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Introduction

Synthesis of green-based carbon-doped nanosilica
for enhanced mechanical properties of coconut
oil-based rigid polyurethane foam

Carlo Kurt F. Osorio,? Christine Joy M. Omisol,? Dan Michael A. Asequia,?

Blessy Joy M. Aguinid,? Daisy Jane D. Erjeno,? Kassandra Jayza Gift D. Tejas,®
Roger G. Dingcong, Jr., (2 ® Tomas Ralph B. Tomon, (2@ Renzo Miguel R. Hisona,?
Andrei E. Etom,? Ann Pearl G. Triana,? Gerard G. Dumancas,“® Arnold C. Alguno,®¢
Joshua B. Zoleta,® Roberto M. Malaluan®® and Arnold A. Lubguban (2 *2°

High-strength, bio-based rigid polyurethane foam (RPUF) was synthesized using coconut oil-based polyol
reinforced with green silica nanoparticles (SNP) derived from rice husk ash (RHA). The SNPs were carbon-
doped using k-carrageenan to enhance their functional properties. Comprehensive characterization of
the synthesized SNP and SNP-enhanced RPUF was conducted using Fourier-transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), dynamic light scattering (DLS), and scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX). X-ray photoelectron spectroscopy (XPS) confirmed
successful k-carrageenan-mediated carbon doping, improving SNP reactivity. The incorporation of SNP
(up to 0.3% by mass) significantly enhanced the compressive strength of RPUF by 92.42%, attributed to
hydrogen bonding and induced crosslinking interactions between the SNP and amine groups in the bio-
polyol, as evidenced by FTIR, SEM, and pycnometric analyses. Thermogravimetric analysis (TGA) demon-
strated that SNP integration improved the thermal stability of RPUF without compromising its thermal
conductivity, meeting industrial standards. This study highlights the potential of sustainably derived nano-
materials to improve the mechanical and thermal properties of bio-based composites. Furthermore, the
SNP-reinforced RPUF offers promising applications in environmentally friendly materials for thermal insu-
lation, structural components, and environmental remediation, contributing to the development of high-
performance, sustainable materials for various industrial applications.

SNPs has spurred considerable interest in optimizing their
synthesis and functionalization to enhance their utility in

Silica nanoparticles (SNPs) are one of the most widely studied
nanomaterials due to their high surface area, porosity, and
functionality.” These attributes render SNPs indispensable
across a broad spectrum of applications, ranging from the bio-
medical field,” such as in bio-sensing and drug transportation,
to catalysis support® and material fillers.*® The versatility of
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various advanced applications further.

Recent research has increasingly focused on developing
green and environmentally friendly synthesis methods for
SNPs. Traditional synthesis techniques, including sol-gel and
reverse micro-emulsion processes, while effective, pose signifi-
cant environmental, safety, and economic challenges. These
methods are often associated with high energy demands, toxic
chemical use, waste generation, scalability issues, and high
production costs.® In response to the limitations of traditional
synthesis methods, numerous studies have investigated
alternative routes that utilize natural resources, such as leaf
extracts, bacterial processes, and agricultural waste products,
as sustainable and eco-friendly feedstocks.” These approaches
offer promising paths toward more environmentally respon-
sible and economically viable solutions for nanomaterial pro-
duction, aligning with the principles of green chemistry and
circular economy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Agriculture wastes, particularly rice husks, have garnered
significant attention for SNP production. Rice husks are abun-
dant and often disposed of in ways that harm the environ-
ment. Utilizing rice husks for SNP production not only offers a
sustainable source of silica but also addresses waste manage-
ment issues.® Various extraction techniques, including
thermal, chemical, hydrothermal, and carbonation processes,
have been investigated to derive SNPs from rice husks. These
methods represent a diverse array of green synthesis method-
ologies that hold promise for large-scale, environmentally
benign SNP production.’

The functionalization of nanoparticles is at the forefront of
nanomaterials research, enabling the customization of SNPs
for a wider array of complex applications. Surface modifi-
cations are a common strategy for functionalizing SNPs. This
typically involves integrating metals or organic compounds
onto the SNP surface using coupling agents such as silane-
based compounds.'® Such modifications can tailor the surface
properties of SNPs, enhancing their compatibility and per-
formance in specific applications like drug delivery and cancer
therapy."*

Another functionalization approach involves the use of
capping agents to control the size and surface characteristics
of SNPs. Green-based materials, such as plant extracts, have
been employed as capping agents to produce smaller, more
uniform nanoparticles.”>'*  Additionally, doping nano-
particles, such as carbon-doping (C-doping), significantly
enhances the photoelectric and reactivity of SNPs. By altering
the crystal formations, C-doping increases the number of reac-
tive sites, improves dispersibility, and enhances chemical
interactions."® These modifications can substantially boost the
mechanical strength, thermal stability, and electrical conduc-
tivity of SNPs, making them highly suitable for incorporation
into polymer matrices such as polyvinyl alcohol (PVA), poly-
propylene (PP), polystyrene (PS), and polyurethane (PU).?

PU is a versatile polymer extensively used in numerous
industrial applications, including thermal insulation, flexible
foams, coatings, adhesives, and elastomers. As of 2023, the
global production of PU was valued at approximately 89.92
billion USD, with a compound annual growth rate (CAGR) of
14.6%."* In Southeast Asia alone, PU production reached 3.32
billion USD in 2021, with an expected CAGR of 5.3%.'> Despite
its widespread use and economic importance, conventional PU
synthesis heavily relies on non-renewable fossil fuels, contri-
buting to significant environmental challenges due to the pro-
duction of non-biodegradable waste.

In light of growing concerns over fossil fuel depletion and
environmental sustainability, both research institutions and
industry players have been driven to seek more sustainable
alternatives. This has led to the development of bio-based
foams, which feature sustainable polyols derived from vege-
table oils such as castor, soybean, palm, rapeseed, and
coconut.’®!” The global market for bio-foams was valued at
126 million USD in 2023 and is projected to grow at a high
CAGR of 22.1%,"® reflecting the increasing demand for envir-
onmentally friendly materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The properties of PU foam are highly influenced by the
additives incorporated during its synthesis.'®*® Typical addi-
tives include blowing agents, catalysts, surfactants, fillers, and
pigments, each playing a crucial role in determining the mor-
phology and properties of the final product.”>*> Among these,
nanoparticles are particularly notable for their ability to
enhance the performance of PU foams. Depending on their
type and functionality, nanoparticles can facilitate the chemi-
cal reactions involved in PU formation or serve as fillers rein-
forcing the PU matrix.

Several studies have demonstrated the effectiveness of SNPs
in improving the properties of PUs. These studies often focus
on advanced and functionalized SNPs to achieve significant
enhancements in mechanical strength, thermal stability, and
other desirable properties.”*>® However, there is a lack of
research focused on utilizing sustainably sourced and func-
tionally enhanced silica nanoparticles—such as carbon-doped
SNPs derived from rice husk ash and k-carrageenan—in the
synthesis and enhancement of rigid polyurethane foams (PU)
composites.

In this study, we aim to explore the potential of using
green-based materials as raw resources for both nanoparticle
and polymer synthesis. Specifically, we investigate the syn-
thesis of high-strength rigid PU foam (RPUF) composites using
SNPs derived from rice hull ash doped with carbon from
k-carrageenan and functionalized bio-polyol sourced from
coconut oil. This approach not only utilizes sustainable raw
materials but also aims to enhance the properties of the result-
ing PU composites.

A comprehensive analysis of the functionalities of both the
SNPs and the bio-polyol is conducted, encompassing their
chemical, morphological, mechanical, and thermal properties.
By integrating green synthesis methodologies and advanced
functionalization techniques, this study seeks to elucidate the
potential of sustainable materials in polymer engineering
applications, paving the way for more eco-friendly and high-
performance nanocomposites.

Materials and methods
Materials

Rice husk (RH) was sourced from local rice farms in Iligan
City, Philippines, as a silica source, and x-carrageenan, as a
dopant, was acquired from MSU Tawi-Tawi. Hydrochloric acid
(HCI), sulfuric acid (H,SO,4), and sodium hydroxide (NaOH)
were procured from Sigma-Aldrich Chemicals (Philippines).
The SNP-RPUFs were developed using coconut diethanolamide
(p-CDEA) as a bio-polyol and synthesized in the laboratory.
Refined, bleached, and deodorized coconut oil was purchased
from GranexPort Manufacturing Corporation in Iligan City,
Philippines. Reagent-grade Diethanolamine (DEA) and refined
glycerol were purchased from Ajax Finechem and Sigma-
Aldrich, respectively. Polymeric diphenylmethane-4,4-diisocya-
nate (pMDI, PAPI 135H, with 31.4 wt% NCO and a functional-
ity of 2.7) was kindly provided by Chemrez Technologies, Inc.
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(Quezon City, Philippines). The amine catalyst (Polycat® 8),
CaO, ZnO, and surfactant (INV 690) were obtained from
Evonik Industries (Germany).

Synthesis of p-CDEA

p-CDEA was prepared using the established method by
Dingcong et al., 2023.>° Specifically, coconut oil was first sub-
jected to glycerolysis by reacting refined glycerol using a CaO
catalyst in a closed PARR reactor while maintaining the reac-
tion temperature at 220 °C for 2 hours with high-speed stirring
at 1500 rpm. 10% DEA was added, with an additional 0.015%
ZnO catalyst for the amidation reaction. The reaction was
maintained at 140 °C for 4 hours. A dark yellow polyol
(Fig. 1A), denoted as p-CDEA, was produced that is mainly
composed of diethanolamide, whose actual photograph and
chemical structure are illustrated in Fig. 1.

Preparation of SNP

The synthesis of SNP was prepared using improved methods
based on related literature.””*® Rice husk (RH) was washed
thoroughly with water to remove the soluble particles, dust,
and other contaminants present, whereby heavy impurities
such as sand were also removed. It was then dried in an air
oven at about 110 °C for 24 hours. An acid-washing step was
used to remove the small quantities of minerals before silica
extraction from rice husk ash (RHA). The rice husk sample is
submerged, stirred, and heated in 1 M HCI for 1 hour at 60 °C.
The RH was subjected to heat treatment to obtain the ash.
Samples were burned inside a muffle furnace at 350 °C for
4 hours. The obtained RHA was subsequently reacted with
sodium hydroxide and water at a ratio of 1.20 g NaOH per g of
RHA. The solution was heated in a covered beaker by stirring
constantly, allowed to stand at room temperature, and filtered
to produce sodium silicate. 25 mL of 1% k-carrageenan was
added to 75 mL of the produced sodium silicate. H,SO, was
added until neutralized. The precipitate silica was washed
repeatedly with deionized water and then centrifuged at a
speed of 4500 rpm for 15 minutes. The product was aged at
50 °C for 12 hours in the oven, calcined at 700 °C for 2 hours,
then crushed to collect the SNP.

Preparation of SNP-RPUF

The synthesis of RPUF with SNP was derived from related
literature.”>*® The B-side components of the RPUF, consisting
of p-CDEA, amine catalyst, silicone surfactant, and SNP of

Fig. 1 (A) An actual photograph of p-CDEA polyol and (B) chemical
structure of p-CDEA.
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different loadings (0.0%, 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%),
were premixed in a paper cup for 60 s using a high-speed
mixer at 1000 rpm. The premixture was degassed for 60 s
before the A-side (pMDI) was rapidly added with continuous
stirring for another 10 to 15 s at 3000 rpm. The amount of
pMDI was calculated using eqn (1) at a constant isocyanate
index of 110.%° The reactive mixture was promptly transferred
into a rectangular mold (11.4 cm x 11.4 cm x 21.6 cm), where
it underwent free-rise foaming driven by CO, evolution from
the reaction between the water blowing agent and excess
pMDL>*!

The foam was allowed to rise and cure under ambient con-
ditions (25 °C, 1 atm).

The synthesized RPUFs were then cured for 7 days before
characterizations were done.

(OH, x mp) + (56 X Myater)

Mympr = ISO X
P Wnco

(1)

where, mpvpy is the amount of required pMDI; ISO is the iso-
cyanate index; OH,, is the hydroxyl value; mu¢er is the amount
of water added as the blowing agent; Wyco is the pMDI NCO
content, and 56 is the conversion factor from mg KOH to
mmol OH equivalent.

Characterization of p-CDEA

The synthesized p-CDEA’s hydroxyl (OH) number, acid value,
and iodine value were characterized using ASTM D4274-16,
ASTM D664, and ASTM D5678, respectively. The molecular
weight was determined using a Shimadzu Prominence gel per-
meation chromatography (GPC) system equipped with a refrac-
tive index detector and a Shodex GPC column (Shimadzu
Corp., Kyoto, Japan) following ASTM D6474.

Characterization of SNP and SNP-RPUF

Fourier Transform Infrared Spectroscopy (FTIR) with
Attenuated Total Reflectance (ATR) was used to confirm and
study the functional groups present on the SNP and SNP-RPUF
samples using a Shimadzu IRTracer-100 with QATR-10 single
reflection ATR. The wavenumber range included was
400-4000 cm™" at a resolution of 4 cm ™.

X-ray diffraction (XRD) patterns of the SNP powder were
captured using a Cu Ka radiation source (40 kV and 30 mA)
within a 3-90° 260 range, employing 0.02° 26/0.60 s on a
Shimadzu XRD Maxima 7000 instrument from Japan. The SNP
crystal was confirmed by comparing the prominent positions
of reported peaks with those in the standard JCPDS database.
The average grain sizes D were also calculated using the
Scherrer equation: D = KA/(f cos 6), where K is the Scherrer con-
stant (0.89), 1 is the wavelength of the X-ray (1.54 A), § is the
half-peak width, and @ is the diffraction angle.

Dynamic Light Scattering (DLS) analysis of SNP was deter-
mined using a Nanotrac Wave II Dynamic Light Scattering
(DLS) instrument (Microtrac MRB, York, PA, USA). The instru-
ment employs heterodyne backscatter detection with a 780 nm
laser and operates within a size range of 10 nm to 20 pm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coupled with a zeta potential analyzer. One (1) mg ml~" of SNP
samples were sonicated for 30 minutes before the samples
were analyzed to the equipment.

X-ray photoelectron spectroscopy (XPS) was performed
using a JEOL JPS-9200 spectrometer (JEOL Ltd, Japan), which
is equipped with a monochromated Al Ko X-ray source
running at 100 W in an ultrahigh vacuum environment
(approximately 107 Pa).

Closed-cell content was analyzed using an Ultrapyc 5000
Foam gas pycnometer from Anton-Paar in Graz, Austria. The
analyses were done using nitrogen gas at 25 °C. The closed cell
content (%) was calculated according to ASTM D6266-21, with
the apparent densities of the SNP-RPUF foam samples also
measured at room temperature following ASTM D1622.

The compressive properties were determined at room temp-
erature using the wuniversal testing machine Shimadzu
AGS-XSeries from Kyoto, Japan. The compressive test was per-
formed in accordance with ASTM D1621-04a, using a cross-
head speed of 5 mm min~" and cubic samples measuring 50 x
50 x 50 mm. Each sample was compressed up to approximately
50% strain to ensure deformation beyond the yield point and
capture post-yield behavior.

The morphological structure of the synthesized SNP and
SNP-RPUF samples was observed using a scanning electron
microscope (SEM) (JEOL JSM-6510LA). Using the images from
SEM, the cell density equation is N = (nM?/A)1.5, where N is the
cell density (cells per um?), 4 is the area of the SEM image, M
is the magnification factor, and n is the number of cells
counted from the SEM images.*>

Thermogravimetric (TGA) analyses were carried out using a
thermogravimetric analyzer (PerkinElmer TGA 4000, Waltham,
MA). Samples with an approximate weight of 5 mg were heated
from room temperature to 800 °C under a nitrogen atmo-
sphere at a heating rate of 10 °C min™".

The thermal conductivity of RPUF and SNP-RPUFs was
measured through the transient plane source technique
(ASTM C518-21) using a heat flow meter (Laser Comp FOX 200
HFM, TA Instruments, USA). The measurements of the factors
were made at an average temperature of 25 °C.

Results and discussion
Characterization of p-CDEA

Table 1 summarizes the key properties of the synthesized
p-CDEA polyol relevant to rigid polyurethane foam appli-

Table 1 Key properties of the produced p-CDEA used for rigid poly-
urethane foam synthesis

Properties p-CDEA (this study)
Hydroxyl (OH) number, mg KOH per g 36112
Acid value, mg KOH per g 43+1.3
Viscosity, mPa 696 + 18
Molecular weight, Da 986 + 25
Iodine value, g I, per 100 g 5.6 +1.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cations. The hydroxyl value of 361 mg KOH per g exceeds
the minimum requirement (~350 mg KOH per g), indicating
sufficient functionality for effective crosslinking. Its low
acid value (4.3 mg KOH per g) minimizes the risk of side
reactions that could impair foam stability. Furthermore, the
polyol’s viscosity molecular weight, and iodine value fall
within the desirable range for rigid foam processing,
promoting good flowability and PU structural integrity.
These characteristics are consistent with literature-reported
values and confirm the suitability of p-CDEA for RPUF
formulations.**733

Synthesis of C-doped SNP

To identify the chemical structures in the synthesized SNP, the
FTIR spectra of the SNP samples with and without
k-carrageenan are analyzed and shown in Fig. 2A. Both showed
the same peaks of typical SNP, such as the -OH stretch at
3415 cm™ ", Si-O-Si asymmetry shown at 1064 cm ™", symmetric
Si-O-Si peaks at 793 c¢cm™', Si-O-Si bending vibration at
475 cm™, and a small peak at 1643 cm™' for adsorbed
water.>%%”

Crystalline characteristics of the SNP are shown in Fig. 2B
via the XRD spectra and summarized in Table 2. This agrees
with the literature in which the crystalline structure of SNP is
formed above or equal to 700 °C.*® The major peaks of the
spectra correspond to a cristobalite form of silica at Miller-
Bravais indices of (101), (111), (102), and (200).*° Using
Scherrer’s formula, the crystalline size at (101) of both SNPs
was calculated to be 35.5 nm and 38.9 nm, respectively. Also, it
can be observed that there is an increase in crystal volume
with the addition of k-carrageenan. This can be attributed to
the straining of the crystal lattice. This strain resulted in the
exposure of positive silicon atoms, leading to enhanced cata-
Iytic and improved dispersion due to the accessibility of active

A —— without k-carrageenan
with k-carrageenan
g
8
g f t
= 3415 1643 793
2 O-H Adsorbed H,0 4
S
= 1064 439
) \
0-Si-0
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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B = Siaa
=0 D= A
D B
' [
> [
a [
L [
2 1 1
g :4 g with k-carrageenan
= [
[
[
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SO SN
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Fig. 2 (A) Fourier transform infrared spectroscopy (FTIR) and (B) X-ray
diffraction (XRD) spectra of synthesized silica nanoparticles (SNP) of
both with and without k-carrageenan.
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Table 2 Summary data of crystallite size and crystallinity index of silica nanoparticles (SNP) with and without k-carrageenan

Miller-Bravais indices
(101) peak (Nm)

Average crystallite

Sample size (nm)

Lattice

d-Spacing parameters

Unit cell

N - . . i Crystallinity
dioo(A)  doos(A) a=b(A) c(A) volume (A% index (%)

35.53
47.45

35.3
38.9

SNP without k-carrageenan
SNP with k-carrageenan

sites within its crystal structure.*®*! Moreover, a slight shifting

of the peaks to the right can be discerned from Fig. 2B,
suggesting the occurrence of doping.

XPS analysis was employed further to examine the synthesis
and doping of the SNP samples. Fig. 3A depicts the broad scan
analysis showing the characteristic peaks of Si 2p, S 2p, C 1s,
and O 1s, thus proving successful SNP synthesis. By comparing
Fig. 3B and C, the deconvoluted peaks at the Si 2p regions
indicate the presence of Si-C and Si-S doping on the SNP with
k-carrageenan (Fig. 3C), with the former having greater inten-
sity than the latter. C-doping is preferred to S-doping due to
the similarity of the electron configuration of carbon and
silicon. C-doping of silica was well-known to improve surface
modification and induce uniform size in composite particles,
making it useful for the chemical stability and biocompatibil-
ity of the particles as well as wide applications such as cataly-
sis, energy storage, and organic synthesis.*?

Fig. 4A and B show the SEM image and EDX of the SNP
with k-carrageenan, respectively. The SEM image shows SNP’s
highly agglomerated and porous formation, which is similar
to related literature.”* The EDX also shows a high silica
content with both carbon and sulfur. Although the SEM
image cannot highlight the nanoscale size of the synthesized
SNP, the particle size distribution shown in Fig. 4C and the
crystalline size from XRD show that the size of SNP ranges
around 30 nm.

A z = & &
o ) 2z
S with k-carrageenan
S
=
i
[ =
5]
=
T T T T
1000 800 600 400 200 )
Binding Energy (eV)
B - Si2p Sen C Si2p e
/ si2+) si2+)
/ \ Si(1+4) / Si(14)
/ sio2 . / si02
= / = / si-C
2 N\ 3 sis
£ / e £ /
2 / \ £ G N
/ \ / 7\
X \
/ / 4 \
L = e NG /"_/ N N > =

104 102 100 o8 % o 104 103 102 101 100 99 B o7
Binding Energy (eV) Binding Energy (eV)

Fig. 3 (A) X-ray photoelectron spectroscopy (XPS) spectra of syn-
thesized silica nanoparticles (SNP) of both with and without
k-carrageenan including the deconvolution of the Si 2p region of the
XPS for (B) without k-carrageenan and (C) with k-carrageenan.
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Fig. 4 (A) Scanning electron microscope (SEM), (B) energy dispersive
X-ray (EDX), and (C) particle size distribution of silica nanoparticles (SNP)
with k-carrageenan.

Synthesis and characterization of SNP-RPUF

FTIR spectra of SNP-RPUF composite between 4000 and
400 cm™" are shown in Fig. 5. Fig. 5A shows the prominent IR
peaks of PUs, particularly at 3320 cm™" and 1601 cm ™", which
correspond to the amine (N-H) stretching and bending
vibrations. These peaks generally support the formation of
urethane linkages. Furthermore, it is observed that the inten-
sity of the transmittance of all bonds increases as the
addition of SNP also increases until 0.3% and then decreases
thereafter. This increase in intensity is associated with the
densification of the RPUF matrix brought by the SNP acting
as a nucleation site.** Surfaces of nanoparticles, such as
silica, become the active site at which polymer structure
undergoes reactive formation.*> Concurrently, the decrease in
intensity is due to the agglomeration of SNPs. The densifica-
tion of the PU matrix due to SNP is mainly the hydrogen-
bonding (H-bonding) of the hydroxyl groups of SNP to the
ester, ether, and amide groups of the RPUF. As the SNP
increases, the surface tension between the SNP decreases,
which causes intermolecular H-bonding in its hydroxyl
groups.*®

In Fig. 5B, it can be observed that there are trends in the
shifting of the peaks. These changes are attributed to the
H-bonding between the SNP and the RPUF matrix. In Fig. 5C,
D, E and F, in-depth peak shifting was observed at the peaks
~3320 cm™!, ~1715 em™', ~1200 cm™", and ~916 cm ™" are rep-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fourier transform infrared spectroscopy (FTIR) spectra of silica
nanoparticles-rigid polyurethane foam (SNP-RPUF) (A and B) with
focused regions on (C) amine (N-H), (D) carbonyl (C=O) of ester
groups, (E) C=0 of amide groups, and (F) silicon groups.

resented by the amine (N-H stretching), ester (C=0), amide
(C=0%*), and silicon (Si) groups, respectively. The increase in
peak shifts observed at the OH, NH, C=0, and C=O0* groups
until SNP 0.3% represents the SNP-RPUF matrix’s H-bonding
increase. Similarly, at the Si peaks, it can also be observed that
the peak shifts increase after SNP 0.3%, which relates to the
peak shifts with the other functional groups. The combined
peak shifts show that with the addition of an SNP of up to
0.3%, H-bonding from the SNP to RPUF increases. After 0.3%
addition of SNP, H-bonding between SNP molecules domi-
nates over the H-bonding of the SNP-RPUF matrix due to satur-
ation of added SNP.

The morphology of the SNP-RPUF samples is shown in the
SEM in Fig. 6. The foam cells of the RPUF without the addition
of SNP (SNP 0.00%) are more irregular and larger compared to
the RPUF with SNP. This shows that SNP has a significant
effect on the morphology of the foam. Table 3 summarizes the
SEM and pycnometric analyses, including average cell size,
closed cell content, and cell density. It is also apparent that
average cell size, cell density, and closed cell content are
optimal at 0.3% SNP loading. This supports the H-bonding of
the SNP principle as it acts as a nucleating agent in the for-
mation of the RPUF matrix. With more SNPs, there would be
more polymer networks in the RPUF matrices than spaces
representing the foam bubbles. A related study®” stated that
SNP leads to the growth of a larger number of cells with
reduced cell size and uniform dispersion within the RPUF
matrix.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SNP 0.10%

Fig. 6 Scanning electron microscope (SEM) micrographs (50x magnifi-
cation) of rigid polyurethane foam (RPUF) foams at varying additions of
silica nanoparticles (SNP).

The mechanical properties of the SNP-RPUF samples are
summarized in Fig. 7. In Fig. 7B, the compressive strength of
RPUF increases from 0.66 MPa to 1.27 MPa from 0.00% to
0.30% loading of the SNP and then decreases to 0.90 MPa at
0.50% SNP. The same trend is also observed with the compres-
sive modulus in Fig. 7C. The trend of the mechanical strength
of the RPUF is similar to both the chemical and morphological
observations, which further proves the densification process of
the SNP-RPUF matrix. The observed enhancement in compres-
sive strength is closely related to the increase in foam density
(Table 3). Denser polyurethane foams generally exhibit a more
compact and uniform cell structure, which enhances resis-
tance to compressive deformation. This improved mechanical
performance is attributed to a higher number of load-bearing
cell walls per unit volume and reduced cell size, both of which
contribute to a more robust foam network. Also, at 0.30% SNP,
the increase in strength was about 92.42% compared to pure
RPUF, which is higher than that of other studies.*®

Compared to other studies, the mechanism involved in the
high increase of strength is mainly due to the higher amount
of amine moieties present in the bio-polyol. H-bonding of SNP
to nitrogen-containing groups is stronger and more likely to
bond than the other H-bonding predominantly present in
RPUF. The other H-bonding for RPUF mainly includes oxygen
from esters and ethers, which are single or double-bonded to
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Table 3 Cell size, cell density, closed cell content, and apparent density of rigid polyurethane foam (RPUF) at varying addition of silica nanoparticles

(SNP)
Sample Cell size (pm) Cell density (cells per pm?) Closed cell content (%) Apparent density (kg m™?)
SNP 0.00% 245.98 £ 75.90 6.89 + 0.59 69.23 + 5.95 25+1.5
SNP 0.10% 208.77 £ 56.75 14.08 = 2.62 78.54 £ 4.74 27 £ 1.5
SNP 0.20% 200.79 £ 56.32 19.64 £ 1.26 85.35 £ 6.35 30+ 1.5
SNP 0.30% 178.18 £ 42.14 25.78 £ 0.61 92.37 £ 2.19 32+1.5
SNP 0.40% 191.87 £ 56.57 17.50 £ 0.65 77.94 + 2.88 35+1.6
SNP 0.50% 190.30 + 40.64 15.13 £1.32 76.64 £ 6.71 37+£1.6
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Fig. 7 Mechanical properties of rigid polyurethane foam (RPUF) with
varying addition of silica nano-particles (SNP): (A) Compressive stress—
strain curve, (B) compressive strength, and (C) compressive modulus.

carbon. This results in steric hindrances to the oxygen, miti-
gating its electronegativity and further reducing the strength
and tendency to form H-bonds.” A possible contributing
mechanism could be the cross-linking of SNP with the dietha-
noamine groups, as crosslinking typically improves the
mechanical properties of RPUs.*%>°

The mechanical strength of SNP-reinforced PU (SNP-RPUF)
was further enhanced by introducing C-doping into the SNPs.
C-doping generates crystal vacancies by substituting some of
the silicon atoms with carbon atoms. Since the ionic sizes of
silicon atoms are larger than carbon atoms, their replacement
creates additional spaces, exposing unreplaced silicon
5152 These exposed silicon atoms exhibit electrophilic
properties, giving additional reactive sites and increasing the
likelihood of (OH) groups coming from the bio-polyol to attach
onto the surface of SNP. The increased presence of OH groups
on the SNP surface enhances H-bonding and promotes
polymer densification, leading to a significant increase in
mechanical strength.

Fig. 8A shows the thermogravimetric analysis of the
SNP-RPUF samples. RPUF showed multiple degradation stages

atoms.
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Fig. 8 (A) Thermogravimetric analysis (TGA) and (B) thermal conduc-
tivity of rigid polyurethane foam (RPUF) at varying addition of silica
nanoparticles (SNP).

similar to related literature using coconut diethanolamine.*®
The analysis consists of up to four stages at around 250 °C,
360 °C, 500 °C, and 750 °C. The first stage comprises the soft
or polyol segments, the second stage for the hard or isocyanate
stage, and the other stages consist of residues such as amines,
complex ethers, branched alcohols, and benzene alkyls.”?
Unlike the trend with the compressive strength, the highest
amount of char was observed at 0.5% addition of SNP, with
about 2.88% char with first-stage decomposition at 258 °C,
compared to the 0.0% addition having 0.34% char with 232 °C
first-stage decomposition temperature. This trend indicates
that the synthesized RPUF has good thermal stability and
could contribute to its flame retardancy.>>™>®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8B shows the thermal conductivity of the SNP-RPUF
samples. The thermal conductivity ranges between
0.030-0.035 W m™" K™, with a trend to slightly increase as
SNP is added up to 0.3% before it decreases. For RPUF, it is
more beneficial to have lower density and larger cells to
increase the amount of entrapped gas, which helps to
reduce thermal transfer. Although the addition of the SNP
reduces its insulation application, the thermal conductivity
is still within range for commercial RPUF of 0.025-0.040
W m™' K .% Also, the high value of closed cell content
further inhibits the increase of thermal conductivity of the
SNP-RPUF as it reduces the diffusion of entrapped gas to
the atmosphere, as the movement of gases adds convective
thermal transfer.

Overall, this study significantly contributes to environ-
mental remediation by advancing the use of bio-based RPUF
reinforced with green SNP derived from RHA and carbon-
doped using k-carrageenan. Incorporating these sustainable
nanomaterials enhances the mechanical, thermal, and struc-
tural properties of the RPUF, positioning it as a viable material
for environmental remediation applications such as pollutant
sequestration, waste management, and water purification.
Utilizing RHA as a feedstock not only provides a sustainable,
renewable source of silica but also addresses the environ-
mental challenges associated with rice husk disposal. The
improved properties of the SNP-reinforced RPUF, including
enhanced thermal stability and mechanical strength, expand
its potential for use in protective coatings, insulation, and
structural components for environmental remediation
systems. By replacing conventional, petrochemical-based
foams with this bio-based alternative, this work supports the
development of eco-friendly materials that reduce environ-
mental pollution. Additionally, the study highlights the utility
of green synthesis methods in producing nano-materials that
align with the principles of sustainability, circular economy,
and waste valorization, paving the way for integrating sustain-
able materials into industrial applications to mitigate environ-
mental impacts.

Conclusion

This study aimed to synthesize a high-performance RPUF
using C-doped SNP from RHA, k-carrageenan, and amine-
functionalized bio-polyol derived from coconut oil. The syn-
thesized C-doped SNP’s composition, crystallinity, and
doping were confirmed via FTIR, XRD, DLS, SEM-EDX, and
XPS analyses. The C-doping of SNP with «k-carrageenan
resulted in lattice expansion within the crystal structure,
enhancing the reactivity of Si2+ atoms with other materials.
Mechanical test of the RPUF with varying addition of SNP
indicated that optimal compressive strength was achieved at
a 0.30% SNP addition, resulting in a 92.42% increase. Peak
shifting of the FTIR results of the SNP-RPUF revealed that
intermolecular H-bonding between the RPUF and SNP was
the leading cause for the improved mechanical properties,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which is further proved by the increase in cell density and %
closed cells from the SEM and pycnometric analyses. The
thermogravimetric analysis demonstrated optimal thermal re-
sistance to degradation at a 0.5% SNP addition, with thermal
conductivity ranging from 0.030 to 0.035 W m™" K. This
study successfully synthesized a highly bio-based RPUF with
excellent strength and thermal stability and promising appli-
cations as insulation and structural support for roofs, pipes,
and wall panels. The synthesized RPUF demonstrated
superior mechanical properties to conventional RPUF while
utilizing renewable, eco-friendly, and -cost-effective feed-
stocks, positioning it as a potential alternative to widely used
RPUF.
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