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mechanism for the synthesis of
coconut oil-derived biopolyol for rigid
poly(urethane-urea) hybrid foam application
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Dave Joseph E. Estrada,a Alona A. Lubguban,c Eleazer P. Resurreccion,d

Gerard G. Dumancas,e Harith H. Al-Moamerif and Arnold A. Lubguban *ab

Coconut oil (CO) has become one of the most important renewable raw materials for polyol synthesis due

to its abundance and low price. However, the saturated chemical structure of CO limits its capability for

functionalization. In this study, a novel reaction mechanism via the sequential glycerolysis and amidation

of CO triglycerides produced an amine-based polyol (p-CDEA). The synthesized biopolyol has

a relatively higher hydroxyl value of 361 mg KOH per g relative to previously reported CO-based polyols

with values ranging from 270–333 mg KOH per g. This primary hydroxyl-rich p-CDEA was used directly

as a sole B-side polyol component in a polyurethane-forming reaction, without further purification.

Results showed that a high-performance poly(urethane-urea) (PUA) hybrid foam was successfully

produced. It has a compressive strength of 226 kPa and thermal conductivity of 23.2 mW (m−1 K−1),

classified as type 1 for a rigid structural sandwich panel core and type 2 for rigid thermal insulation foam

applications according to ASTM standards. Fourier-transform infrared (FTIR) spectroscopy was performed

to characterize the chemical features of the polyols and foams. Scanning electron microscopy (SEM)

analysis was also performed to evaluate the morphological structures of the synthesized foams.

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were conducted to

investigate the foam's thermal characteristics. Thus far, this work is the first to report a novel and

effective reaction mechanism for the synthesis of a highly functional CO-derived polyol and the first

CO-based polyol with no petroleum-based replacement that may serve as raw material for rigid PUA

foam production. PUA hybrid foams are potential insulation and structural materials. This study further

provided a compelling case for enhanced sustainability of p-CDEA PUA hybrid foam against petroleum-

based polyurethane.
1. Introduction

Polyurethane (PU) is one of the most versatile polymeric mate-
rials with a wide range of industrial applications such as
thermal rigid insulation foam, exible foam, coatings, adhe-
sives, elastomers, etc.1–4 Its application depends on its proper-
ties, which are highly inuenced by the type of polyol and
isocyanate used in its production.1,5,6 Conventional PUs are
derived from non-renewable fossil fuels.2,7–9 However,
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industrial-scale production of these non-biodegradable
substances poses signicant environmental hazards.10,11 The
rapid rate of fossil fuel depletion compels research institutions
and PU manufacturing industries to explore alternative feed-
stocks such as vegetable oils that are sustainable, renewable,
and eco-friendly.3,12–17

Biopolyols are the potential alternative raw materials for the
sustainable production of rigid PU foam, but in order to do so,
polyols would require a relatively high hydroxyl value.18 Vege-
table oils do not naturally contain hydroxyl groups and are less
suitable reactants in polyols production than other substrates
unless chemical modications are made.19 Hydroxyl groups are
therefore chemically generated from vegetable oils, the number
of which is dependent on the nature and triglyceride structure
of the specic oil. Unsaturated vegetable oils are typically
modied by double bond epoxidation and ring-opening reac-
tions with alcohols and haloacids.6,7,20 Saturated vegetable oils
usually undergo transesterication and amidation
reactions.12,21–24 However, previous studies on saturated
RSC Adv., 2023, 13, 1985–1994 | 1985
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vegetable oil modication reported polyols with low hydroxyl
values, which necessitates petroleum-based polyol replacement
to be effective for use in rigid PU foam formation.25,26 This major
limitation is attributed to the mostly unsaturated composition
of vegetable oil triglycerides making it less capable of hydroxyl
functionalization.7

Philippines is the second-largest coconut producer in the
world next to Indonesia.27 It is reported that the country's
annual coconut production is estimated at an average of 14.5
metric tons from 2011 to 2020 on about 3.3 million hectares of
coconut farms, nearly 30% of the country's total farmlands.28,29

With this abundance and the opportunity for value addition in
the coconut supply chain, research on CO as a raw material for
rigid PU foam production is warranted.

In this study, a highly functional biopolyol (p-CDEA) derived
from CO and diethanolamine (DEA) was synthesized via
sequential glycerolysis and amidation reactions. The chemical
and structural properties of the synthesized polyol were char-
acterized based on its hydroxyl (OH) value, amine (NH) value,
viscosity, and functional groups using Fourier-transform
infrared (FTIR) spectroscopy. The autocatalytic effect of p-
CDEA in a PU-forming reaction was also investigated by
varying its substitution in the PU foam formulation where gel
and cream times were measured. The resulting poly(urethane-
urea) (PUA) hybrid foams' mechanical properties were charac-
terized according to their compressive strength, thermal
conductivity, and density. The morphological features and
thermal properties of the PU foam samples were characterized
using scanning electron microscopy (SEM), differential scan-
ning calorimetry (DSC), and thermogravimetric analysis (TGA),
respectively.
2. Materials and methods
2.1. Materials and methods

Rened, bleached, and deodorized (RBD) COwas obtained from
a local coconut processing facility. Polymeric methylene
diphenyl diisocyanate (PAPI™ 27 from Dow Chemical, has an
NCO functionality and content of 2.7 and 31.4 wt%, respec-
tively), calcium oxide (CaO), zinc oxide (ZnO), silicone surfac-
tants (INV 690 and Dabco DC 2585), catalyst (Polycat® 8),
petroleum-based polyether polyol (Voranol® 490 from Dow
Chemical, has an alcohol functionality of 4.3, an average
molecular weight of 460, and a hydroxyl number of 490), and
rened glycerol were provided by Chemrez Technologies.
Reagent-grade diethanolamine [NH2(C2H4OH)2] (DEA) was
provided by Ajax Finechem and reagent-grade hydrochloric acid
(HCl) and methyl red was purchased from Sigma-Aldrich.
2.2. Glycerolysis of CO

Glycerolysis of CO was done in a closed Parr reactor with
automated temperature control and agitator. A previously
optimized glycerolysis reaction was carried out using a CO
and glycerol weight ratio of 6 : 1 with 0.05 wt% CaO catalyst at
215 °C for 2 hours.30 A clear yellowish liquid product
comprising mostly of monoglycerides (MG), as the ideal
1986 | RSC Adv., 2023, 13, 1985–1994
product, and a fraction of diglycerides (DG) and triglycerides
(TG), which are collectively denoted as C-GRD, was
produced.30
2.3. Catalytic amidation of C-GRD

Amidation of C-GRD was carried out using the same Parr reactor
at various reaction times (0–5 h) and weight ratios of DEA to C-
GRD (0.02–0.13) with 0.15 wt% ZnO catalyst. The reaction
temperature wasmaintained at 140 °C.23 A dark yellow biopolyol
(p-CDEA) was produced following the general amidation path-
ways of C-GRD described in Fig. 3.
2.4. Preparation of rigid poly(urethane-urea) foam

A modied rigid PU foam formulation described by Tu et al.
(2007) was used in this study with the components outlined
in Table 1.31 The A-side component used in the formulation is
polymeric Methyl Diphenyl Diisocyanate (MDI) added to the
B-side at an isocyanate index of 110. B-side reactants
comprising polyol(s), surfactants, blowing agent, and catalyst
were weighed into a 500 mL disposable plastic cup and mixed
at 3450 rpm for 10–15 s. The mixture was degassed for 120 s,
and then PAPI™ 27 polymeric MDI was rapidly added with
continuous stirring for another 10–15 s at a similar speed.
The mixture was immediately poured into a wooden mold
(11.4 × 11.4 × 21.6 cm3) with an aluminum foil lining, and
the foam was allowed to rise and set under ambient condi-
tions (23 °C, 1 atm). The cream times and gel times were
recorded to investigate p-CDEA's catalytic effect during the
foaming process. The synthesized PUA foams were labeled
according to the type and level of polyol substitution (i.e.,
fossil-based polyol = Voranol® 490 and CO-based polyol = p-
CDEA). A PU-V490 labeled foam has no p-CDEA in its
formulation (i.e., completely fossil-based) while a PU-p-CDEA
foam has none of the Voranol® 490 (i.e., completely bio-
based). Further, PU-40-p-CDEA and PU-80-p-CDEA foams
have 40 wt% p-CDEA-60 wt% Voranol®490 and 80 wt% p-
CDEA-20 wt% Voranol®490 polyols in their formulation,
respectively. Two types of surfactants were also used in
combination with the different p-CDEA formulations. The
prepared foam samples were allowed to cure for seven days
before characterization.
2.5. Analyses of polyols

The synthesized polyol's hydroxyl and total amine values
were measured according to ASTM D4274-16 test method D
and ASTM D2074-92, respectively.32,33 The rotational viscosity
of the samples was measured according to ASTM D4878-15
using a Brookeld DV3T rheometer (AMETEK Brookeld,
Middleborough, MA) maintaining a torque ranging from 30%
to 40% and a temperature of 50 ± 0.1 °C.34 The p-CDEA
samples' functional groups were evaluated using a Shi-
madzu IR Tracer 100 (Shimadzu Corp., Kyoto, Japan) spec-
trometer. A total of 40 scans from each sample at wavelengths
between 4000 to 400 cm−1 were obtained at a resolution of
2 cm−1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Poly(urethane-urea) foam formulation at different p-CDEA substitutions

Foam formulation Components
PU-V490
(no p-CDEA) PU-40-p-CDEA PU-80-p-CDEA

PU-p-CDEA
(no Voranol® 490)

Polyol p-V490 100 60 20 0
p-CDEA 0 40 80 100

Catalyst Polycat 8 1.75 1.75 1.75 1.75
Surfactant INV 690 3 3 3 3

Dabco DC 2585 3 3 3 3
Blowing agent Water 2 2 2 2
Isocyanate MDI PAPI™ 27 144.94 131.40 117.87 111.10
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2.6. Characterization of poly(urethane-urea) hybrid foams

The thermal conductivity of each PU foam sample was tested
using a FOX 200 heat ow meter (Laser-Comp, Wakeeld, MA)
according to ASTM C518-2017 (sample size 150 × 150 × 20
mm).35 The densities of the foam samples were determined
according to ASTM D1622-03.36 Compressive strengths of foam
samples were measured with a Universal Testing Machine Shi-
madzu AGS-X Series (Shimadzu Corp., Kyoto, Japan) according
to ASTM D1621-04a.37 The thermal transitions of the prepared
foams were evaluated through differential scanning calorimetry
(DSC) using a PerkinElmer DSC 4000 (PerkinElmer, Waltham,
MA) with a heating rate of 10 °C minute−1 (sample weight 5–10
mg).25 Thermogravimetric analysis (TGA) was carried out using
a Shimadzu DTG 60H (Shimadzu Corp., Kyoto, Japan) under
a nitrogen atmosphere with a heating rate of 10 °C from 45 °C to
800 °C (sample weight 5–10 mg). The morphological features of
the foams' surfaces were evaluated through scanning electron
microscopy (SEM) using a JEOL JSM-6510LA SEM (JEOL, Ltd,
Tokyo, Japan).
3. Results and discussions
3.1. Chemical properties of glycerides and p-CDEA

CO is composed of triglycerides (TG) or triacylglycerols having
three saturated fatty acids esteried in a glycerol backbone.18

The glycerolysis reaction of CO, shown in Fig. 1 involves
breaking down its triglyceride structure using glycerol as the
source of nucleophile (electron donor). The resulting products
are composed of MG, DG, unreacted TG, and traces of free fatty
acids (FFA).2

The chemical composition or functional groups present in
CO, C-GRD, and p-CDEA were analyzed through their
Fig. 1 Ideal glycerolysis reaction of coconut triglyceride with mono-
glyceride as major reaction product.

© 2023 The Author(s). Published by the Royal Society of Chemistry
characteristic IR spectra as shown in Fig. 2. A broad peak at
3359 cm−1 in the C-GRD spectrum represents the presence of
hydroxyl moieties in C-GRD.30 This peak conrms the genera-
tion of hydroxyl functionality during the conversion of less
functional CO into a hydroxyl-functionalized C-GRD. A sharp
peak at 1733 cm−1 represents the carbonyl stretching absorp-
tion band indicating the presence of ester carbonyl bonds in all
three samples. A signicant difference in carbonyl peak inten-
sity can be observed with CO and C-GRD. This implies the
conversion of triglycerides into di- and mono-glycerides during
the glycerolysis of CO.38 The fatty acid chain structure is
revealed by the combined peaks located at 2922 cm−1 and
2853 cm−1 which is expected for CO and retained for both C-
GRD and p-CDEA.

The prepared C-GRD samples were characterized for their
hydroxyl values. The results showed an average value of 253 mg
KOH per g of sample, which fails to comply with the hydroxyl
number requirement for rigid PU foam application at 350–
800 mg KOH per g.18 This limitation in the glycerolysis process
warrants the use of DEA to effectively increase the OH-
functionality in C-GRD. DEA, with the characteristic primary
hydroxyl group in its structure, was chemically introduced into
C-GRD via amidation reaction producing the amine-based p-
CDEA polyol.
Fig. 2 FTIR spectra of coconut oil (CO), synthesized glycerides (C-
GRD), and biopolyol (p-CDEA) showing their characteristic fatty acid
chains, reduction of carbonyl concentration as functionalization
proceeds, and verification of amide formation in p-CDEA.

RSC Adv., 2023, 13, 1985–1994 | 1987
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Fig. 3 General amidation pathway of alkyl-substituted glycerides and free fatty acids (FFAs) using diethanolamine with ideal products –
diethanolamide, glycerol, and water.
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Fig. 3 shows the general amidation pathways and the overall
net reaction between ester-containing glycerides and DEA.
Amidation of C-GRD with DEA involves the breaking of the ester
bonds of all glycerides forming diethanolamide and
glycerol.12,18,39–41 Simultaneously, FFA can also react with DEA to
yield diethanolamide and traces of water.40 The FTIR spectra of
p-CDEA in Fig. 2 reveal an amide carbonyl band centered at
1616 cm−1, indicative of the presence of an amide carbonyl
bond. This strongly conrms the formation of diethanolamide
in the amidation products.

The amidation reaction was evaluated at different DEA/C-
GRD mass ratios and characterized by its viscosity and
hydroxyl value, as shown in Fig. 4. A signicant increase in the
hydroxyl value was observed for DEA/C-GRDmass ratios of 0.02–
0.11, as shown in Fig. 4a. The hydroxyl moieties present in the
excess DEA. On the other hand, the increasing addition of DEA
showed no signicant changes in the polyol's viscosity, as
Fig. 4 (a) Hydroxyl value and (b) viscosity behavior of biopolyol (p-CDEA
GRD).

1988 | RSC Adv., 2023, 13, 1985–1994
shown in Fig. 4b. This implies that the amidation of C-GRD with
DEA does not yield a long-chain polyol.

ZnO was previously used as a structural base catalyst for
chemoselective amidation of aliphatic carboxylic acid.42 It acts
as an activating agent of the acyl group assisting hydrogen ion
transfer during the amidation reaction. To investigate the effect
of ZnO as an amidation catalyst for CO, parallel catalytic and
non-catalytic amidation reactions were conducted. The result-
ing p-CDEA sample products were characterized for their
hydroxyl values, as shown in Fig. 5. It was observed that both
reaction types yield p-CDEA polyols with close hydroxy values at
higher reaction times ($250 minutes). Stabilization of the pol-
yol hydroxyl values indicates the completion of the amidation
reaction. Based on the results, catalytic amidation of C-GRD
hastened the rate of reaction and reached its completion rela-
tively much earlier compared to the non-catalyzed reaction. The
hydroxyl values of p-CDEA started to stabilize at 180 min for the
) at different diethanolamine (DEA) loadings in coconut glycerides (C-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Hydroxyl values catalytic (using 0.15 wt% ZnO) and non-cata-
lytic amidation of coconut glycerides (C-GRD) at 140 °C for 3 hours. Fig. 7 Effect of reaction time on the amine (NH) value of biopolyol (p-

CDEA).
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catalyzed amidation and 260 min for the non-catalyzed reac-
tion. Suitable hydroxyl values (in the range of 350–380 mg KOH
per g) of p-CDEA were attained for both catalyzed (using
0.15 wt% ZnO) and non-catalyzed complete amidation of C-GRD
at 140 °C. These results indicated that catalytic amidation
signicantly reduced reaction energy by increasing the rate of
reaction. This translates to a more economical and sustainable
polyol processing should production is increased to an indus-
trial scale.

Ideally, the amidation reaction of coconut MG with DEA
would yield diethanolamide and glycerol.12 However, Stirna
et al. (2011, 2012) reported an equilibrium between dieth-
anolamide and fatty acid amino esters as shown in Fig. 6.23,24

The IR signals of p-CDEA at 1616 cm−1 and 1733 cm−1 shown in
Fig. 2 corresponded to the presence of an amide and ester
carbonyl bonds which are structural features of diethanolamide
and amino ester, respectively.43 These observed peaks verify the
presence of amino ester in equilibrium with diethanolamide.
Hence, p-CDEA also contains secondary amine moieties present
in the amino ester components.

The equilibrium conversion of amine moieties of p-CDEA
into an amide can be observed through the NH values at
different reaction times as shown in Fig. 7. The lowest NH value
was achieved at 180 min, corresponding to the reaction time for
the complete stoichiometric conversion of C-GRD into p-CDEA
via amidation. From this optimum reaction time (180 min),
the slight increase and eventual stabilization of the NH value as
the reaction time increases (up to 340 min) can be attributed to
the formation of amino esters in equilibrium with dieth-
anolamide.23,24 The NH moieties present in the amino esters
Fig. 6 Structure of coconut fatty acid diethanolamide in equilibrium
with amino esters.

© 2023 The Author(s). Published by the Royal Society of Chemistry
would also react with isocyanates forming urea bonds that
contribute to the polymer cross-linking that makes up the hard
segments of the polymer structure.44–46
3.2. Poly(urethane-urea) (PUA) foam synthesis and
properties

The physicochemical properties of the prepared PUA foam
samples were characterized to evaluate the potential of the
synthesized polyol for rigid foam application. PUA foams were
produced (Table 1) using the optimized p-CDEA polyol, cata-
lytically synthesized with 0.15 wt% ZnO, a DEA/C-GRD mass
ratio of 0.11, and processed at 140 °C for 180 min. PUA foam
synthesis consisted of two simultaneous reactions: gelling and
blowing reactions. Typical foam formulations use different
types of catalysts for gelling and blowing, which are both amine-
based. However, the foaming formulation in p-CDEA does not
include a blowing catalyst since p-CDEA is an amine hybrid that
manifests an autocatalytic effect during the reaction of water
and isocyanate.47

The autocatalytic effect of p-CDEA was investigated by eval-
uating the gel and cream times of the PUA reaction, as shown in
Fig. 8. There was a signicant decrease in both gel and cream
times of the PUA foam reactions as p-CDEA substitution was
increased. As suggested earlier, this faster reaction rate is due to
Fig. 8 Comparative reaction gel and cream times of the control fossil-
based foam (PU-V490) and different biopolyol (p-CDEA)-substituted
poly(urethane-urea) PUA hybrid foam formulations.

RSC Adv., 2023, 13, 1985–1994 | 1989
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the presence of intrinsic amine moieties existing in p-CDEA. Its
catalytic effect accelerates the reaction between water and
isocyanate and promotes faster bubble size expansion. Simul-
taneously, the presence of relatively short-chain molecules in p-
CDEA such as free glycerol decelerates polymer chain propa-
gation thereby reducing the cell resistance towards the accel-
erated bubble expansion.25 As a result, signicant ripped cells
were observed in the prepared PUA foam (Fig. 9) as p-CDEA
substitution increased.

Fig. 10 shows the FTIR spectra of themethylene and carbonyl
groups of the synthesized PUA hybrid foams at different p-CDEA
substitutions in the formulation. As the level of p-CDEA
Fig. 9 SEM micrographs of the cell structures of the control (a) Fossil-
urethane-urea) (PUA) foams: (b) 40% biopolyol substituted foam (PU-40-
100% biopolyol substituted foam (PU-p-CDEA). An increasing foam cell
hybrid foam formulation.

Fig. 10 FTIR spectra of (a) methylene and (b) carbonyl functional group

1990 | RSC Adv., 2023, 13, 1985–1994
concentration increases, the peak intensities around
2926 cm−1 and 2856 cm−1 also increase. This is indicative of the
increasing abundance of methylene groups attributed to the
coconut fatty acid chains of p-CDEA. Hybrid PUA foam forma-
tion was conrmed of having ester carbonyl and amide carbonyl
bands at around 1717 cm−1 and 1607 cm−1, respectively. These
carbonyl groups are characteristic features of both urethane
and urea compounds.

The thermal properties of the prepared foams were investi-
gated through DSC as shown in Fig. 11. A signicant thermal
transition of PU-V490 thermograms can be found in the range
of 14 °C–80 °C. These transition temperatures reveal the
based (PU-V490) and different biopolyol (p-CDEA)-substituted poly(-
p-CDEA), (c) 80% biopolyol substituted foam (PU-80-p-CDEA), and (d)
disorder was observed as p-CDEA substitution is increased in the PUA

s of the poly(urethane-urea) (PUA) hybrid foams.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 DSC plot of poly(urethane-urea) (PUA) hybrid foams showing
enthalpy changes corresponding to the effect of different levels of
urea and urethane concentrations.
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dissociation of hydrogen bonds which occurs at the glass
transition temperature of urethane segments.25 Similar thermal
transitions can also be observed for all PUA foam samples. The
enthalpy changes at these transition temperatures also decrease
with increasing p-CDEA substitution. One reason for this is the
decreasing urethane concentration in the foam samples.
Moreover, p-CDEA-substituted foam samples reveal a unique
thermal transition ranging from −17 °C–20 °C, vastly different
from the PU-V490 control. This transitionmight be attributed to
the glass transition temperatures of urea segments48 which in
Fig. 11 showed a consistently increasing enthalpy change as p-
CDEA concentration is increased in the foam formulation.
These observations reveal the coexistence of urethane and urea
bonds in the foams incorporated with p-CDEA polyol.
Fig. 12 DTG curves of poly(urethane-urea) PUA hybrid foams at differen
(PU-V490), (b) 40% CO-based polyol substitution (PU-40-p-CDEA), (c)
based polyol substitution (PU-p-CDEA).

© 2023 The Author(s). Published by the Royal Society of Chemistry
The thermal decomposition pattern of the prepared foams is
shown in Fig. 12. PU-V490 reveals two endothermic peaks at
around 314 °C and 535 °C (Fig. 12a). The rst peak corre-
sponded to the thermal decomposition of urethane and allo-
phanate bonds while the second peak corresponded to the
thermal decomposition of the polyol chains.49–51 In contrast, PU-
p-CDEA exhibits multiple degradation peaks (Fig. 12d). The rst
two degradation peaks at 151 °C and 265 °C corresponded to the
thermal decomposition of urea and urethane hard segments,
respectively.40 This relatively lower degradation temperature of
the foams associated with p-CDEA substitution demonstrates
lower thermal stability in the PUA foams. Furthermore, the
third and fourth peaks at 419 °C and 543 °C were indicative of
the degradation of so segments of urea and urethane bonds,
respectively.40 The presence of multiple degradation peaks in
both PU-40-p-CDEA and PU-80-p-CDEA shown in Fig. 12b and c,
respectively, could be attributed to the combined compositional
effects of p-V490 and p-CDEA.

The inuence of p-CDEA polyol addition on the physical and
mechanical properties such as compressive strength and
thermal conductivity of the PUA foam is shown in Table 2. The
structural features of the foam highly inuence the compressive
strength of the prepared PUA hybrid foams. Increasing the level
of p-CDEA concentration in the foam formulation also increases
the occurrence of ripped, irregular cell structures (Fig. 9) owing
to the relatively high reaction rates of the PUA formation.25

Relative to the regular foam cell morphology of PU-V490, the
presence of ripped cells in the substituted PUA foams reduces
the structural integrity thereby reducing their compressive
strengths.

Table 2 shows that the increasing p-CDEA substitution yields
PUA foams with relatively lower compressive strength and
higher thermal conductivity. Despite PU-p-CDEA having the
t biopolyol (p-CDEA) substitutions – (a) 100% petroleum-based polyol
80% CO-based polyol substitution (PU-80-p-CDEA), and (d) 100 CO-
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Table 2 Mechanical and insulative properties of poly(urethane-urea) PUA hybrid foams at different biopolyol (p-CDEA) polyol substitutions

Properties PU-V490 PU-40-p-CDEA PU-80-p-CDEA PU-p-CDEA

Compressive strength, (kPa) (vertical to foam rise) 723 � 15 357 � 15 285 � 15 226 � 15
Thermal conductivity, [mW (m−1 K−1)] 21.6 � 0.3 22.0 � 0.3 22.6 � 0.3 23.2 � 0.3
Density, kg m−3 46.1 � 1.5 42.3 � 1.3 38.5 � 1.4 37.6 � 1.2

Table 3 ASTM standard properties for structural sandwich panel and thermal insulation polyurethane foams

Properties

ASTM E-1730 ASTM C-1029

Type I Type II Type 1 Type II

Compressive strength, min (kPa) $172.4 $275.8 $104.0 $173.0
Thermal conductivity, max [mW (m−1 K−1)] #36.0 #37.0 #23.5 #23.5
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lowest compressive strength of 226 kPa, it nevertheless satises
the standard compressive strength required for rigid structural
and thermal insulation applications. The increasing thermal
conductivities corresponding to the increasing p-CDEA substi-
tution might be attributed to the increasing amount of PUA
ripped cell structures, which translates to the formation of open
foam cell morphology as shown in Fig. 9.49,50 These open cells in
the PUA foams offer less resistance to heat transfer thus
promoting lesser insulative capacity. Nevertheless, all thermal
conductivities of the PUA foams including the wholly
substituted PU-p-CDEA (i.e., no petroleum-based p-V490 polyol
added) still comply with the established ASTM standards for all
types of insulating foams.
4. Conclusions

In this study, the synthesis of an amine-based polyol p-CDEA
from CO via subsequent glycerolysis and amidation reactions
was explored. The resulting polyol exhibited a relatively high
hydroxyl value of 361 mg KOH per g (compared to a previously
reported CO-based polyol) and an amine value of 10.32 mg KOH
per g. Catalytic amidation (using 0.15 wt% ZnO) reduces the
energy consumption in the polyol-forming reaction of C-GRD
operating at a relatively lower temperature of 140 °C to
complete the reaction as conrmed by FTIR analysis. This
translates to a more economical and sustainable polyol pro-
cessing in a large-scale setup. Poly(urethane-urea) (PUA) hybrid
rigid foams were successfully produced using different levels of
replacement of the petroleum-based Voranol® 490 polyol by the
bio-based p-CDEA polyol. Thermal analysis via DSC indicated
the coexistence of urethane and urea bonds in the foams
incorporated with p-CDEA polyol. TGA revealed the thermal
decomposition of urea and urethane's hard and so segments
shown as multiple degradation peaks in p-CDEA-substituted
hybrid foams. The lower degradation temperatures of the
foams associated with p-CDEA substitution imply lower thermal
stability as the p-CDEA concentration in the foam formulation is
increased. This is also conrmed by the increasing occurrence of
ripped foam cells (shown in the hybrid foams' SEM analysis) as
the level of p-CDEA is increased. Moreover, the hybrid foams'
1992 | RSC Adv., 2023, 13, 1985–1994
mechanical and insulative properties characterization results
showed that a high-performance foam, with a compressive
strength of 226 kPa and thermal conductivity of 23.2 mW (m−1

K−1), can be achieved up to 100% p-CDEA replacement in the
foam formulation. According to ASTM standards shown in Table
3, this foam (PU-p-CDEA) can be used for type I rigid structural
sandwich panel core and type II rigid thermal insulation foam
applications. The success of this study showed the improvement
in the polyol-forming functionalization techniques for CO using
a novel reaction mechanism of modifying the sequence of
established reactions aided by catalytic action to reduce the
process energy requirement. In addition, this work successfully
produced rigid PUA hybrid foams with full bio-based polyol
replacement that complies with ASTM standards on structural
and rigid thermal insulation. The results of this study present
potential impacts on PU industries‘ sustainable initiatives: raw
materials, contribution to climate change, circularity, impacts
on the environment and human health, and product quality.
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