10 seconds. The homogenous
mixture was allowed to rise freely at room temperature.
Once the rising of the PU foam started, cream time, tack-
free time and rise time were recorded. All PU foams
were kept under ambient conditions for 7 days to com-
plete the curing process. The detailed formulation of the
RPFs is given in Table 1. The amount of diisocyanate
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Table 1 Formulations by weight (g) used for synthesis of RPFs.

Ingredients E-J F-AP-TG F-AP-ME-TG F-AP-TG-] F-AP-ME-TG-]
AP-TG 0 20.00 0 10.00 0
AP-ME-TG 0 0 20.00 0 10.00
Jeffol SG-360 20.00 0 0 10.05 10.03
Tegostab B-8404 0.40 0.40 0.40 0.41 0.40
Niax A-1 0.11 0.12 0.12 0.12 0.12
DABCO T-12 0.04 0.03 0.03 0.03 0.03
Water 0.80 0.81 0.80 0.81 0.80
Rubinate M 30.78 44.58 38.80 35.62 34.30
(Rubinate M, index 105) in each formulation was based
on equivalent weight of polyols and distilled water:
i HS/\O(H\OH _> OH _S/\O/H\OH
w,; = Ewi X wP + wPC + Wapater (1) oH

Ewp Ewpc Euater Reaction 1a APTG
wherew, w,w, andw,, are the weights of isocyanate, HS " OH
polyols, commercial polyols and water, respectively. * OH — _S/E/\OH
Ew, Ew and Ew, , are the equivalent weights of Hs~-OH > H
isocyanate, biobased polyol, and commercial polyol, HO/_/ AP-METG
respectively. Ew . (= 9) is the hydroxyl equivalent Reaction 1b

water

weight of water.

2.4 Characterization of Rigid
Polyurethane Foams

Morphology, microstructural and physical properties
of the fabricated RPFs were studied according to the
standard procedures. The apparent density of foams
was determined according to ASTM D1622. Cylindrical
shaped foam with a diameter of about 46 mm and a
height of about 30 mm was cut from the top of the
PU foam block and weighed to calculate the density.
Closed-cell content of the same cylindrical shaped
specimens was determined from gas displacement
method (ASTM 6226) by using an Ultrapycnometer,
UltraFoam 1000. Compressive strength was meas-
ured using the specimens with dimensions of
~ 50 mm x 50 mm x 25 mm from a Q-Test 2-tensile
machine (MTS, USA) in accordance with the ASTM
1621 standard procedure. Specimens were subjected to
a compressive force parallel to the foam rise direction
at a rate of 30 mm/min. Compressive strength was
calculated as the force required to reach 10% of strain
divided by the surface area of the specimen. Cell mor-
phology of the PU foams was analyzed using a G2 Pro
scanning electron microscope (SEM) from Phenom-
World, Netherlands. The PU foams were subjected to
sputter gold coating prior to the imaging to avoid the
accumulation of electrostatic charge on the surface.
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Figure 1 The chemical structures of the synthesized
o-phellandrene bio-based polyols.

Thermogravimetric analysis (TGA) was performed
using a TGA Q500 (TA Instruments, USA) from room
temperature to 600 °C at a heating rate of 10 °C/min
under a nitrogen atmosphere. For dynamic mechani-
cal analysis (DMA), specimens with the dimensions of
~15mm x 6 mm x 2 mm were prepared from the PU
foams and tested in tension mode using a DMA 2980
(TA Instruments, USA). Heating rate and mechanical
vibration frequency were set at 3 °C/min and 10 Hz
(amplitude: 15 pm), respectively, to record the storage
modulus and loss modulus.

3 RESULTS AND DISCUSSION

3.1 Synthesis of a-Phellandrene Biobased
Polyol

Thiol-ene coupling is a useful reaction for hydroxy
functionalization of unsaturated terpenes. The syn-
thesis of a-phellandrene polyol proceeds through free
radical addition of thiol group into the two internal
double bonds of a-phellandrene, as shown in Figure 1.
Free radicals in thiol groups are generated from the
photoinitiation of 2-hydroxy-2-methylpropiophenone
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Figure 2 FTIR spectra of the starting materials and their polyols using (a) AP and TG and (b) AP, TG and ME.

Table 2 Foaming parameters and PU foam characteristics.

Ingredients F-J | F-AP-TG | F-AP-ME-TG | F-AP-TG-J | F-AP-ME-TG-]
Cream time (s) 13 11 7 11 10

Rise time (s) 62 40 35 45 48
Tack-free time (s) 107 71 62 80 84
Density (kg/m?®) 37.5 33.7 28.3 36.7 39.0
Closed cell content (%) 94 92 91 95 95
Compressive strength at 10% strain (kPa) 200 220 160 228 231
Specific compressive strength [kPa/(kg/m?)] 5.33 6.53 5.65 6.21 5.92
Glass transition temperature/T_ (°C) 183 229 205 218 196

by UV radiation [17]. Functionality of the resultant
polyols varied depending on which thiol compound
(o-thioglycerol or 2-mercaptoethanol) reacted with the
o-phellandrene.

The FTIR spectra of synthesized polyols and starting
chemicals are shown in Figure 2a and 2b. The broad
and strong peaks at 3400 cm™ correspond to the -O-H
stretching. These peaks in AP-TG and AP-ME-TG poly-
ols would be the result of the reaction between alkene
group of o-phellandrene and thiol compounds. This
reaction is further confirmed by the disappearance of
the peaks at 2550 cm™ for -5-H stretching from the syn-
thesized polyols. The -5-H groups in o-thioglycerol
and 2-mercaptoethanol have been converted to the
—-5-R by thiol-ene reaction. The peak at 3050 cm™ in
o-phellandrene is attributed to the —-C-H stretch-
ing of alkene. This peak has shifted to the 2950 cm™
resembling the —C-H stretching of an alkane, after
the addition of thiol group to a-phellandrene. These
observations reveal that the thiol-ene reaction
between o-thioglycerol and 2-mercaptoethanol, and
o-phellandrene has been accomplished.

3.2 Properties of a-Phellandrene Biobased
Polyol

The hydroxyl numbers of the AP-TG and AP-ME-TG
polyols were 554 and 500 mg KOH/g, respectively.

J. Renew. Mater. Supplement June 2017

These values comply with the commonly required
hydroxyl number for the preparation of rigid poly-
urethane foam, which is in the range between 300
and 650 mg KOH/g [56]. The viscosity at 25 °C of the
AP-TG and AP-ME-TG were determined to be 0.616
and 0.157 Pa.s, respectively.

3.3 Properties of Rigid Polyurethane
Foams

Measurement of the foaming parameters (cream time,
rising time and tack-free time) for the PU foam forma-
tion allows the determination of the reactivity of PU
foaming process. The foaming parameters for the five
different PU foams are listed in Table 2. The PU foam
based on 100% AP-ME-TG polyol is the most reac-
tive system with the shortest cream time, rising time
and tack-free time. In contrast, slow reaction times
were recorded for the AP-TG polyol-based PU foam
(F-AP-TG). The reactivity difference in PU systems
can be attributed to the structural variation of the two
synthesized polyols. AP-ME-TG polyol consisted of
primary and secondary hydroxyl groups due to the
addition of both o-thioglycerol and 2-mercaptoetha-
nol. However, AP-TG polyol only contained second-
ary hydroxyl groups, which are less reactive towards
the isocyanate compared to the primary hydroxyl
groups in AP-ME-TG polyol.
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Apparent density and closed-cell content of rigid
PU foams are displayed in Table 2. Density of all the
foams was in the range of 28-39 kg /m?, which satisfies
the commonly requested density of 20-50 kg/m?® for
the rigid PU foams [11]. A higher percentage of closed-
cell content is desired in rigid PU foams to be used as
thermal insulation material. All the o-phellandrene-
based foams consisted of closed-cell content above
90% and were comparable to the PU foam based on
commercial polyol. Closed-cell content was further
enhanced when a-phellandrene polyols were blended
with the commercial polyol.

Table 2 and Figure 3 show the mechanical proper-
ties of the rigid PU foams. The effect of the density

200 4
©
o
=
wv
o
S 1004
wv
——F-AP-TG
—— F-AP-ME-TG
e F-AP-TG-J
0 ~—— F-AP-ME-TG-J
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L) L) ) L) L)
0 4 8 12 16
% Strain

Figure 3 Compressive strength plots for various rigid PU
foams.

difference in five PU samples was eliminated by com-
paring the specific compressive strength (i.e., compres-
sive strength at 10% strain divided by the density of
the rigid PU foam). The highest specific compressive
strength of 6.53 kPa/(kg/m? was observed in F-AP-TG
foam, which is 13% higher than specific compressive
strength of F-AP-ME-TG foam. Correspondingly, spe-
cific compressive strength of F-AP-TG-] foam was 5%
higher than that of F-AP-ME-TG-] foam. Therefore, it
is evident that polyol synthesized solely by reacting
o-thioglycerol with a-phellandrene is more suitable to
prepare mechanically stable, rigid PU foams, because
it gives the polyol with the highest hydroxyl function-
ality and the PU network with maximum crosslink-
ing density. Zlatanic and coworkers studied the effect
of hydroxyl number on the properties of PU. They
observed that tensile strength and flexural modulus
linearly increased with increment of hydroxyl number
[57]. Furthermore, mechanical properties of rigid PU
foams based on o-phellandrene polyols were better
than the rigid PU foam based on commercial polyol.

Cell structure and morphology of the PU foams were
studied using the SEM images shown in Figure 4. The
SEM images suggest that PU foams are mainly com-
posed of closed cells. This observation is in good agree-
ment with the measured closed-cell content of above
90% in Table 2. The PU foams prepared from AP-ME-TG
polyol (Figure 4, F-AP-ME-TG and F-AP-ME-TG-]) con-
sist of regularly shaped closed cells with stable pentago-
nal or hexagonal faces and uniform cell size distribution
compared to the microstructure of AP-TG polyol-based
PU foams (Figure 4, F-AP-TG and F-AP-TG-]).

Figure 4 SEM images of rigid PU foams.
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Thermal stability of rigid PU foams was stud-
ied using thermogravimetric curves under nitrogen
atmosphere and corresponding derivative (DTGA)
curves (Figure 5). The DTGA curves revealed two
distinct degradation phases. The first degradation
phase is related to the dissociation of urethane bond
in the temperature range of 230-370 °C; and is then
followed by a second degradation phase around

500 °C, due to the C-C bond cleavage. The thermal
stability of PU foams F-J, F-AP, and F-AP-ME-TG
can be distinguished by the number of peaks and
characteristics of the peaks associated with the first
degradation phase. Three peaks were observed for
PU foams based on AP-TG and AP-ME-TG polyols,
albeit with different weight losses. Whereas, PU foam
based on Jeffol SG-360 showed only two peaks for the
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Figure 5 TGA and DTGA curves of rigid PU foams.
J. Renew. Mater. Supplement June 2017 d CC BY-NC-ND - Creative Commons 79


http://dx.doi.org/10.7569/JRM.2017.634137
http://dx.doi.org/10.7569/JRM.2017.634137

N. Elbers et al.: Synthesis of Novel Biobased Polyol via Thiol-Ene Chemistry for Rigid Polyurethane Foams

DOI: 10.7569 /JRM.2017.634137

Storage modulus (MPa)

10 v - v - - 0.6
F-AP-TG
8 4
L 0.4
6 4
s
K
el
44 5
0.2
24
04 0.0
0 50 100 150 200 250
Temperature (°C)
F-AP-TG-J ' ' '
84
L0.45
F
S 64
7y
2 030 8
T 44 %
2 c
w 'S
g 2 L0.15
[]
A
0+ L0.00
0 50 100 150 200 250
Temperature (°C)
- 0.60
L0.45
=
F0.30 8
c
©
L0.15
-0.00

F-J
__ 64 L 0.4
&
=
3 44 s
) K
©
S L02
<
& 2+
o
]
wv
01 L 0.0
v T T T Y T v T
0 50 100 150 200 250
Temperature (°C)
. v - - 0.8
F-AP-ME-TG
64
5 -0.6
=
54 £
3 04 3
e c
€ <
g 24 =
I 0.2
[
A
04
0.0
» L) L) T L T
0 50 100 150 200 250
Temperature (°C)
F-AP-ME-TG-J
6 -
=
o
2
3 4+
S
e
o
£
g 2-
©
S
wv
0+
0 50 100

150 200 250

Temperature (°C)

Figure 6 Storage moduli and tan § curves of rigid PU foams.

considered temperature range. These observations
might be attributed to the difference in the bond ener-
gies imparted by the different polyol structures [58].
The highest onset degradation temperature of 266 °C
was observed in rigid PU foam based on Jeffol SG-360,
followed by onset degradation temperature of 234
and 228 °C for PU foams based on polyol AP-TG and
AP-ME-TG, respectively. Onset degradation tempera-
ture of a-phellandrene polyol-based PU foams was
increased to 238 and 235 °C by replacing 50% with

80  J. Renew. Mater. Supplement June 2017

commercial polyol, indicating improved thermal sta-
bility of blended rigid PU foams.

Dynamic mechanical analysis was utilized to deter-
mine the storage modulus and the glass transition tem-
perature (T ) of rigid PU foams. As seen in Figure 6,
storage modulus gradually decreases until 150 °C, and
then exhibits a sharp drop which is associated with the
glass transition of the PU samples. The maximums of
the tan & curves in Figure 6 were reported as the T, and
presented in Table 2. The T, of PU foams consisting of
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a single polyol follow the trend of hydroxyl number.
The highest T _of 229 °C was obtained for the PU foam
based on polyol AP-TG which also has the highest
hydroxyl number, followed by the T and hydroxyl
number of polyol AP-ME-TG and ]eftgol 5G-360. This
agrees with the previous reports, where they found
that T increases as the hydroxyl number increases due
to the higher crosslinking density [56,59].

4 CONCLUSION

Two novel biobased polyols were successfully synthe-
sized from the a-phellandrene via photoinitiated thiol-
ene reaction. It was found that these polyols are suita-
ble for the preparation of rigid PU foams by providing
an alternative to the petrochemical-based monomers
currently used for the synthesis of rigid PU foams.
Rigid PU foams from biobased polyols exhibited
superior sp. compressive strength and blending with
commercial polyol improved the closed-cell content
and thermal stability. We also showed that type and
functionality of the polyols can affect the properties of
the PU foams. Polyol with primary hydroxyl groups
is highly reactive. Specific compressive strength and
glass transition temperature increase with the increase
of hydroxyl functionality. This opens a method to con-
trol the properties of PU foams by changing the thiol
compound, especially for the PU foam-based struc-
tural application where high strength is desired. High
mechanical properties, excellent closed-cell content,
cell morphology, and density suggest that these foams
are ideal for thermal insulation to conserve the energy
required for heating and cooling in households as well
as in industries.
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