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a b s t r a c t 

The development of sustainable and high-performance acoustic materials requires replacing petroleum-based 
polyurethane foams (PUFs) with renewable alternatives. In this work, fully bio-based PUFs were synthesized 
using castor oil as polyol and reinforced with rice husk-derived silica (RHS) and cellulose (RHC). A series of for- 
mulations with varying additive loadings (0–2.0 phr) was fabricated and systematically characterized for chemical 
structure, morphology, thermal stability, mechanical strength, moisture resistance, and acoustic absorption. Re- 
sults confirmed successful integration of silica–cellulose fillers within the castor oil-based polyurethane matrix, 
with Fourier-transform infrared spectroscopy indicating enhanced hydrogen bonding and filler–matrix interac- 
tions. The addition of RHS/RHC improved compressive strength and stiffness, with the optimum performance 
observed at 0.7–1.5 phr. Thermal analysis revealed enhanced degradation resistance at higher filler loadings, 
while moisture absorption tests showed reduced equilibrium uptake, particularly at ≥ 0.7 phr. Acoustic evalua- 
tion demonstrated that moderate filler contents preserved sound absorption performance comparable to that of 
neat PUF, while excessive loading reduced broadband absorption. Overall, the findings highlight the dual advan- 
tage of sustainable sourcing and functional property enhancement, positioning castor oil-based PUF reinforced 
with agro-waste fillers as a promising candidate for green acoustic and structural applications. Future work will 
explore replacing petroleum-based isocyanates with bio-derived or less-toxic alternatives, alongside filler ratio 
optimization, flammability and durability assessments, scalability, and environmental adaptability under humid 
conditions. 
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. Introduction 

The development of sustainable biomaterials has gained in-
reasing attention in recent years, driven by the urgent need for
nvironmentally friendly, high-performance alternatives in diverse
dvanced applications such as construction, packaging, biomedi-
al devices, and acoustic control. Replacing petroleum-based ma-
erials with biocompatible, renewable, and cost-effective resources
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ot only reduces dependence on fossil feedstocks but also con-
ributes to carbon footprint reduction and circular economy strate-
ies. Within this broader context, acoustic applications stand out,
s noise pollution has become a critical environmental issue affect-
ng human health, productivity, and quality of life. This dual chal-
enge —enhancing material performance while addressing environmen-
al concerns —underscores the importance of developing green sound-
bsorbing foams. 
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Conventional polyurethane foams (PUFs) are widely used as sound
bsorbers in construction and transportation due to their lightweight
tructure and tunable porosity [ 1–3 ]. However, the shortcomings of
etroleum-derived PU foams have raised concerns about their long-
erm sustainability. These foams rely on petroleum-based polyols and
oxic isocyanates, leading to drawbacks such as poor weatherability,
ammability, high production cost, and dependence on nonrenewable
esources. Their limited eco-compatibility and potential health hazards
ighlight the pressing need for bio-based alternatives. In this regard,
iopolymers derived from cellulose and plant oils have shown great
romise. For example, Szpi ł yk et al. (2021) synthesized a biodegrad-
ble cellulose-derived polyol and demonstrated that the resulting PUF
as not only thermally more resistant than conventional foams but also
iodegradable in soil, with 70%–80% mass loss within 28 days [ 4 ]. Such
ndings underscore the transformative potential of bio-based polyols to
ddress both performance and environmental challenges. 

To address these issues, researchers have increasingly explored bio-
ased polyols derived from plant oils and agricultural residues. Plant oils
uch as soybean, rice, coconut, and castor oils are renewable, biodegrad-
ble, abundant, and relatively inexpensive. They also allow chemical
odification to tailor hydroxyl functionality, enabling their effective
se in PU synthesis [ 5 ]. Importantly, these bio-based systems offer
educed toxicity, potential for carbon neutrality, and alignment with
lobal sustainability goals. For example, Kattiyaboota and Thongpina
2016) demonstrated the successful replacement of petroleum-based
olyols with natural oil-based polyols for the synthesis of flexible PU
oam [ 6 ]. Subsequent studies expanded the scope: Marcovicha et al.
2017) utilized palm oil-based polyols to achieve lower viscosity and
tronger open-cell foams [ 7 ]; Yuvaraj L. et al. (2018) produced cost-
ffective closed-cell PUFs from castor oil-based polyols [ 8 ]; Patel et al.
2011) obtained a highly flame-retardant hyperbranched PU was syn-
hesized by reacting tris(bisphenol-A) monophosphate with polypropy-
ene glycol and castor oil, along with different diisocyanates [ 9 ]; and
iyapan et al. (2019) studied the potential of palm oil systems for closed-
ell foam development [ 10 ]. The utilization of castor oil as a renewable
olyol in PUF has attracted significant research interest due to its inher-
nt cross-linking potential and environmental benefits. Recent studies
y Shaik et al. (2021) [ 11 ] have explored one-step synthesis methods
or stable castor oil-based foams, demonstrating their potential to com-
letely replace synthetic polyols. To further enhance the structural sta-
ility of these bio-based matrices, researchers have explored the use of
ross-linking agents like glycerol to reinstate foam growth and refine
olymer phase morphology [ 12 ] . 

It has been found that among available natural oils, castor oil is es-
ecially attractive due to its high hydroxyl content, non-edible status,
nd global availability. While castor oil has emerged as a premier bio-
olyol due to its high hydroxyl functionality and non-edible status, its
pplication has been largely confined to rigid insulation foams. How-
ver, existing research has predominantly focused on single-oil polyol
ormulations and has seldom explored the incorporation of additives
o achieve multifunctional performance. Moreover, most reported PUFs
ave been developed primarily for structural and engineering applica-
ions, such as construction and insulation, rather than for acoustic func-
ionality. These foams are typically characterized by closed-cell mor-
hologies, which inherently limit their sound-absorption effectiveness
y promoting sound reflection rather than dissipation [ 13 ]. In contrast
o conventional closed-cell bio-foams that promote sound reflection, our
pproach utilizes the synergistic interaction between the hybrid fillers
nd the castor oil matrix to facilitate cell-wall rupture, transforming the
orphology into a highly dissipative open-cell network [ 14 ], thereby

ignificantly enhancing acoustic absorption performance. 
Rice husks —an abundant by-product of rice milling —represent a

aluable source of both cellulose and silica. Incorporating these agro-
aste derivatives into PUFs offers multiple advantages: mechanical re-

nforcement, an improved open-cell structure for acoustic absorption,
nd the valorization of agricultural residues that would otherwise pose
2

isposal challenges. Beyond agro-waste fillers, silica-based additives
ave also been widely studied for their role in improving foam perfor-
ance. Lee et al. (2022) demonstrated that incorporating 3 wt% silica
anoparticles into PUFs significantly enhanced both thermal insulation
nd mechanical properties, while silica aerogels further improved ther-
al conductivity control [ 15 ]. Similarly, Merillas et al. (2022) reported

hat silica aerogels within PUF scaffolds influenced cell size, mechan-
cal properties, and thermal insulation, underscoring the critical role
f pore architecture in optimizing these properties [ 16 ]. In addition to
atrix development, the integration of functional fillers remains a vital

trategy for enhancing foam performance. Recent research has explored
he use of hollow glass microspheres to increase the loading capacity
f nano-clays in flexible polyurethane foam, achieving a necessary bal-
nce between density and mechanical strength [ 17 ]. Progress in sus-
ainable chemical synthesis is further evidenced by the development of
uxetic polyurethane (APU) foams derived from castor oil (CO), which
ntroduce unique mechanical properties through bio-based precursors
 18 ]. Similarly, the application of halloysite nanoclay (HNC) as a bio-
anofiller at varying concentrations (1 wt%–5 wt%) has been shown
o significantly improve the thermal stability, mechanical integrity, and
ound absorption capabilities of flexible PUF [ 19 ]. Together, these ad-
ancements highlight the necessity of optimizing the filler-matrix inter-
ace to produce high-performance, sustainable acoustic solutions. 

Previous investigations into bio-based polyurethane foams have
enerally followed two independent strategies. For example, Shaik
t al. [ 11 ] and Kattiyaboota and Thongpina [ 6 ] focused on replacing
etroleum-derived polyols with plant-oil-based systems, primarily tar-
eting sustainability and mechanical stability, but without specifically
ptimizing acoustic performance or pore architecture for sound dissipa-
ion. On the other hand, filler-based approaches —such as silica nanopar-
icle incorporation by Lee et al. [ 15 ] or halloysite nanoclay reinforce-
ent reported by [ 19 ], demonstrated improved stiffness and thermal

esistance; however, these systems often emphasized insulation or struc-
ural reinforcement rather than broadband acoustic absorption. In sev-
ral cases, increased filler loading led to partial pore closure or den-
ification, which can compromise sound absorption efficiency despite
echanical gains. 

Consequently, achieving simultaneous acoustic enhancement and
echanical reinforcement within a sustainable matrix remains a key

hallenge. In contrast to these single-modification strategies, the present
tudy integrates dual rice husk-derived waste streams —cellulose (fi-
rous reinforcement) and silica (particulate stabilization) into a castor
il-based polyurethane system. By maintaining a controlled hybrid base-
ine and systematically varying total filler loading, this work demon-
trates acoustic–mechanical synergy, where pore refinement enhances
ompressive strength and thermal stability without sacrificing open-cell
haracteristics essential for effective sound absorption. 

To address this knowledge gap, this study develops castor oil-based
olyurethane foams reinforced with cellulose and silica derived from
ice husks. The NCO index of the PUFs was set to 100. The cellulose-
o-silica ratio was fixed at 50:50 as a baseline composition selected to
alance fibrous reinforcement (cellulose) and particulate stabilization
silica). Therefore, the term “optimal ” in this work refers to the optimum
otal filler loading (phr) within this fixed baseline ratio. The total hybrid
dditive content was varied from 0 to 2.0 phr to systematically evaluate
echanical properties, morphology, thermal behavior, moisture resis-

ance, and sound absorption. By utilizing renewable and low-cost feed-
tocks, this study clarifies the structure–property relationships govern-
ng acoustic–mechanical synergy in sustainable polyurethane foams. 

. Materials and methods 

.1. Polyurethane foam synthesis 

The castor oil (CO), a natural polyol for polyurethane foam (PUF)
ubstrate, was provided by Siripanit Industrial in Pathum Thani
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rovince, Thailand, with a molecular weight of 933.4 g/mol, a hydroxyl
alue of 160 mg KOH/g, and an acid value of 2.0 mg KOH/g. Chemicals
uch as hydrogen peroxide (H2 O2 , 35%) and sodium hydrogen carbon-
te (NaHCO3 , > 90%) were obtained from Ajax Finechem (Sydney, Aus-
ralia). Formic acid (HCOOH, 98%) came from Fisher Chemical (Shang-
ai, China). Ethyl acetate (CH3 COOC2 H5 , > 99%) was supplied by RCI
ab-Scan Limited (Bangkok, Thailand). Polymeric diphenylmethane di-
socyanate (PMDI, 31.5% NCO content, functionality = 2.7) was sourced
rom BASF (Ludwigshafen, Germany). DBTL (T-12 dibutyltin dilaurate,
5%) was purchased from Fluka Chemie AG (Darmstadt, Germany).
abco 33-LV (33% triethylene diamine in propylene glycol) was ac-
uired from Evonik Goldschmidt GmbH (Essen, Germany). Lastly, the
mino acid silicone surfactant (Siwell-Reborn®RB-8084) was supplied
y Guangdong Rebon Advanced Materials Co., Ltd. (Guangdong, China).
he method to yield polyol from natural plant-based oils was modified
rom previous research [ 3 , 20 , 21 ]. 

.2. Rice husk silica and cellulose preparation 

Rice husk (RH) was collected from areas near Walailak University,
akhon Si Thammarat, Thailand. The method of powder production and

he materials derived from RH have been reproduced from the literature
 22 ]. The husks were washed thoroughly with tap water and dried in an
ir-flow oven at 80 °C overnight. A 150 g portion of the pre-dried RH
as treated with 0.20 M NaOH solution at 80 °C for 1 h. The mixture was
ltered to separate the treated RH residue from the resulting dark-brown
ltrate. The solid residue was subjected to repeated NaOH treatment
nd filtration. The dark-brown filtrate was subsequently acidified with
.00 M HCl to precipitate rice husk silica (RHS). The obtained silica was
ashed with tap water until neutral pH and dried at 80 °C overnight.

n parallel, the RH residue (150 g) was bleached with 6 wt.% NaOCl
t 80 °C for 1 h, washed with tap water until neutral pH, and dried at
0°C overnight, yielding a light-yellow material identified as RH-derived
ellulose or rice husk cellulose (RHC). Finally, both RHS and RHC were
rounded into fine powders for subsequent use as composite fillers. 

.3. Preparation of CO-based PUF/RHS and RHC composite 

In preparing the polyurethane foam, the NCO index was maintained
t 100. The specified mixtures are presented in Table S1- Supplemen-
ary Information, which indicates the chemical composition used in the
rocess. This study was designed as a foundational investigation to eval-
ate the feasibility of the hybrid system. A fixed 50:50 cellulose-to-silica
ass ratio was selected as an initial baseline composition to balance the

einforcing effect of cellulose fibers with the stabilizing effect of silica
articles, while minimizing compositional complexity in this first-phase
tudy. Cellulose provides fibrous reinforcement and abundant hydroxyl
roups that enhance hydrogen bonding with the polyurethane matrix,
hereas silica contributes particulate stabilization, pore refinement, and

mproved thermal resistance. By fixing this hybrid ratio, the experimen-
al design isolates the effect of total filler loading (phr) on composite
erformance without introducing additional compositional variables.
herefore, the term “optimal ” in this study refers to the optimum to-
al hybrid filler loading within this fixed 50:50 baseline ratio. The total
ybrid filler content was varied as follows: 0, 0.3, 0.5, 0.7, 1.0, 1.5, and
.0 phr. The foam was produced at room temperature (30–35 °C) using
 magnetic stirrer set at 1400 rpm. Initially, the chemicals were divided
nto two parts ( Fig. 1 ): the first containing castor oil, water, RB-8084,
BTL, and Dabco 33-LV; the second containing PMDI, RHS, and RHC.
hese parts were stirred separately for 20 minutes. After stirring, the
rst part was added to the second, and mixing continued until the foam
eached a viscous, creamy consistency. The foam was then poured into
 sealed mold measuring 13 × 13 × 13 cm3 and left to rise for 3 min. To
nsure complete polymerization, the PUF composites were cured in an
ven at 60 °C for 24 h. 
3

.4. Characterization techniques 

hemical structure analysis 

The chemical structure of CO was determined by 1 H NMR spec-
roscopy on a Bruker 400 Fourier transform spectrometer operating at
00.13 and 100.62 MHz. TMS served as the internal standard, and CDCl3 
as used as the solvent for sample dissolution. FTIR spectra of all sam-
les were collected using a Perkin Elmer Universal ATR Sampling Ac-
essory, Model Frontier, equipped with a Diamond/KRS-5 crystal as the
TR component. The samples were positioned on the crystal surface,
nd the pressure arm was calibrated until the force gauge indicated a
orce between 100 and 120 N. The spectral scan ranged from 4000 to
00 cm− 1 , with 16 accumulations and a resolution of 4 cm− 1 . 

hermal properties 

Thermal gravimetry analysis (TGA) using TA Instruments SPT 2960
imultaneous DSC-TGA was performed to study the thermal properties.
amples weighing between 8 and 13 mg were heated from 30 to 800 °C
nder nitrogen at a rate of 10 °C/min. It should be noted that TGA
easurements were performed only on the developed bio-based PUF

ormulations, as the primary objective of this study is to investigate
ormulation–property relationships within the castor-oil-based system. 

echanical properties 

The density of the PUF composites was assessed in accordance
ith ISO 4590-2002. Their dimensions were precisely measured with
 Vernier calliper, and density was calculated using the formula den-
ity = mass/volume. For each foam formulation, six replicates ( n = 6)
ith dimensions of 50 × 50 × 50 mm3 are tested using a Testometric

M500-25AT) device on an Instron universal testing machine, following
SO 844-2007. The crosshead moved at a speed of 2.5 mm/min, and the
ompressive strength was determined at 20% deformation. Results from
hree replicates were averaged and expressed in kilopascals (kPa). 

orphology 

The morphology of the PUF composites was analyzed using scanning
lectron microscopy (SEM) with a JSM-6510LV (JEOL, Japan) operated
t 20.00 kV under high vacuum and high voltage conditions. Addition-
lly, to observe the structure of WHF, an optical microscope with 4X
agnification and a Xenon light source (DN-117M) (Nanjing Jiangnan
ovel Optics, China) was employed. Additionally, the cell size distribu-

ion was performed using ImageJ software for analysis. 

oisture absorption study 

The moisture absorption behavior of the PUF composites was eval-
ated in an in-situ controlled humidity chamber maintained at 80 ±
% relative humidity at room temperature. This relative humidity level
as chosen to reflect the average climatic conditions of Southeast Asia,
here six regions of Thailand reported values ranging from 73.7% to
1.2% RH in 2024 [ 23 ]. For each formulation, five specimens were
ested. The samples were weighed at 15-minute intervals for the first
 h to assess short-term uptake, and were subsequently measured once
aily for 21 days to evaluate long-term behavior. Moisture absorption
as calculated as the percentage gain in mass relative to the initial dry
eight. 

The water absorption coefficient ( 𝐴w ) in the linear region of water
ptake was determined using Eq. (1) [ 24 ]. 

w =
(
𝑀𝑖 −𝑀0 

)

𝐴
√
𝑡 

. (1) 

Where is 𝐴 cross-sectional surface area, 𝑡 is the exposure time of the
pecimens in the controlled humidity chamber, and 𝑀𝑖 and 𝑀0 are mass
pecimens measured at the time 𝑡 and 𝑡 , respectively. 
𝑖 0 
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Fig. 1. The fabrication procedure of polyurethane foam (PUF) filled with rice husk silica (RHS) and rice husk cellulose (RHS). 
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coustic properties analysis 

The normal-incidence sound absorption coefficient (SAC) of the sam-
les was determined using the two-microphone impedance tube tech-
ique, following ASTM E1050 (1990) and ISO 10534-2 (1994) stan-
ards [ 25 , 26 ]. The impedance tube had an inner diameter of 28.6 mm
nd a length of 1000 mm. Each foam specimen was positioned in the
ample holder at one end of the tube adjacent to the microphone chan-
els, while a loudspeaker was mounted at the opposite end as the sound
ource. A commercial low-density petroleum-based polyurethane foam
 ≈0.09 g cm− 3 ) commonly used for acoustic applications was tested
nder identical conditions and included solely as a reference mate-
ial for benchmarking acoustic performance. The comparison is lim-
ted to sound absorption behavior, as the scope of this work focuses on
he formulation-dependent properties of the developed bio-based PUFs.
aboratory-grade 1 

4 -inch microphones (GRAS 40PP; GRAS Sound & Vi-
ration, Skovlunde, Denmark) were securely fitted into the microphone
orts to capture the acoustic signals. The recorded data were transmit-
ed to a computer via a data-acquisition system optimized for acoustic
nalysis (NI-9230; National Instruments, Austin, TX, USA). The SAC was
alculated according to Eq. (2) . 

AC = 1 −
|||||
𝐻12 − 𝑒− 𝑗𝑘0 𝑠 

𝑒𝑗𝑘0 𝑠 −𝐻12 
𝑒2 𝑗𝑘0 𝑥1 

|||||

2 

. (2)

Where 𝐻12 represents the transfer function between the two micro-
hones, 𝑘0 is the wave number, 𝑠 is the spacing between Mic-1 and Mic-
, and 𝑥1 is the distance between Mic-1 and the specimen surface. Data
cquisition and signal processing were performed using a Python-based
odule. 

. Results and discussion 

.1. Polyurethane foam fabrication 

Polyurethane foam (PUF) and PUF composites with varying silica–
ellulose contents were successfully fabricated using a preparation pro-
ess based on CO-derived PUF/RHS and RHC composites. As shown in
ig. 2 , all formulations, ranging from neat PUF to those containing up
o 2.0 phr of additive, exhibited uniform structure and stable form, con-
rming the effectiveness of the synthesis method. The resulting foams
4

ossess a desirable texture and exhibit environmentally friendly, po-
entially biocompatible properties, making them attractive for sustain-
ble material development. With these qualities, the prepared PUF and
UF/silica–cellulose composites are promising candidates for various
dvanced applications, including construction, packaging, thermal in-
ulation, and acoustic control. 

.2. Chemical structure analysis 

The FTIR spectra of castor oil, cellulose, and silica were preliminarily
nalyzed to characterize their vibrational characteristics. As presented
n Fig. 3 ( a)–(c), the FTIR spectra of castor oil ( Fig. 3 ( a)) exhibited a
road band between 3470 and 3400 cm− 1 , which was attributed to O–H
tretching vibrations of hydroxyl groups on ricinoleic acid, which is the
rimary fatty acid component of castor oil derived from castor plant
eeds [ 27 ]. Peaks at 2925 and 2855 cm− 1 were assigned to the C–H
tretching vibrations of aliphatic –CH2 groups, while a weaker band at
008 cm− 1 corresponded to = C–H stretching from unsaturated chains.
 strong absorption near 1740 cm− 1 confirmed ester carbonyls from

he triglyceride backbone, while the additional bands between 1160–
050 cm− 1 were assigned to C–O stretching in ester linkages [ 28–30 ].
hese features confirm the hydroxylated triglyceride structure of castor
il, which later participates in urethane bond formation. 

Fig. 3 (b) shows FT-IR spectrum of cellulose. It exhibited a broad O–
 stretching envelope in the 3600–3200 cm− 1 region, typical of exten-

ive intra- and intermolecular hydrogen bonding in polysaccharides. The
–H stretching of glucopyranose units appeared around 2850 cm− 1 . A
road band between 1650–1500 cm− 1 was also observed, which was
ikely because of absorbed water and O–H bending. Strong peaks in the
160–1050 cm− 1 region and a distinct peak at 1030 cm− 1 were associ-
ted with C–O–C and C–O stretching from 𝛽-1,4-glycosidic linkages of
ellulose. A diagnostic band at 898 cm− 1 confirmed 𝛽-glycosidic bonds,
hile additional peaks at 663 and 598 cm− 1 corresponded to skeletal
ibrations of the cellulose backbone [ 31–33 ]. 

The FTIR spectrum of silica ( Fig. 3 (c)) showed a weak, broad O–
 stretching band between 3700–3200 cm− 1 , which were attributed to

urface silanol groups and adsorbed moisture. The weak intensity of
his band is typical for silica, as the amount of surface hydroxyl groups
epends strongly on drying history and surface area. In contrast, the
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Fig. 2. Photographs of neat polyurethane foam (PUF) and PUF composites prepared with different silica–cellulose additive concentrations (0.3–2.0 phr) using the CO- 
based PUF/RHS and RHC composite process. All samples exhibit uniform texture and structural integrity, demonstrating the successful fabrication of environmentally 
friendly foams suitable for advanced applications. 

Fig. 3. FTIR spectra of (a) castor oil, (b) cellulose, (c) silica, (d) neat PUF (0 phr), and PUF composites filled with cellulose-silica at (e) 0.3 phr, (f) 0.5 phr, (g) 0.7 
phr, (h) 1.0 phr, (i) 1.5 phr, and (j) 2.0 phr. 

5
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Fig. 4. Heatmap of thermogravimetric analysis (TGA) parameters for castor- 
oil-based PUFs with varying cellulose–silica additive concentrations. TGA was 
performed from 30 to 800 °C under a nitrogen atmosphere at a heating rate of 
10 °C min− 1 . The onset degradation temperature ( Ts ), peak degradation temper- 
ature ( Tp , obtained from DTG maxima), and end degradation temperature ( Te ) 
are presented. The shift of T p and T e toward higher temperatures, particularly 
at ≥ 0.7 phr, indicates enhanced thermal stability compared to neat PUF. 

Fig. 5. (Top) Thermogravimetric (TGA) curves showing the percentage of mass 
remaining as a function of temperature. (Bottom) Derivative thermogravimetric 
(DTG) curves showing the rate of mass loss (d W /d T ) as a function of tempera- 
ture. Measurements were conducted from 30 to 800 °C under nitrogen at a heat- 
ing rate of 10 °C min− 1 . The addition of cellulose–silica decreases the maximum 

degradation rate and shifts the main degradation peaks to higher temperatures, 
confirming improved thermal resistance relative to neat PUF. Char yield was 
determined as the residual mass percentage at 800 °C under nitrogen. 
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t  
trongest absorption appeared in the 1100–1000 cm− 1 region, assigned
o asymmetric Si–O–Si stretching. A distinct band at 750–800 cm− 1 cor-
esponded to symmetric Si–O–Si stretching or rocking, while a shoul-
er near 950 cm− 1 was linked to Si–OH stretching [ 34 , 35 ]. These well-
efined bands serve as fingerprint peaks for silica and are particularly
seful for identifying its occurrence within silica-cellulose-filled PUF
omposites. 

After characterizing the FT-IR spectrum of the raw materials, the
T-IR spectra of neat PUF prepared from castor oil was further ana-
yzed. The FT-IR spectrum of the PUF revealed a broad absorption be-
ween 3250–2770 cm− 1 , assigned mainly to N–H stretching of urethane
roups, overlapped with residual O–H stretching. A distinct absorp-
ion at around 1535 cm− 1 linked to amide II vibrations of the urethane
tructure. Additional peaks were observed at 670, 580, and 450 cm− 1 ,
ssigned to out-of-plane N–H bending and skeletal vibrations of the
olyurethane backbone [ 36–38 ]. These features together confirm the
uccessful formation of a urethane network from castor oil and diiso-
yanate precursors. 

As shown in Figs. 3 (d)–(h), the FT-IR spectra of silica-cellulose-filled
UF composites retained the general features of the neat PUF, however
ome differences are noticeable. A broad absorption band cantered at
800–3180 cm− 1 was present in all PUF composites. Compared with
he neat PUF, this band appeared stronger, particularly in samples with
igher filler loadings. No sharp free O–H peaks were detected in the
egion between 3600 and 3700 cm− 1 , which indicated that hydroxyl
roups were engaged in intermolecular interactions rather than existing
n a free state. The amide II band at approximately 1535 cm− 1 remains
lear in all PUF composite samples, confirming that the polyurethane
ore structure in PUF composites is preserved [ 39 , 40 ]. In the finger-
rint region, all PUF composite samples showed a clear absorption at
020 cm− 1 . This band can be attributed to overlapping C–O stretch-
ng vibrations from urethane linkages [ 41 ] and asymmetric Si–O–Si
tretching from the silica component [ 42 ]. In addition, a band at around
00 cm− 1 was found in all PUF composites. This peak, associated with
i–O rocking vibrations, was consistently detected across all loadings,
hich provides a clear spectral marker for silica incorporation into the
UF. 

Generally, the FTIR results confirmed that the castor oil-based
olyurethane and cellulose-silica filler could be successfully integrated.
lthough the main spectral properties were controlled by the PU matrix,

he appearance of stronger hydrogen bond envelopes and the occur-
ence of silica-specific bands indicated that the filler contributed to the
ormation of the PUF chemical environment, which supported the im-
roved interface compatibility and stability of the PUF compound. FTIR
esults confirmed the successful production of castor oil-based PUF and
ighlighted enhanced hydrogen bonding and filler-matrix interactions
nderlying the improved performance of cellulose-silica-reinforced PUF
omposites. 

.3. Thermal analysis 

The thermogravimetric analysis (TGA) results ( Figs. 4 and 5 ) demon-
trate the influence of cellulose-silica additive concentration on the ther-
al stability of PUF composites. The characteristic degradation param-

ters, namely the onset of degradation ( Ts ), peak temperature ( Tp ), and
nd temperature ( Te ), provide the degradation behavior of material. 

From the heatmap ( Fig. 4 ), it can be observed that neat PUF begins to
egrade at Ts = 234.6°C, with Tp and Te occurring at 328 and 435.9 °C,
espectively. The incorporation of cellulose-silica additives alters these
alues in a concentration-dependent manner. At lower loadings (0.3–
.5 phr), Ts decreases slightly (e.g., 209.3 °C at 0.5 phr), suggesting a
inor destabilizing effect at the early stage of degradation. However,
ith further increases in additive content (0.7–2.0 phr), Ts , Tp , and par-

icularly Te values shift toward higher temperatures. For example, the
.7 phr formulation achieves the highest Tp (330 °C) and Te (451.4 °C),
hile the 2.0 phr formulation maintains a Te of 440.1 °C, both exceeding
6

hat of neat PUF. This trend indicates that although small fluctuations
n onset temperatures occur, the additives generally enhance thermal
esistance, particularly in the later stages of decomposition. 

The TGA and the derivative thermogravimetry (DTG) curves ( Fig. 5 )
urther illustrate these effects. Neat PUF exhibits a sharp mass loss
round 326–330 °C, corresponding to rapid chain scission and volatiliza-
ion of degradation products. In contrast, additive-containing samples
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xhibit broader degradation profiles and lower mass-loss rates, as re-
ected in the DTG curves. The presence of additives reduces the max-

mum degradation rate while slightly shifting the decomposition peaks
o higher temperatures. This suggests that the additives effectively alter
he chemical environment within the polymer matrix, possibly by form-
ng crosslinked networks or reinforcing structures that reduce the rate
f degradation [ 43 ]. 

The enhancement in thermal resistance observed at 0.7 phr load-
ng is closely linked to chemical interactions between the hybrid filler
nd the polyurethane matrix. FTIR analysis ( Fig. 3 ) suggests that the hy-
roxyl groups (–OH) from the rice husk-derived cellulose and the silanol
roups (Si–OH) on the silica surfaces facilitate new hydrogen bonding
ith the urethane N–H and C = O groups. These interactions effectively

reate a more robust cross-linked network that restricts the segmental
obility of the chains during thermal stress. During degradation, this
ller network acts as a physical-chemical shield, slowing the diffusion
f volatile fragments and promoting the formation of a stable, intercon-
ected carbonaceous char. This mechanism directly explains the signif-
cantly higher char yield of 32% in the 50:50 hybrid baseline compared
o the 25% yield of the neat matrix, confirming that the hybrid fillers
erve as both structural reinforcement and thermal stabilizers. 

Overall, these findings confirm that cellulose-silica additives im-
rove the thermal stability of castor-oil-based polyurethane foams, par-
icularly by delaying final degradation ( Te ) and moderating degrada-
ion kinetics. Among the tested formulations, the 0.7 phr sample shows
he most pronounced stabilization effect, while higher loadings (1.0–
.0 phr) also provide improvements compared to neat PUF. These re-
ults show that the optimized additive content for enhancing thermal
tability exceeds 0.7 phr. While TGA effectively captures degradation
ehavior and filler-induced thermal stabilization, the present study did
ot directly resolve microphase separation or filler–matrix interfacial
ynamics at the molecular scale. Due to the highly crosslinked and
pen-cell morphology of the foams, DSC transitions associated with
lass transition were broad and difficult to interpret reliably. Therefore,
GA was prioritized to evaluate thermal stability relevant to acoustic
pplications. Future work will incorporate dynamic mechanical anal-
sis (DMA) to more directly probe segmental mobility, microphase
eparation, and interfacial reinforcement mechanisms in this hybrid
ystem. 
ig. 6. Pore structure and additive dispersion in polyurethane foam at varying cellu
t different filler levels (0.3 to 2.0 phr), (b) Optical microscope (OM) images with the
y increasing additive concentration and (c) SEM images providing detailed views of
t higher concentrations (1.5 and 2.0 phr). At lower concentrations, the foam exhib
ller agglomeration and pore distortion occur. 

7

.4. Morphology and additive dispersion 

Fig. 6 displays three sets of images captured using a mobile phone
amera, an optical microscope (OM), and a scanning electron micro-
cope (SEM) of the PUF loaded with cellulose-silica additives. Each set
f images provides a significant view of the pore-size distribution, the
ispersion of cellulose-silica additives within the PUF, the surface tex-
ure, and any potential agglomeration of the additives. 

The mobile, OM, and SEM images ( Fig. 6 ) provide a comprehen-
ive view of the changes in pore structure and filler dispersion in
olyurethane foam with varying concentrations of cellulose-silica ad-
itives. At lower filler concentrations (0.3, 0.5 phr), the foam retains
 more open, uniform pore structure, with the additives well dispersed
hroughout the matrix, resulting in a consistent texture. As the filler con-
entration increases (0.7 to 2.0 phr), the texture becomes denser, and
he pores shrink. Notably, at higher concentrations (1.0 phr and above),
gglomeration of the additives becomes evident, with the fillers forming
lusters that disrupt the uniformity of the pore structure, which is visi-
le with a mobile phone camera presented in Fig. 6 (a). The OM images
n Fig. 6 (b) confirm this, showing increasing irregularities in pore shape
nd size at higher concentrations. The SEM images in Fig. 6 (c) provide a
igher-magnification view, revealing that at lower concentrations, the
ores remain smooth and evenly distributed, whereas at higher con-
entrations (1.5 and 2.0 phr), filler agglomeration is more pronounced,
istorting the pore structure. This agglomeration may create localized
reas of higher density, potentially affecting the mechanical properties
f foams. 

The cell size distribution (CSD) analysis ( Fig. 7 ) further supports
he SEM findings by quantitatively confirming the reduction in pore
ize with increasing additive content. For neat PUF, the distribution is
roader with a higher mean pore diameter (0.347 mm), consistent with
he relatively open-cell structure observed in SEM images. At low filler
evels (0.3–0.7 phr), the CSD curves shift toward smaller pore diameters,
ith the mean values decreasing to 0.308 mm (0.3 phr), 0.204 mm (0.5
hr), and 0.203 mm (0.7 phr), indicating a more refined and uniform
ell morphology. This trend aligns with the SEM images, which reveal
ore compact, evenly dispersed pores at these concentrations. 

As the filler content exceeds 1.0 phr, the CSD broadens again, and the
ean cell size increases (0.237–0.278 mm), suggesting reduced unifor-
lose-silica concentrations: (a) Mobile images showing the overall foam texture 
 objective’s magnification 4x illustrating the pore distribution and irregularities 
 the pore structure, highlighting the dispersion of additives and agglomeration 
its a uniform, open pore structure, while at higher concentrations, noticeable 
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Fig. 7. Cell size distribution (CSD) histograms of (a1 –a7 ) neat PUF and PUFs with varying filler concentrations (0.3–2.0 phr), along with (b) the mean and median 
values plotted against filler content. Neat PU exhibits a broad distribution with larger mean pore diameters, consistent with the open-cell morphology observed in 
SEM images. At low filler concentrations (0.3–0.7 phr), the distributions shift toward smaller and more uniform pore sizes, confirming the refined cell structure 
seen in SEM, Fig. 6 . With higher filler loadings ( ≥ 1.0 phr), the distributions broaden again and shift toward larger pores, indicating reduced uniformity and possible 
agglomeration, in agreement with the SEM observations of disrupted pore morphology. 
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Fig. 8. Stress–strain curves of neat PUF and PUF composites with varying filler 
loadings, illustrating the influence of filler incorporation on the deformation 
behavior under tensile loading. 
ity and possible agglomeration. Particularly at 1.5 phr and 2.0 phr, the
hift toward larger cell sizes with wider distributions corresponds with
he SEM evidence of disrupted pore uniformity and localized clustering
f additives. Thus, the CSD data not only confirms the morphological
ransition observed in SEM but also highlights the optimal filler concen-
ration (around 0.5–0.7 phr) where the pore structure achieves the most
niform refinement. 

.5. Mechanical performance 

Fig. 8 illustrates the stress–strain behavior of neat PUF and PUF com-
osites containing different filler loadings. Neat PUF exhibits a relatively
ow stress response with an almost linear increase in stress as strain in-
reases, indicating a compliant and less reinforced structure. In contrast,
he filled systems show a pronounced enhancement in stress response
ver the entire strain range, with stress rising more rapidly with strain
ompared to neat PUF. As filler content increases, the curves shift pro-
ressively upward, reflecting improved stiffness and load-bearing capac-
ty. The composites display a nonlinear stress–strain profile, particularly
t lower strains (0–5% strain), indicating an initial reinforcement effect
here the filler restricts polymer chain mobility and efficiently trans-

ers stress from the matrix to the filler. At higher deformation (above
% strain), polymer chains progressively align and stretch, while sus-
8
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Fig. 9. Compressive strength of PU foams with varying cellulose/silica additive 
contents at 20% strain. 

Fig. 10. Young’s modulus of PU foams with different cellulose/silica additive 
contents. 
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Table 1 

Comparative analysis of mechanical and thermal properties of neat PUF, single- 
filler controls, and the hybrid formulation at a representative total filler loading 
of 0.7 phr. Compressive strength was measured at 20% strain. Char yield cor- 
responds to the residual mass percentage at 800 °C determined by TGA under 
nitrogen (30–800 °C, 10 °C min− 1 ). 

Samples Ratio (Cel:Sil) 

Compressive 
Strength @20% 

strain 
Char Yield 
at 800 °C 

Neat Matrix 0:0 8.7 ± 0.6 kPa ∼ 25% 

Pure Cellulose 100:0 57.7 ± 4.9 kPa ∼ 25% 

Pure Silica 0:100 72.7 ± 9.5 kPa ∼ 27% 

Hybrid (50:50) 50:50 55.0 ± 10 kPa ∼ 32% 
ained filler–matrix interactions continue to resist deformation, leading
o a steady increase in stress rather than sudden failure. Overall, the
resence and increasing amount of filler significantly modify the de-
ormation behavior of PUF, resulting in stronger resistance to applied
train and a more robust mechanical response, thereby complementing
he Young’s modulus data and compressive strength presented in Figs. 9
nd 10 , respectively. 

The compressive behavior of the PUF composites ( Fig. 9 ) shows a
lear dependence on additive content. At 20% strain, the neat PUF dis-
lays the lowest compressive strength (8.7 kPa), reflecting its inherently
eak cellular structure. With the addition of small amounts of additive

0.3–0.7 phr), the compressive strength increases significantly to 46.0–
5.0 kPa. This improvement suggests that the additive effectively rein-
orces the foam skeleton, enhances stress transfer, and stabilizes the cell
alls. However, at 1.0 phr, a drop in compressive strength (46.0 kPa)

s observed, which indicates poor dispersion or localized agglomera-
ion of the additives, leading to stress concentration points within the
oam [ 44 ]. The maximum compressive strength is reached at 1.5 phr
69.0 kPa), after which a slight reduction is noted at 2.0 phr (57.0 kPa).
his indicates that excessive loading no longer contributes to reinforce-
9

ent and may instead hinder uniform stress distribution within the foam
tructure. 

Young’s modulus, which reflects the stiffness of the foams, follows a
imilar trend presented in Fig. 10 . Neat PUF exhibits the lowest modu-
us (37.7 kPa), while additive incorporation substantially enhances stiff-
ess, particularly at 0.3–0.7 phr (300.7–374.3 kPa). A slight decrease
ccurs at 1.0 phr (295.0 kPa), again consistent with structural imper-
ections induced by poor dispersion. The highest stiffness is observed at
.5 phr (532.0 kPa), confirming that this concentration yields the most
igid structure. At 2.0 phr, the modulus remains elevated (509.3 kPa)
ut does not surpass the 1.5 phr sample. 

Together, these results highlight a balance between stiffness and re-
ilience. Additive incorporation markedly improves both compressive
trength and stiffness compared to neat PUF, but excessive loading be-
ond the optimum (1.5 phr) leads to diminished performance. Although
he compressive and modulus results suggest higher stiffness at higher
dditive loadings, this rigidity is not ideal for practical applications
hat require sound absorption and resilience. Considering compressive
trength, stiffness, cell-size distribution, and thermal stability, the PUF
ith 0.7 phr additive emerges as the most balanced formulation. At this

omposition, the foam provides sufficient strength ( ≈55 kPa) and stiff-
ess ( ≈374 kPa) for structural stability, while maintaining deformability
or effective acoustic damping. The favorable cell morphology and im-
roved thermal stability further support its suitability, and as shown in
he acoustic properties section, the sound absorption performance of the
.7 phr sample aligns well with this conclusion. 

Single-filler systems with high effectiveness often lead to processing
hallenges or brittleness. The 50:50 ratio was chosen to exploit the hier-
rchical network, in which silica prevents cellulose bundling —a mech-
nism supported by Karger-Kocsis et al. (2014) and Swolfs et al. (2016)
 45 , 46 ] —to ensure a more uniform internal architecture. By fixing the
atio, the study isolates the impact of total filler content on the struc-
ural and thermal evolution of composites. Preliminary comparison with
ure-filler counterparts (see Table 1 ) confirms that this hybrid ratio
ields a balanced material with significant mechanical reinforcement
ver the neat matrix and enhanced thermal durability compared to in-
ividual components. 

As demonstrated in Table 1 and the expanded discussion, the 50:50
atio was chosen to prioritize a balance of properties —maximizing ther-
al stability via char yield while maintaining a 532% increase in mod-
lus over the neat matrix —providing a robust platform for the content-
ependency analysis that is the focus of this work. 

.6. Moisture absorption 

The short-term absorption profiles ( Fig. 11 (a)) show that all PUF
amples undergo rapid moisture uptake during the first 85 min, after
hich most formulations approach equilibrium. However, samples with

ow additive contents (0.3 and 0.5 phr) continue to show a slight in-
rease even at 300 min, indicating a slower stabilization process com-
ared to higher loadings. By contrast, the other formulations reach
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Fig. 11. Moisture absorption of neat PUF and additive-modified PUFs under 80 ± 5% relative humidity at room temperature. (a) Short-term absorption profiles 
showing rapid uptake during the first 85 min, followed by equilibrium (inset, 21 days). Neat PUF exhibits the highest absorption rate in short-term, whereas additive- 
modified foams show reduced uptake. (b) Long-term absorption after 21 days confirms that formulations with ≥ 0.7 phr additive maintain lower equilibrium values, 
with 1.0 phr demonstrating the most effective resistance. 

Fig. 12. (a) Linear fitting of short-term water uptake (0–70 min) for neat PUF and additive-modified foams at 25–28 °C and 80 ± 5% relative humidity, used to 
calculate the absorption coefficient AW 

. (b) Water absorption coefficient ( AW 

) values for different additive contents, showing higher initial uptake rates at 0.7 and 
2.0 phr. 
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teady absorption levels more quickly. After one full day, all samples
isplay steady absorption rates, suggesting that equilibrium is reached
ithin this timeframe. The long-term data (inset of Figs. 11 (a)(b)) pro-
ide further confirmation. After 21 days at 25–28 °C and 80 ± 5%
elative humidity, neat PUF exhibited an average absorption of 3.55
 0.06%. In comparison, PUF with 1.0 phr achieved the lowest value

2.96 ± 0.10%), followed by 2.0 phr (3.22 ± 0.08%) and 0.7 phr (3.33
 0.08%). These formulations clearly outperform neat PUF and other

oadings, demonstrating that the additive effectively reduces water up-
ake and enhances dimensional stability. 

The moisture absorption behavior exhibits a nonlinear trend, where
ow additive contents (0.3 and 0.5 phr) not only failed to improve ab-
orption but also resulted in values higher than those of neat PUF (3.76
 0.05% and 3.92 ± 0.06%, respectively). This behavior suggests that

nsufficient additive levels are ineffective at altering the polymer matrix
nd may promote localized heterogeneities —such as interfacial micro-
oids —that serve as preferential sites for water ingress [ 47 ]. At these
ow contents, the fillers likely act as moisture traps rather than a cohe-
10
ive barrier network. However, at concentrations of 0.7 phr or higher, a
ritical threshold is reached at which pore refinement and improved in-
erfacial bonding effectively seal these pathways. FTIR analysis ( Fig. 3 )
upports this transition, indicating enhanced hydrogen bonding between
he silica/cellulose hydroxyl groups and the urethane matrix, which mit-
gates moisture ingress. Overall, the results suggest that additive con-
entrations above 0.7 phr optimize moisture resistance, with 1.0 phr
merging as the most effective formulation for long-term durability in
umid environments. 

The water absorption coefficient ( AW 

) calculated from the linear up-
ake region is presented in Fig. 12 . This coefficient represents the initial
ate of moisture ingress, which depends on both the exposure time and
he cross-sectional area of specimens, as expressed in Eq. (1) . Among
he modified foams, the 0.7 phr and 2.0 phr samples exhibited rela-
ively high AW 

values, indicating a faster short-term uptake compared
o the other formulations. However, the long-term equilibrium moisture
bsorption data ( Fig. 11 (b)) show a different trend. Despite their higher
W 

, the 0.7 and 2.0 phr samples stabilized at significantly lower mois-
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ure content after 21 days, together with the 1.0 phr sample. In contrast,
ow additive contents (0.3 and 0.5 phr) not only absorbed moisture at
 slower initial rate but also exhibited higher equilibrium values than
eat PUF, confirming their limited effectiveness. This suggests that while
igher additive levels may facilitate rapid initial surface penetration,
hey ultimately restrict long-term moisture retention within the foam
tructure. 

The apparent divergence between short-term absorption rate ( 𝐴S 
W 

)
nd long-term equilibrium uptake reflects multi-stage moisture trans-
ort behavior in open-cell foams. During the early stage, absorption is
ominated by surface wetting and capillary penetration into accessi-
le pore channels, which may produce relatively high 𝐴S 

W 

values even
hen equilibrium retention remains limited. In contrast, long-term up-

ake is governed by pore connectivity, diffusion resistance, and effective
ree volume. At ≥ 0.7 phr, refined cell walls and partial pore obstruction
educe continuous diffusion pathways, thereby restricting equilibrium
oisture accumulation despite initial surface wetting effects. While con-

act angle analysis and mercury intrusion porosimetry were not con-
ucted in the present study, these techniques will be incorporated in
uture work to quantitatively validate interfacial wettability and pore-
etwork evolution and to further substantiate the proposed mechanism.

The SEM images ( Fig. 6 ) help explain these observations. At low
ller contents (0.3 and 0.5 phr), the pore morphology remains open
nd interconnected, providing pathways that facilitate long-term mois-
ure diffusion and storage. As the filler concentration increases, particu-
arly above 0.7 phr, the pores become more compact and irregular. This
ompact cellular architecture may initially allow quicker surface pene-
ration but reduces overall pore connectivity and free volume, thereby
imiting the equilibrium moisture uptake. Taken together, these results
ndicate that additive concentrations above 0.7 phr optimize moisture
esistance in PUF. Although the short-term absorption coefficient is rel-
tively high at 0.7 and 2.0 phr, the compact structure achieved at higher
ller contents effectively limits long-term water retention, with 1.0 phr
roviding the best balance between initial absorption behavior and final
tability. 

The results suggest that the increased filler content enhances the re-
istance of foams to moisture penetration by modifying their microstruc-
ure and reducing porosity. The SEM images complement the moisture
bsorption analysis by showing the structural transitions in the material,
ith denser structures potentially leading to reduced moisture uptake.
his relationship highlights the crucial role of filler composition and
orosity in controlling the moisture resistance of materials. 

.7. Acoustic properties 

The sound absorption spectra of 7 formulas including neat PUF and
UF filled with a 50:50 silica–cellulose mixture (0.3, 0.5, 0.7, 1.0, 1.5
nd 2.0 phr) were averaged from three replicate measurements after
nterpolation onto a common frequency axis (200–5000 Hz) presented
n Fig. 13 (a). The averaged curves highlight how filler addition influ-
nces absorption performance across the low, middle, and high fre-
uency regions. At low frequencies (200–500 Hz), all formulations ex-
ibited sound absorption coefficients (SAC) below the practical thresh-
ld of 0.40, reflecting the typical limitations of 4-cm foams at long wave-
engths. In the mid-frequency region (500–2000 Hz), neat PUF main-
ained broad absorption around and above the 0.40 threshold, while
he 0.7 phr formulation tracked most closely, preserving mid-band ab-
orption capacity. By contrast, the 0.3 and 0.5 phr samples remained
argely below 0.40, and the 2.0 phr sample showed a marked reduction
cross the band. At higher frequencies (2000–5000 Hz), neat PUF again
xceeded 0.5, whereas most filled systems, particularly 2.0 phr, failed
o reach similar levels. Overall, neat PUF provided the most balanced
roadband absorption, while 0.7 phr was the only filled system to ap-
roximate its performance. 

To quantify mid-band absorption, the Noise Reduction Coefficient
NRC) was calculated as the mean SAC at 250, 500, 1000, and 2000 Hz
11
resented in Fig. 13 (b). Neat PUF showed an NRC of 0.422 ± 0.083,
hereas filler-modified foams varied between 0.153 and 0.364. Statisti-

al comparison using Welch’s t-test confirmed that 0.3, 0.5, and 2.0 phr
ere significantly lower than neat PUF (p < 0.05), while 0.7 phr, 1.0,
nd 1.5 phr were not significantly different. These findings indicate that
ight or heavy filler additions reduce mid-band absorption, with only the
oderate 0.7 phr formulation preserving NRC close to neat PUF. 

Because NRC considers only four frequency points, the Sound Ab-
orption Average (SAA) was also evaluated and shown in Fig. 13 (b).
ere, SAC values were averaged across 1/3-octave band centers from
00 to 4000 Hz, providing a broader view of mid- to high-frequency
bsorption. Neat PUF recorded an SAA of 0.489 ± 0.069, while filled
oams ranged between 0.213 and 0.450. T-tests showed that 0.3 phr,
.5, 1.0, and 2.0 phr were significantly lower than neat PU ( p < 0.05).
n contrast, 0.7 phr again showed no significant difference, and 1.5 phr
rended lower ( p ≈ 0.06) but did not reach statistical significance. This
roader frequency integration revealed that even the 1.0 phr foam, not
etected by NRC, suffered a meaningful reduction when higher mid-
requencies were included. 

Comparing NRC and SAA demonstrates the importance of using both
ndices. NRC is a useful and widely recognized single-number rating, but
t may underestimate differences that emerge when a broader frequency
and is considered. SAA, by integrating across 200–4000 Hz, proved
ore sensitive to spectral changes, particularly in identifying the re-
uced performance of the 1.0 phr foam. Together, the two metrics show
 consistent underperformance of 0.3, 0.5, and 2.0 phr samples, while
.7 phr consistently matches neat PUF across both metrics. These re-
ults suggest that moderate filler addition at 0.7 phr can retain acoustic
unctionality, while lighter or heavier loadings compromise broadband
ound absorption. 

The sound absorption performance of the developed castor oil–based
UF composites was benchmarked against a commercial low-density
etroleum-based PU foam ( ≈0.09 g cm− 3 ) commonly used for acous-
ic applications presented in Fig. 13 . The commercial foam exhibits an
AA of 0.470 ± 0.010, which is comparable to that of the neat castor
il–based PUF (0.489 ± 0.069). Despite similar acoustic performance,
he neat castor oil PUF demonstrates a substantially higher compres-
ive modulus ( ∼38 kPa) than the commercial foam ( ∼25 kPa), indicat-
ng enhanced mechanical robustness without sacrificing sound absorp-
ion. Moreover, the hybrid foam containing 0.7 phr rice husk–derived
ilica and cellulose, which exhibits the best mechanical performance
mong all formulations, achieves an SAA comparable to the commer-
ial foam. This result demonstrates that effective sound absorption can
e retained even with increased stiffness, despite the relatively more
losed-cell structure of castor oil–based PUFs, due to enhanced interfa-
ial damping and energy dissipation introduced by bio-derived fillers.
n addition to competitive performance, the use of renewable castor oil
nd agricultural waste–derived fillers significantly reduces reliance on
etroleum-based materials, highlighting the strong potential of these
io-based PUFs as sustainable alternatives for acoustic applications that
equire both mechanical durability and environmental responsibility. 

The 0.7 phr formulation provides the best acoustic-to-mechanical
atio, ensuring maximum sound mitigation while maintaining thermal
nd moisture integrity. The decision to prioritize the 0.7 phr formula-
ion is supported by the work of Tiuc et al. (2016) and Kairyt ė, A., et al.
2018) [ 48 , 49 ], who demonstrated that excessive filler loading in PU
oams can lead to cell wall thickening and reduced acoustic attenuation
hile preserving the insulating and lightweight properties of the foam.
urthermore, the processing advantages of lower viscosity in bio-polyol
ystems reported by Shaik et al. (2024) [ 50 ] confirm that 0.7 phr al-
ows for a more homogeneous cell distribution than the 1.5 phr variant.
s detailed in Table 2 , while the 1.5 phr formulation yields the highest
ompressive strength, a comprehensive trade-off analysis indicates that
he 0.7 phr loading provides a more balanced profile, maintaining sig-
ificant mechanical reinforcement without compromising the acoustic
unctionality of the biocomposite. 
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Fig. 13. (a) Normal-incidence sound absorption coefficient (SAC) spectra of neat PUF and PUF composites with varying silica–cellulose additive contents (0.3–2.0 
phr) and a commercial PUF. (b) Comparison of noise reduction coefficient (NRC) and sound absorption average (SAA) values derived from the SAC spectra. 

Table 2 

Multi-criteria performance and cost-benefit analysis of castor oil-based PU foam composites at varying filler loadings. The comparison highlights the trade-offs between 
mechanical reinforcement, thermal stability, moisture resistance, and acoustic efficiency, identifying 0.7 phr as the optimal formulation for high-performance acoustic 
applications. 

Property 0.7 phr (Balanced) 1.5 phr (Max Strength) Impact of Higher Loading (above 1.5 phr) 

Compressive Strength ∼ 58.0 kPa ∼ 69.0 kPa + 19% Improvement 
Thermal stability Tp 330 °C 318 °C Lower peak degradation resistance. 

Te 451 °C 433 °C 18.3 °C reduction in final stability. 
Moisture Absorption Long-term (21d) 3.33% 3.65% Increased susceptibility to humidity. 

Short-term Uptake Rate Moderate High Faster initial water penetration. 
Acoustic Property Peak SAC ∼ 0.95 ∼0.78 18% reduction in peak absorption. 

Profile Superior mid-freq ( ∼1500 Hz) Shifted to high-freq ( ∼3200 Hz) Narrower application range. 
NRC/SAA 0.36/0.45 0.30/0.35 Reduce mid-band absorption 

Processing Low/Manageable High Harder to process 
Cost/Resource Use Baseline > 2x Filler usage Increased material cost 
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In summary, Table 2 provides a comparative evaluation of all studied
roperties, concluding that the 0.7 phr formulation represents the op-
imal trade-off between peak sound absorption, thermal stability, mois-
ure resistance, and mechanical performance. 

. Conclusion 

This study successfully synthesized bio-based polyurethane foams us-
ng castor oil as a renewable polyol and reinforced them with rice husk-
erived silica and cellulose. The resulting foams demonstrated clear im-
rovements in physical and acoustic properties compared to neat PUF,
onfirming the effectiveness of the additive strategy. Mechanical testing
howed enhanced compressive strength and stiffness at optimal load-
ngs, while acoustic evaluations indicated that moderate filler levels
reserved sound absorption performance. Thermal analysis further con-
rmed improved stability, and moisture uptake studies highlighted re-
uced water absorption at higher filler contents. 

These findings demonstrate that sustainable sourcing and functional
erformance can be achieved simultaneously, indicating the potential
f these materials as alternatives to petroleum-derived foams for acous-
ic and structural applications. In conclusion, this study establishes
he foundational properties of the 50:50 cellulose/silica hybrid system,
ighlighting the total filler content as a primary driver of composite per-
ormance. To further advance the sustainability of these green foams,
uture research will investigate the incorporation of bio-based or less-
oxic isocyanate components to replace traditional petroleum-derived
recursors. Additionally, research is underway to optimize the silica-
12
o-cellulose ratio, which is expected to provide finer control over pore
orphology and mechanical stiffness. Subsequent phases of this work
ill evaluate flammability, antimicrobial performance, and aging resis-

ance —specifically through UV exposure and fatigue testing via long-
erm mechanical cycling —to simulate the harsh environmental condi-
ions of Southeast Asia. While the present study verifies the fundamen-
al multifunctional performance of the hybrid system under controlled
aboratory conditions, comprehensive long-term durability and environ-
ental stability assessments are required before large-scale or industrial

mplementation can be fully validated. 
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