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Abstract

Plant-based furan–lignin foams (FLFs) offer several advantages over petroleum-based foams, including abundant and affordable feedstocks, fire
resistance, thermal performance, environmental compatibility, and renewable origin. In this work, rigid plant-derived furan–lignin foams were
synthesized by incorporating kaolin filler into the formulation. The effects of kaolin concentration (0, 0.5, 1.0, 1.5, 2.0, and 2.5 g, corresponding
to foams KF1–KF6) on the thermal and mechanical properties of the foams were evaluated. Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), density measurement, compressive strength testing, thermogravimetric analysis (TGA), and derivative
thermogravimetry (DTG) were used to characterize the kaolin-reinforced furan–lignin bio-based foams. The foams were high-density materials,
and KF4, containing 1.5 g of kaolin, showed the best overall performance, with a density of 0.256 g/cm3 and a compressive stress of 26.63 MPa.
KF4 also exhibited promising thermal stability up to about 588.39 ◦C and a residue content of 19.48% at 863 ◦C. SEM analysis showed both
open- and closed-cell morphologies, with cell sizes ranging from 40 to 250 µm. The results indicate that optimum kaolin loading can enhance the
mechanical efficiency and thermal stability of rigid bio-based foams.
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1. Introduction

Polyurethane (PU) foams are widely used as sound and
thermal insulation materials and as comfort-providing materi-
als [1, 2]. The mechanical properties of these foams often re-
quire improvement because they do not always satisfy indus-
trial requirements. Various fillers have been used for chemical
or physical reinforcement. Fillers improve the rigidity, ther-
mal and chemical resistance, compressive strength, and tensile
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strength of PU composites and, in many cases, lower produc-
tion costs [3]. Fillers may be inorganic materials, such as nat-
ural minerals and glass beads, or organic materials, such as
melamine and natural fibers. Inorganic materials are frequently
used as fillers in polymer matrices, primarily to improve the me-
chanical strength, rigidity, and thermal resistance of composites
[4]. Examples of such mineral fillers include silica, zeolite, di-
atomite, and clay minerals [4, 5].

Traditional PU foams are produced from isocyanates and
polyols derived from petrochemical feedstocks, which creates
several drawbacks. In addition to environmental and health
concerns, synthetic polyols, isocyanates, additives, and fillers
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used in PU foam production can have further adverse effects.
Petroleum-based chemicals are not sustainable, their costs are
unstable, and workers in PU foam manufacturing facilities may
experience health problems associated with the feedstocks and
processing chemicals [6, 7]. Consequently, researchers and
manufacturers are increasingly seeking bio-based and envi-
ronmentally friendly alternatives to conventional polyols, iso-
cyanates, fillers, and additives. Tighter regulations and increas-
ing environmental awareness are driving this transition and
highlighting the need for sustainable feedstocks for the devel-
opment and reinforcement of rigid foams [6, 7].

The production and reinforcement of conventional and bio-
based foams have been examined in several studies, including
tannin/furanic foams without blowing agents and formaldehyde
[8], jute-fiber-reinforced concrete [9], glass-fiber effects on
kaolinite-based thermal insulators [10], natural-fiber-reinforced
foamed concrete [11], bentonite-filled polyurethane composites
[12], wood-fiber-reinforced composite foams [13], and lignin-
reinforced tannin/furanic foams [14].

1.1. Current knowledge gaps

Although interest in bio-based foams has increased, impor-
tant gaps remain in understanding how inorganic fillers such as
kaolin affect furan–lignin foams. In particular, limited empir-
ical information is available on filler dispersion, matrix–filler
interfacial interactions, and the influence of kaolin on foam for-
mation, thermal behavior, mechanical performance, structural
morphology, and optimum filler loading. Addressing these gaps
is important for developing environmentally friendly, high-
performance bio-based foams.

1.2. Novelty of the study

Comparatively little attention has been devoted to the re-
inforcement of furan–lignin foams (FLFs), despite their grow-
ing relevance as sustainable polymeric materials. Recent stud-
ies have reported the production of rigid bio-based foams
from furfuryl alcohol (FA) obtained from corncob residues and
from lignin-based polyols synthesized from palm kernel shells
[15, 16]. However, reinforced FLF systems remain largely
unexplored. In particular, foam composites based on lignin-
derived polyols from coconut shell and FA incorporating kaolin
as an inorganic reinforcing filler have not been reported in the
literature. To the best of the authors’ knowledge, no docu-
mented study has addressed the reinforcement of furan–lignin
foams using kaolin. This study therefore introduces a class of
bio-based composite foams by integrating kaolin into the furan–
lignin matrix and provides insight into filler dispersion, me-
chanical performance, thermal stability, morphological evolu-
tion, and morphology–property relationships in these sustain-
able materials.

1.3. Objective of the study

This study systematically investigates the synthesis and ef-
fects of varying kaolin filler loadings on the mechanical perfor-
mance and thermal stability of kaolin-reinforced furan–lignin
bio-based foams. Emphasis is placed on understanding how

filler incorporation influences the structure–property relation-
ships governing foam behavior.

2. Materials and methods

The polyol used in the present study was obtained from
liquefied lignin extracted from coconut shell, as described by
Adebayo et al. [16]. The lignin-based polyol was liquefied in
polyethylene glycol (PEG) 400 and had a hydroxyl number of
480 mg KOH/g and a liquefaction yield of 90.22%. The residue
content of the polyol was estimated to be 2.39%. The qual-
ity of the obtained bio-polyol was suitable for rigid bio-based
foam synthesis. The 40% glyoxal solution, FA, sulfuric acid,
and diethyl ether used in this study were obtained from Sigma-
Aldrich. The kaolin used as the filler was obtained from the
open market. Distilled water and analytical-grade chemicals
were used throughout the experiment.

2.1. Kaolin-reinforced furan–lignin foam formulations
As shown in Table 1, the polyol, FA, glyoxal, kaolin pow-

der, distilled water, and diethyl ether were prepared. After thor-
ough agitation of the mixture in a glass beaker with a mechani-
cal stirrer, about 20 g of 30% sulfuric acid was added. The mix-
ture was stirred again for about 30 s, and the gelling polymer
content was quickly transferred into the foaming box. The for-
mulation product was poured into an open-top metal box cavity
to blow, cream, and harden. For the best foaming performance,
a metal box was selected because of its rapid and uniform heat
dissemination. The metal box was prepared using a modified
technique [15–17] and measured 10 × 10 × 2.5 cm3. Mature
foams were removed from the box and kept at room tempera-
ture (25 ◦C) for three days before characterization. The sug-
gested reaction mechanism is shown in Figure 1, and the pro-
duced foams are shown in Figure 2.

2.2. Determination of foam density
Using DIN EN 323 (1993), the weights, lengths, widths,

and thicknesses of the foams were measured in triplicate, and
foam densities were calculated using Eq. (1):

ρ =
z

lbt
, (1)

where ρ is density, z is the foam weight, and l, b, and t are the
length, breadth, and thickness of the reinforced foam, respec-
tively.

2.3. Compressive strengths of the kaolin-reinforced furan–
lignin foams

The produced kaolin-reinforced furan–lignin foams were
subjected to stress–strain tests using an Instron universal testing
instrument (model 3369) in accordance with ASTM D 1621-04,
a plane-wise compression test for foam materials. Under ambi-
ent conditions, the direction of loading was parallel to the direc-
tion of foam rise, consistent with commonly used test standards
in the literature [18–20]. A computer attached to the testing in-
strument recorded the force and cross-head deformation in ac-
cordance with the standard guidelines. The width, length, and
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Table 1: Formulations of kaolin-reinforced furan–lignin foams.

Foam ID Furfuryl alcohol (g) Lignin-based polyol (g) Water (g) Glyoxal (g) Diethyl ether (g) Kaolin (g) Sulfuric acid catalyst (g)
KF1 30 5 5 10 15 0 20
KF2 30 5 5 10 15 0.5 20
KF3 30 5 5 10 15 1.0 20
KF4 30 5 5 10 15 1.5 20
KF5 30 5 5 10 15 2.0 20
KF6 30 5 5 10 15 2.5 20

Figure 1: Suggested reaction mechanism for furfuryl alcohol and the phenolic component of lignin under acidic conditions [15].

Table 2: Densities and compressive stresses of kaolin-
reinforced furan–lignin foams.

Foam ID Density (g/cm3) Compressive stress (MPa)
KF1 0.254 ± 0.013 0.84 ± 0.04
KF2 0.241 ± 0.012 3.07 ± 0.15
KF3 0.222 ± 0.011 18.63 ± 0.93
KF4 0.256 ± 0.013 26.63 ± 1.33
KF5 0.254 ± 0.0098 1.32 ± 0.07
KF6 0.254 ± 0.011 5.29 ± 0.27

Values are means of triplicate measurements ± standard deviation.

thickness of the foam specimens were 10×10×2.5 cm, and the
crosshead speed was 2.0 mm/min. The foam was compressed
to 10% of its initial thickness by applying a force of 10 kN [17].
Three readings were obtained for each specimen to determine
the average compressive stress.

2.4. FTIR characterization of the functional groups
The developed kaolin-reinforced furan–lignin bio-based

foams were characterized by FTIR. Foam samples were mixed

with KBr and ground into a homogeneous powder in an agate
mortar to prepare pellets. Spectra between 4000 and 500 cm−1

were recorded using a PerkinElmer 3000 MX spectrometer.
Each spectrum was collected at a resolution of 4 cm−1. The
infrared spectra were analyzed using Win-IR Pro Version 3.0,
with a peak sensitivity of 2 cm−1.

2.5. Morphology of the kaolin-reinforced furan–lignin foams
Scanning electron microscopy was used to investigate cell

images and the microstructure of the furan–lignin foams re-
inforced with kaolin. A JEOL JSM 7600F scanning electron
microscope with energy-dispersive X-ray spectroscopy (SEM–
EDX) and an acceleration voltage of 10 kV was used. Cell-size
distribution was quantified using ImageJ software. The embed-
ded scale bars in the SEM images were calibrated, the images
were converted to binary format, and particle analysis was per-
formed. Equivalent cell diameters were determined from a min-
imum of 100 cells for each sample and analyzed statistically.

2.6. Thermogravimetric analysis
The thermal resistance of the furan–lignin foams reinforced

with kaolin was evaluated using thermogravimetric analysis
3
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Figure 2: Images of the produced kaolin-reinforced furan–lignin foams.

Figure 3: Behavior of kaolin-reinforced furan–lignin foams under compression.

Table 3: Relationship between the present thermal and mechanical properties and previous studies.

Foam material Compressive
strength (MPa)

Density (g/cm3) Tmax 1 (◦C) Tmax 2 (◦C) Tmax 3 (◦C) Residue (%)

Tannin-based foams 0.05–0.4 [28];
0.00–0.170 [14]

0.046–0.212 [14] 72.1–84.9 [33] 250.5–258.5 [33] 315.3–326.7 [33] 37.1–41.5 at 750 ◦C
[33]

Lignin-based foams 15.28–19.21 [15];
14.00–18.86 [16]

0.23–0.82 [15];
0.2–0.9 [16]

123.64–169.28 [15];
123.64–158.30 [16]

351.51–460.42 [15];
346.42–450.69 [16]

457.44–553.40 [15];
443.58–586.09 [16]

3.73–23.46 at 800 ◦C
[15, 16]

Polyurethane foams 0.14–9.08 [1];
0.22–0.49 [3]

0.029–0.038 [3] 215–316 [3] 314–340 [3] 560–620 [3] 0–20 at 1000 ◦C [3]

Current study 0.84–26.63 0.22–0.26 251.88–448.50 289.54–501 371.22–588.39 19.14–23.85 at 863 ◦C

(TGA) and derivative thermogravimetry (DTG). Before TGA
testing, all foams were dried in an oven at 125 ◦C for 105 min

to determine the true weight of each sample used for thermal-
stability assessment. The foam samples were pulverized into
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(a) TGA curves. (b) DTG curves.

Figure 4: TGA and DTG curves of the produced kaolin-reinforced furan–lignin bio-based foams.

(a) SEM panels for KF1–KF6. (b) Additional SEM panels for KF1–KF6.

Figure 5: SEM morphology of the produced kaolin-reinforced furan–lignin bio-based foams KF1–KF6.

fine powder and analyzed with a PerkinElmer TGA 4000 ther-
mogravimetric analyzer. In each run, a 5 mg sample was heated
at 10 ◦C/min from 25 to 900 ◦C under a constant nitrogen flow
of 20 mL/min.

3. Results and discussion

3.1. Physical characteristics of the kaolin-reinforced furan–
lignin foams

Figure 1 illustrates the suggested reaction mechanism for
the developed kaolin-reinforced furan–lignin foams, and Figure
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Figure 6: FTIR spectra of the produced kaolin-reinforced furan–lignin foams.

Table 4: TGA characteristics of furan–lignin foams reinforced
with kaolin.

Sample Tmax 1 (◦C) Tmax 2 (◦C) Tmax 3 (◦C) Residue at 863 ◦C (%)
KF1 251.88 289.54 404.65 23.85
KF2 275.88 297.40 409.26 21.48
KF3 258.10 295.19 371.22 20.69
KF4 448.50 501.00 588.39 19.48
KF5 251.88 292.38 425.12 19.74
KF6 258.10 304.28 465.90 23.39

2 shows the resulting foams. The compositions and variations
in kaolin used as reinforcement in the foam formulations are
presented in Table 1. The visual characteristics of the result-
ing foams appeared to be unaffected by changes in the amount
of kaolin added during foam formation. Each foam’s length
and breadth were measured, and the volume was determined by
multiplying the three dimensions. The densities of the resulting
foams fell within a narrow range of 0.222–0.256 g/cm3. The
foams were generally high-density foams, with KF4 exhibiting
the highest density (0.256 g/cm3). The KF4 formulation con-
tained 1.5 g of kaolin. As shown in Table 2, the foam densities
were marginally lower at very high kaolin concentrations.

Kaolin is used as a filler in plastic materials because it can
improve thermal stability, increase impact strength, enhance
protection against chemical action and degradation, and assist
in regulating flow properties. The density of PU foams has
also been reported to improve when kaolin and dolomite are
added to the formulations [21, 22]. However, no previous liter-
ature report was found on the addition of kaolin to furan–lignin
foams or on the resulting behavior of kaolin-reinforced furan–
lignin foams. Previous studies reported densities of 0.23–0.90
g/cm3 for lignin-based foams [15, 16], 0.046–0.212 g/cm3 for
tannin-based foams [14], and 0.029–0.038 g/cm3 for PU foams
[3] (Table 3). The density range obtained in the present study
was lower than those previously reported for lignin-based rigid

bio-based foams but higher than those reported for PU and
tannin-based rigid foams. This variation may arise from differ-
ences in the feedstock materials used to produce lignin-based
polyols, because lignin characteristics are linked to feedstock
source [17]. Although the exact amount of kaolin that opti-
mizes furan–lignin foam density has not been established in the
literature, the highest density in this study was obtained when
1.5 g of kaolin was added to the formulation (KF4). Various
factors influence foam density, including the viscosity of the
reacting mixture, blowing-agent evaporation rate, mixing effi-
ciency, curing kinetics, and filler-dispersion quality. A highly
viscous reacting mixture can limit bubble growth and produce
high-density foams. Well-dispersed filler can improve nucle-
ation and reduce density, whereas agglomerated filler disper-
sion can produce less dense foams.

3.2. Compressive strengths of the kaolin-reinforced furan–
lignin foams

The compressive properties of the furan–lignin foams re-
inforced with kaolin are shown in Figure 3 and Table 2. The
compressive stress ranged from 0.84 to 26.63 MPa. At the max-
imum deformation point, the final foam thickness was reduced
to 10% of its original thickness. Stress–strain compression can
cause densification, cell-wall disintegration, and cell-wall bend-
ing in elastic foams [15, 23, 24]. The results indicate that KF4,
containing 1.5 g of kaolin, withstood the highest compressive
stress before cell collapse. In contrast, KF1, KF2, KF3, KF5,
and KF6 did not appear to display the same elastic-foam be-
havior. KF2 withstood stress up to 3.07 MPa before collapse,
whereas KF4 gave the best performance under stress.

The behavioral differences in the rigid foams appear to be
caused by variations in the kaolin concentration in their formu-
lations [22]. KF4 showed the highest resistance to stress, had
the highest density (0.256 g/cm3), and sustained up to 26.63
MPa of stress before collapse. Previously reported compres-

6



Adebayo & Oguntimehin / J. Nig. Soc. Phys. Sci. 8 (2026) 3355 7

Table 5: Estimated relative activation energy of furan–lignin foams reinforced with kaolin.

Sample Kaolin loading (g) Relative activation
energy (kJ/mol)

Implication of kaolin loading

KF1 0 90–130 No barrier; heat penetrates easily, and low activation energy results in rapid
degradation.

KF2 0.5 110–150 Partial barrier formation provides some stabilization and a moderate increase
in activation energy.

KF3 1.0 100–140 Partial barrier formation provides some stabilization and a moderate increase
in activation energy.

KF4 1.5 180–250 Critical loading at which kaolin forms a thermal barrier that delays bond cleav-
age, suppresses diffusion of volatile materials, and promotes stable char for-
mation.

KF5 2.0 120–160 Agglomeration reduces effectiveness and causes the activation energy to de-
crease.

KF6 2.5 140–190 Agglomeration reduces effectiveness, although a slight recovery is observed
due to increased inorganic residue contribution (Table 4).

Table 6: Estimated cell-size ranges of furan–lignin foams reinforced with kaolin.

Sample Kaolin loading (g) Cell-size range (µm) Morphology
KF1 0 120–250 Coarse and irregular cells
KF2 0.5 80–150 Improved and fibrous cells
KF3 1.0 60–120 Compact and uniform cells
KF4 1.5 40–90 Highly uniform optimum cells
KF5 2.0 90–180 Agglomerated and distorted cells
KF6 2.5 100–200 Heterogeneous cells

sive stresses are 0.14–9.08 MPa for PU foams [3], 0.00–0.170
MPa for tannin-based foams [14, 28], and 14.00–19.21 MPa for
lignin-based foams [15, 16] (Table 3). These results show that
kaolin can increase the compressive strength of furan–lignin
foams up to an optimum loading of 1.5 g. Beyond this load-
ing, agglomeration and structural heterogeneity likely cause a
substantial decrease in mechanical performance. The observed
behavior underscores the importance of balancing filler rein-
forcement and dispersion quality in determining foam integrity.

The findings in Figure 3 and Table 2 demonstrate a clear
association between foam density and compressive strength
[14, 15]. Previous research has shown that denser foams gen-
erally exhibit higher compressive strengths [14, 22, 25–27].
Consequently, KF4 may be suitable for applications requir-
ing higher load-bearing or impact-energy absorption, such as
packaging for heavy electronics, high-impact packaging com-
ponents, or automotive bumper applications.

3.3. Thermal stability of the kaolin-reinforced furan–lignin
foams

The thermal stability of the resulting kaolin-reinforced
furan–lignin bio-based foams was assessed. The TGA and
DTG curves are shown in Figure 4, and the thermal parame-
ters are summarized in Table 4. The thermal properties, degra-
dation pattern, and char-forming tendency of the developed
kaolin-reinforced furan–lignin polymer foams were evaluated
using TGA and DTG. The TGA profiles revealed a multistage
degradation pattern characteristic of furan–lignin polymers re-
inforced with inorganic fillers.

At the first degradation stage, Tmax 1 ranged from 251.88
to 448.50 ◦C. KF4 showed delayed decomposition up to about
448.50 ◦C. The addition of kaolin to polyurethane foam formu-
lations has previously been reported to minimize volatilization
[22]. Table 3 summarizes thermal behavior reported for several
foam materials. First-stage decomposition temperatures have
been reported as 72.1–84.9 ◦C for tannin-based foams [33],
123.64–169.28 ◦C for lignin-based foams [15, 16], and 215–
316 ◦C for PU foams [3]. The present data in Table 4 show
that furan–lignin foams reinforced with kaolin exhibited slower
thermal degradation at the first degradation stage.

The second degradation stage ranged from 289.54 to 501 ◦C
(Table 4). Reported second-stage degradation ranges are 250.5–
258.5 ◦C for tannin-based foams [33], 346.42–460.42 ◦C for
lignin-based foams [15, 16], and 314–340 ◦C for PU foams [3].
According to the TGA curves (Figure 4) and Table 4, KF2 ex-
hibited the earliest and most pronounced weight loss, indicating
reduced thermal resistance. The decomposition trends of KF1,
KF3, KF5, and KF6 were similar, indicating high crosslink den-
sity. KF4 retained greater mass up to 501 ◦C and showed a no-
table delay in degradation. The delayed degradation of KF4 rel-
ative to the other KF foams, lignin-based foams, tannin-based
foams, and PU foams indicates that appropriate kaolin incorpo-
ration improves thermal resistance. Above 400 ◦C, degradation
of the kaolin-reinforced furan–lignin foams decreased consider-
ably, possibly because of the formation of strong aromatic-ring
networks, lignin-derived char, and kaolin-filler structures in the
polymer matrix.

The third and final degradation stage ranged from 371.22 to
588.39 ◦C (Table 4). Previously reported third-stage ranges are

7



Adebayo & Oguntimehin / J. Nig. Soc. Phys. Sci. 8 (2026) 3355 8

560–620 ◦C for PU foams [3], 315–326.7 ◦C for tannin-based
foams [33], and 443.58–586.09 ◦C for lignin-based foams
[15, 16]. KF4 again demonstrated notable performance by
degrading gradually rather than abruptly. However, porous
thermal-insulation polyurethane foam materials reported by
Ref. [3] showed better thermal performance than KF4 in the
present study (Table 3). All KF foams in the present study re-
tained considerable residual char contents of 19.48–23.85% at
863.03 ◦C (Table 4). Lignin-based foam materials have been re-
ported to exhibit similar residual char contents of 3.73–23.46%
at 800 ◦C [15, 16], whereas tannin-based foams and PU foams
have reported residues of 37.10–41.50% at 750 ◦C [33] and 0–
20% at 1000 ◦C [3], respectively. These results demonstrate
the robust char-forming characteristics of lignin-rich materials.
The formation of shielding carbon–ceramic structures, the ther-
mal stability of the kaolin mineral phase, and carbonization of
the aromatic lignin backbone may all contribute to elevated char
residue. Higher residual char yield indicates improved thermal
stability, insulating efficacy, and flame resistance.

The DTG profiles provide further insight into maximum
degradation temperatures and degradation rates. Most sam-
ples showed notable DTG peaks between 300 and 380 ◦C,
corresponding to the greatest rate of polymer-matrix degrada-
tion. KF2 had the strongest negative peak in Figure 4, in-
dicating rapid thermal decomposition. The degradation rates
of KF1, KF3, KF5, and KF6 were moderate. KF4 exhibited
a broader and more complete shift of the DTG peak toward
higher temperature, in the range of 500–600 ◦C. This shift sug-
gests increased activation energy, improved thermal stability,
and stronger filler–matrix interaction. Kaolin particles can pro-
mote catalytic carbonization, hinder mass movement, and act as
a barrier to heat transfer, thereby reducing polymer-chain mo-
bility and slowing degradation reactions. Figure 4 therefore in-
dicates that 1.5 g is the optimum kaolin loading, because kaolin
reinforcement and compatibility with the furan–lignin matrix
are improved without severe filler clustering.

3.4. Kinetic insight into thermal degradation using the Arrhe-
nius framework

For TGA decomposition, the Arrhenius framework in Eq.
(2) relates the frequency factor A to structural independence
and molecular flexibility in the kaolin-reinforced furan–lignin
foams. The activation energy, Ea, relates to the energy required
to break bonds such as C–O–C bonds and aromatic structures:

k = A exp
(
−

Ea

RT

)
, (2)

where A is the frequency factor, exp(−Ea/RT ) is the fraction of
molecular attempts that succeed, and k is the reaction-rate con-
stant. In foam degradation, k represents the speed of decompo-
sition at a given temperature. A small value of k indicates low
degradation and high thermal stability, whereas a large value
of k indicates rapid degradation and low thermal stability. The
heating rate is denoted by β, and the DTG peak temperature is
denoted by Tp. The Kissinger form used for comparative inter-

pretation is given in Eq. (3):

ln
 βT 2

p

 = ln
(

AR
Ea

)
−

Ea

RTp
. (3)

The TGA profiles show that degradation occurred in three
stages, with the main decomposition taking place in the 200–
350 ◦C temperature range because of the cleavage of ether, fu-
ran, and lignin linkages. The addition of kaolin strongly modi-
fied the degradation kinetics, as shown by changes in degrada-
tion temperatures and lower rates of mass loss. KF4 showed
the greatest thermal stability, suggesting increased activation
energy (Table 5) as a result of stronger interfacial interactions
and the development of an effective inorganic barrier. This bar-
rier limits heat transfer and the diffusion of volatiles, thereby
retarding thermal degradation. At higher concentrations, par-
ticle agglomeration reduces this effect and decreases thermal
resistance. The rate constant for degradation increases expo-
nentially as temperature increases. Samples containing kaolin
at the optimum level (KF4) showed lower rate constants at the
same temperatures, suggesting increased thermal resistance.

3.5. SEM morphology of the kaolin-reinforced furan–lignin
foams

Figure 5 and Table 6 show the SEM morphology results for
the six developed furan–lignin foams reinforced with kaolin.
The foams displayed both open- and closed-cell characteris-
tics. KF1, which contained no kaolin and had a cell-size range
of 120–250 µm, showed thick closed cells with fused and col-
lapsed cell walls. It had a small number of distinct pores and
few interconnected pores within dense polymer-matrix regions.
Gas encapsulation during foam formation and curing was evi-
dent from the appearance of separated closed cells with limited
interlinking regions. A comparable range of 20–200 µm has
been reported for furan–lignin foams [15, 16].

KF2, containing 0.5 g of kaolin and having a cell-size range
of 80–150 µm, showed open-cell foam characteristics with a
fractured and heavily fibrous internal structure. Several inter-
connected voids with ruptured cell openings were observed.
The foam showed widespread cell-wall rupture, creating con-
tinuous pore channels typical of open-cell polymer foams. KF3,
containing 1.0 g of kaolin and having a cell-size range of 60–
120 µm, showed predominantly semi-open cells with a broad,
irregular pore pattern, partial wall rupture, and a mixture of in-
tact and connected cells. Limited cell-wall damage permitted
pore communication. KF4, containing 1.5 g of kaolin and hav-
ing a cell-size range of 40–90 µm, behaved as an open-cell rigid
foam with a sponge-like morphology, thread-like cell walls,
continuous porous interlinks, and strong interconnectivity, in-
dicating substantial gas release during foaming.

KF5, containing 2.0 g of kaolin and having a cell-size range
of 90–180 µm, was primarily a closed-cell rigid foam, with lo-
calized voids and numerous closed apertures embedded in com-
pacted regions with reduced pore connectivity. The polymer
walls enclosed most pores. KF6, containing 2.5 g of kaolin
and having a cell-size range of 100–200 µm, showed an open-
cell rigid foam structure with clustered regions, continuous
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void connections, and a largely fragmented cellular architec-
ture. The SEM results show that the transition between open
and closed morphologies is influenced by kaolin concentration.
SEM micrographs of KF4 showed that kaolin particles were
more evenly dispersed within the furan–lignin matrix, with lim-
ited agglomeration and strong interfacial adhesion, as indicated
by the absence of pronounced particle pull-out and the pres-
ence of a rough fracture surface. Conversely, higher filler load-
ings showed stronger agglomeration, with large cluster-like do-
mains and poorer dispersion. This reduced the effective interfa-
cial area and created sites for stress concentration. The transi-
tion from a uniformly distributed to an aggregated microstruc-
ture accounts for the decline in mechanical properties at higher
kaolin loadings. These findings demonstrate that kaolin load-
ing affects enclosed-gas release, cell-wall rupture, and bubble
stabilization during foam development.

3.6. FTIR characterization of the produced kaolin-reinforced
furan–lignin foams

FTIR spectroscopy was used to identify bonds formed dur-
ing foaming of the kaolin-reinforced furan–lignin foams. The
structural composition of foams KF1–KF6 and the reactions
that occurred in the foams are shown in Figure 6. The spec-
tra showed broad peaks at 3100–3500 cm−1, which are char-
acteristic of O–H or Al–OH stretching vibrations [14, 25, 30].
The broader O–H stretching in KF1, KF5, and KF3 indicates
the presence of hydroxyl groups in the foam materials, whereas
KF2, KF4, and KF6 showed less pronounced transmittance sep-
aration. The 1600–1550 cm−1 bands may be attributed to aro-
matic rings from the benzene units of lignin-containing polyol
or from furan rings [25, 31, 32]. Al–OH stretching around 915
cm−1 may be attributed to the kaolinite peak. The absorption
peak for ether (C–O–C) bonds at about 1033 cm−1 is associ-
ated with condensation reactions between lignin-based polyol
and FA and possibly between glyoxal and FA or lignin. Ether
bonds can also form between FA molecules or lignin molecules
through self-condensation under acidic conditions.

4. Conclusion

This study successfully demonstrated the synthesis of
furan–lignin-based bio-foams reinforced with kaolin filler. Sys-
tematic variation in filler concentration produced six foam for-
mulations (KF1–KF6). The foaming process occurred through
acid-based autocondensation and a self-blowing mechanism,
which generated sufficient exothermic heat to drive expansion
and network formation. The results demonstrate the importance
of kaolin concentration in determining the physical, mechani-
cal, and thermal properties of the resulting foams. A nonlin-
ear structure–property relationship was observed, indicating an
optimum filler loading rather than a simple linear dependence.
KF4, containing 1.5 g of kaolin, showed the best overall per-
formance, including enhanced compressive strength, improved
density and structural strength, optimized cellular morphology,
and substantially improved thermal stability. These improve-
ments are attributed to favorable kaolin dispersion and interac-
tion within the polymer matrix, which promoted efficient stress

transfer, reinforced the cell walls, and enhanced thermal-barrier
properties. Lower kaolin contents (KF1–KF3) did not provide
sufficient reinforcement, whereas higher kaolin contents (KF5–
KF6) likely led to particle clustering and structural heterogene-
ity, thereby reducing performance. Microstructural assessment
showed that KF4 had a more homogeneous and refined cellu-
lar structure, directly contributing to its mechanical and ther-
mal performance. This demonstrates the close relationship be-
tween cell morphology and functional properties in bio-based
foams. Overall, the present work provides insight into the de-
velopment and optimization of lignin-based composite foams
and highlights the importance of filler loading in the design of
high-performance sustainable polymeric materials.
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