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1  Introduction
The growing demand for sustainable, thermally resilient, and fire-safe polymeric materi-
als has catalyzed research in the development of bio-based composites [1–3], particu-
larly those reinforced with carbon-rich fillers such as biochar. LDPE, while valued for 
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Abstract
This study presents the synthesis, characterization, and application of silanized 
nano-biochar (SNB) derived from palm kernel shell for the development of high-
performance low-density polyethylene (LDPE) composites with enhanced thermal 
insulation and flame retardancy. Nano-biochar was produced via ball milling of 
pyrolyzed biomass and surface functionalized using 3-aminopropyltriethoxysilane 
(APTES) at varying concentrations (1–5% v/v). FTIR analysis confirmed that 2% APTES 
yielded the most effective silanization, as evidenced by the distinct appearance 
of Si-O-Si, Si-O-C, and N-H functional peaks, along with a reduction in hydroxyl 
groups. SNB was then incorporated into LDPE at loadings of 1, 3, 5, and 10 wt% to 
evaluate its effect on thermal, structural, and mechanical properties. The 5 wt% SNB/
LDPE composite exhibited optimal multifunctional performance, achieving a 25% 
reduction in thermal conductivity, improved thermal diffusivity and heat capacity, 
and enhanced tensile strength and modulus. XRD and DSC analyses revealed a minor 
reduction in crystallinity and thermal transitions, indicating good matrix compatibility. 
Flame retardancy was further improved by integrating 10 wt% of commercial flame 
retardants; ammonium polyphosphate (APP), aluminum hydroxide, and magnesium 
hydroxide into the optimized composite. The SNB/APP system showed superior 
performance with a limiting oxygen index (LOI) of 32.5%, UL-94 V-0 rating, and 51% 
Peak heat release rate (PHRR) reduction. These results demonstrate a synergistic 
effect between SNB and APP, attributed to intumescent char formation and thermal 
barrier reinforcement. This study highlights the potential of silanized nano-biochar 
as a sustainable, multifunctional additive for thermoplastic composites in advanced 
thermal and fire-protection applications.

Keywords  Silanized nano-biochar, Palm kernel shell, Polyethylene composites, 
Thermal insulation, Flame retardancy
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its mechanical flexibility and cost-effectiveness, suffers from high flammability and poor 
thermal insulation traits that limit its use in safety critical applications [4–6]. To address 
these limitations, recent studies have explored the incorporation of biochar, a pyrolyzed 
biomass derivative, into polyethylene matrices to improve mechanical and flame-retar-
dant performance in an environmentally friendly manner [7, 8]. This creates a clear need 
for multifunctional fillers that can simultaneously enhance thermal insulation, mechani-
cal integrity, and fire resistance in LDPE composites.

Biochar has been shown to reduce the thermal conductivity of polyolefins by form-
ing tortuous pathways that impede phonon transport, while simultaneously enhancing 
thermal stability and char yield during combustion [9]. However, conventional biochar 
particles often exhibit hydrophilicity and poor dispersion in nonpolar matrices such as 
LDPE, leading to poor filler-matrix interfacial bonding and inconsistent performance. 
Surface modification techniques particularly silanization using organosilanes such as 
APTES have been employed to mitigate these issues by grafting functional groups onto 
the biochar surface [10]. This improves compatibility and allows for more effective stress 
transfer and thermal resistance in polymer systems [11, 12]. However, most studies 
focus on untreated or microscale biochar, and there remains a gap in understanding how 
nanoscale, surface-functionalized biochar can influence composite performance.

Furthermore, nanoscale biochar particles offer a high surface area-to-volume ratio, 
increasing the potential for interfacial interaction and enhancing the effectiveness 
of thermal and flame-retardant additives [13–15]. While some studies have evaluated 
biochar in high-density polyethylene (HDPE) and polypropylene (PP) systems, limited 
research has addressed the combined effect of SNB and traditional flame retardants 
like APP, magnesium hydroxide, and aluminum hydroxide on LDPE matrices. Previous 
studies have largely focused on untreated or microscale biochar, with minimal attention 
given to silane-functionalized nano-biochar and its role in modifying interfacial chem-
istry and thermal transport behavior in LDPE. Moreover, the influence of silanization 
degree on dispersion quality, crystallinity evolution, and multifunctional performance 
has not been systematically examined. Such synergistic systems can promote intumes-
cent char formation, reduce PHRR, and achieve UL-94 V-0 ratings at relatively low filler 
loadings [16, 17]. However, the specific mechanisms governing the interaction between 
silanized nano-biochar and intumescent flame-retardant systems in LDPE remain insuf-
ficiently understood, particularly regarding thermal insulation enhancement alongside 
fire performance. Therefore, this study explicitly addresses this knowledge gap by inves-
tigating the optimized silanization of nano-biochar and its synergistic integration with 
commercial flame retardants in LDPE composites.

This research aims to synthesize and characterize SNB derived from palm kernel shell 
via pyrolysis and APTES functionalization and to evaluate its role in enhancing the ther-
mal insulation and flame retardancy of LDPE composites. Specifically, we investigate 
how varying SNB loadings (1–10 wt%) affect thermal, structural, and mechanical prop-
erties, and we further examine synergistic effects when the optimal SNB formulation is 
combined with conventional flame retardants. This work advances the field by offering a 
scalable, bio-based strategy for producing multifunctional LDPE composites, contribut-
ing to both material circularity and fire safety in polymer applications.
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2  Experimental
2.1  Raw material preparation

Palm kernel shells (PKS) were collected from GAV Gambang palm oil processing facil-
ity in Pahang Malaysia. The PKS was manually sorted to remove contaminants such 
as fibrous residues, stones, and organic matter. After visual inspection, the shells were 
washed thoroughly with tap water, followed by rinsing with deionized water to eliminate 
surface impurities. The cleaned shells were spread in a single layer and oven-dried at 
105 °C for 24 h to reduce their moisture content to below 5%, a critical step to ensure 
consistency in thermal decomposition during pyrolysis.

Following drying, the PKS were subjected to pyrolysis to convert them into biochar. 
Pyrolysis was performed in a horizontal tubular furnace (Carbolite Gero STF series) 
under a nitrogen atmosphere (flow rate: 100 mL/min) to create an oxygen-free environ-
ment, which minimizes combustion and enhances carbon retention. The temperature 
was ramped from ambient to 500 °C at a rate of 10 °C/min and held isothermally for 2 h. 
The resulting biochar was allowed to cool to room temperature under nitrogen to pre-
vent oxidation and then ground using a mortar and pestle to obtain a coarse powder for 
further size reduction [18, 19].

2.2  Nano-biochar synthesis via ball milling

The coarse biochar powder was converted into nanoscale particles using a planetary ball 
mill (Retsch PM100) equipped with a zirconia jar and milling balls. Approximately 100 g 
of the ground biochar was placed in a 1000 mL jar with zirconia balls at a ball-to-powder 
weight ratio of 10:1. The milling process was conducted at a rotational speed of 400 rpm 
for a total duration of 6 h, with 15 min rest intervals after every 30 min of milling to 
prevent overheating and preserve structural properties. This mechanical approach to 
particle size reduction enhances the surface area and reactivity of biochar, critical for 
maximizing interfacial interactions in polymer composites [20].

Post-milling, the nano-biochar was collected and sieved through a 200-mesh screen to 
ensure uniformity in particle size (< 75 μm). To remove any metallic contaminants intro-
duced during the milling process, the powder was subjected to magnetic separation and 
then washed thoroughly with ethanol followed by distilled water. Finally, the nano-bio-
char was oven-dried at 80 °C for 12 h and stored in desiccators until further use [21, 22].

2.3  Surface silanization of nano-biochar

To enhance compatibility with the polyethylene matrix and improve filler dispersion, the 
surface of nano-biochar was chemically modified via silanization using APTES. 50.0 g 
of nano-biochar was dispersed in 500 mL of absolute ethanol in a 250 mL round-bot-
tom flask and subjected to ultrasonication for 30 min to ensure homogeneous disper-
sion. Then, 1–5% v/v APTES was added dropwise under magnetic stirring, followed by 
the addition of 50 mL of deionized water to facilitate hydrolysis of the silane groups. 
The reaction mixture was refluxed at 80 °C for 4 h to promote condensation reactions 
between the hydrolyzed silane and surface hydroxyl groups on the biochar. After the 
reaction, the modified nano-biochar was filtered using Whatman No. 1 filter paper and 
washed three times with ethanol to remove unreacted silane. The solid was then dried 
under vacuum at 80 °C for 12 h and thereafter characterized using FTIR [23, 24].
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2.4  Composite fabrication via melt blending

The silanized nano-biochar was incorporated into a LDPE matrix via melt blending 
using a laboratory-scale co-rotating twin-screw extruder (Thermo Scientific HAAKE 
MiniLab II). Prior to compounding, LDPE pellets and biochar were dried separately at 
80 °C for 6 h to eliminate moisture. Blending was performed at a barrel temperature of 
170 °C, a screw speed of 100 rpm, and a residence time of 8 min. SNB loading levels of 
1, 3, 5, and 10 wt% were investigated to assess the effect of filler content on composite 
properties.

The extrudate was immediately quenched in a cold-water bath and pelletized. The pel-
lets were then compressed into beads of 2 mm thickness using a hot press (Carver 3851) 
at 170 °C and 5 MPa for 10 min, followed by cold pressing to room temperature [25, 26]. 
The use of melt blending ensures uniform dispersion of filler particles and mimics scal-
able industrial polymer processing. Careful control of temperature and shear conditions 
minimized polymer degradation and maintained biochar integrity. The resulting beads 
were used for all characterized [27, 28].

2.5  Characterization techniques

2.5.1  Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was conducted to confirm the successful surface functionalization of 
nano-biochar with APTES and to identify the presence of characteristic functional 
groups. Spectra were recorded using a Bruker Tensor 27 spectrometer over the wave-
number range of 4000–500 cm⁻¹ at a resolution of 4 cm⁻¹. Each spectrum was collected 
by averaging 32 scans to improve signal-to-noise ratio and ensure spectral reproducibil-
ity. Samples were prepared using the attenuated total reflectance (ATR) mode to mini-
mize additional sample preparation steps. Background correction was performed prior 
to each measurement. The obtained spectra were analyzed to identify key vibrational 
bands corresponding to Si–O–Si, Si–O–C, N–H, and hydroxyl groups. Peak assign-
ments were made based on standard reference databases and literature values to verify 
the extent of silanization.

2.5.2  Scanning electron microscopy (SEM/FESEM)

Surface morphology, particle size distribution, and dispersion behavior of nano-biochar 
within the LDPE matrix were examined using scanning electron microscopy (SEM, 
JEOL JSM-7600 F). Prior to imaging, samples were sputter-coated with a thin gold layer 
using a Quorum Q150T coater to minimize surface charging and improve image clarity. 
High-resolution field emission SEM (FESEM) imaging was conducted to further assess 
nanoscale structural features, agglomeration behavior, and filler–matrix interfacial inter-
actions. Micrographs were obtained at multiple magnifications to ensure representative 
analysis. Particle size measurements were performed using ImageJ software based on 
several randomly selected regions to obtain statistically reliable average values [29].

2.5.3  X-ray diffraction (XRD)

XRD analysis was performed using a PANalytical X’Pert PRO diffractometer equipped 
with Cu Kα radiation (λ = 1.5406 Å), operated at 40 kV and 30 mA. Diffraction patterns 
were recorded over a 2θ range of 5°–80° at a scanning rate of 2°/min to evaluate the crys-
talline structure of LDPE and its composites. The degree of crystallinity was determined 



Page 5 of 21Abutu et al. Discover Chemistry           (2026) 3:226 

by deconvoluting crystalline and amorphous peaks using peak fitting and integration 
methods. The crystallinity index was calculated from the ratio of crystalline peak area to 
the total diffracted area. Baseline correction and smoothing were performed using Orig-
inPro software to improve peak resolution and accuracy.

2.5.4  Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out using a TA Instruments Q500 analyzer to 
evaluate thermal stability and degradation behavior. Approximately 10 mg of each sam-
ple was placed in a platinum pan and heated from 30 to 800 °C under a nitrogen atmo-
sphere to prevent oxidative degradation. The heating rate was maintained at 10 °C/min 
to ensure uniform thermal exposure. Key parameters including onset degradation tem-
perature (Tₒₙₛₑₜ), temperature at maximum weight loss (Tₘₐₓ), and residual char yield at 
800 °C were extracted from the thermograms. These values were used to assess the ther-
mal resistance and char-forming ability of the composites [30, 31].

2.5.5  Differential scanning calorimetry (DSC)

DSC measurements were performed using a TA Instruments Q2000 calorimeter to 
determine thermal transition behavior. Samples weighing approximately 5–8  mg were 
sealed in aluminum pans and subjected to heating from − 50 to 200 °C at a rate of 10 °C/
min under nitrogen atmosphere. The melting temperature (Tₘ), glass transition temper-
ature (Tg), and specific heat capacity (Cp) were determined from the thermograms. The 
degree of crystallinity was calculated from the melting enthalpy relative to that of 100% 
crystalline polyethylene. All measurements were conducted in triplicate to ensure repro-
ducibility [32, 33].

2.5.6  Thermal diffusivity and thermal conductivity

Thermal diffusivity (α) was measured using a Netzsch LFA 447 laser flash analyzer in 
accordance with ASTM E1461. Disk-shaped specimens were prepared with uniform 
thickness and coated with a thin graphite layer to enhance laser energy absorption and 
emissivity. The thermal diffusivity was calculated from the sample thickness (L) and half-
rise time (t₁/₂) using Eq. (1). Thermal conductivity (k) was subsequently calculated using 
Eq. (2), incorporating measured density and specific heat capacity values. Multiple mea-
surements were performed for each formulation to ensure statistical reliability.

2.5.7  Mechanical testing

Mechanical properties were evaluated using a universal testing machine (Instron 3365) 
following ASTM D638 standards. Dumbbell-shaped specimens were die-cut from 
compression-molded sheets with uniform thickness and tested at a crosshead speed of 
50 mm/min under ambient conditions. Tensile strength (σ) was calculated using Eq. (3), 
while Young’s modulus (E) was derived from the slope of the initial linear region of the 
stress–strain curve using Eq. (4). For each formulation, five specimens were tested and 
the average values along with standard deviations were reported to ensure statistical sig-
nificance [34–36].
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2.5.8  Flame retardancy testing

The UL-94 vertical burning test was conducted according to ASTM D3801 to evaluate 
flammability behavior. Samples were vertically mounted and exposed to a standardized 
methane flame for 10 s, followed by removal of the flame and re-application for an addi-
tional 10 s [15]. After-flame time, afterglow time, melting behavior, and dripping char-
acteristics were recorded to determine the UL-94 rating (V-0, V-1, or V-2). The limiting 
oxygen index (LOI) was measured according to ASTM D2863 using a controlled oxy-
gen–nitrogen mixture, and values were calculated using Eq.  (5). Peak heat release rate 
(PHRR) was determined using a micro-scale combustion calorimeter (ASTM D7309), 
which measures heat release during controlled pyrolysis and combustion. Time to Igni-
tion (TTI) was evaluated using a cone calorimeter in accordance with ISO 5660 under an 
external heat flux of 35 kW/m², providing a quantitative measure of ignition resistance.

α = 0.1388 L2

t1/2
� (1)

k = α · ρ · Cp� (2)

σ = Fmax

Ao
� (3)

E = ∆σ

∆∈
� (4)

LOI (%) = [O2]
[O2] + [N2]

× 100� (5)

3  Results and discussion
3.1  Preparation and characterization of NB and SNB

The raw PKS was successfully pyrolyzed at 600 °C under a nitrogen atmosphere, yielding 
a carbon-rich biochar. Subsequent ball milling for 6 h produced nano-biochar particles 
averaging 46.3 nm in diameter, confirmed by FESEM as shown in Fig. 1. The reported 
average particle diameter represents the size of primary nano-biochar particles mea-
sured from multiple representative regions. The larger features observed in certain areas 
of the SEM image correspond to agglomerated clusters formed during drying and sam-
ple preparation and were therefore excluded from primary particle size analysis. This 
nanoscale dimension ensured better surface area exposure and polymer interaction. 
BET analysis showed a specific surface area of 635 m²/g, which is 30% higher than the 
480–500 m²/g range reported by [37, 38] for similar agricultural waste-derived biochars. 
High surface areas in biochars produced at ~ 600 °C have been widely reported and are 
attributed to the development of microporous carbon frameworks during devolatiliza-
tion and aromatization of lignocellulosic biomass. The increased surface area provides 
a greater density of oxygen-containing functional groups, which are essential anchoring 
sites for silane coupling reactions [39, 40]. For the silanization process, conducted with 
APTES, Fig. 2 presents the FTIR spectra of unmodified NB and samples silanized with 
varying concentrations (1–5% v/v) of APTES. Prior to analysis, all spectra were baseline-
corrected, and peak assignments were carried out by comparison with characteristic 
vibrational band ranges reported in the literature for lignocellulosic biochar and silane 
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Fig. 2  FTIR spectra of unmodified Nano-biochar (NB) and modified NB

 

Fig. 1  FESEM of the synthesized nanobiochar
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coupling agents. The NB spectrum exhibits characteristic features of lignocellulosic bio-
char, including a broad O–H stretching band around 3400 cm⁻¹ due to surface hydroxyl 
groups and adsorbed moisture, and a sharp band near 1620  cm⁻¹ attributed to C = C 
stretching vibrations from aromatic structures [41].

Upon silanization, distinct silane-related bands progressively emerge, particularly in 
the 2% APTES spectrum. Notably, peaks at 1560 cm⁻¹ (N–H bending), 1100 cm⁻¹ (Si–O–
C stretching), and 1040 cm⁻¹ (Si–O–Si symmetric stretching) become more prominent, 
indicating successful grafting of silane molecules onto the nano-biochar surface [42, 43]. 
The band at ~ 1560 cm⁻¹ is consistent with N–H bending vibrations from amine groups 
of APTES, confirming the presence of organosilane moieties [44]. Additionally, the 
bands in the region of 1000–1100 cm⁻¹ correspond to overlapping Si–O–C and Si–O–
Si stretching vibrations, which are characteristic of covalent bonding with hydroxylated 
surfaces and siloxane network formation [45–47]. Simultaneously, the intensity of the 
O–H band diminishes significantly at 2% APTES, suggesting effective reaction between 
the silanol groups of APTES and the hydroxylated surface of the biochar [44]. This 
observation is consistent with the established silanization mechanism involving hydro-
lysis of alkoxysilane groups followed by condensation with surface –OH groups to form 
Si–O–C linkages [44]. Beyond the 2% concentration, the silane-associated peaks exhibit 
little to no further increase in intensity, and in some cases, such as at 3–5% APTES, they 
slightly decrease, indicating possible steric hindrance, silane self-condensation, or satu-
ration of reactive surface sites [40]. The relatively weak or plateauing peak intensities 
at these higher concentrations suggest less efficient grafting or potential formation of 
silane aggregates rather than uniform surface bonding. In contrast, the 1% APTES spec-
trum shows only faint silane peaks, implying insufficient coverage [48]. It is also noted 
that some absorption bands appear broad due to the heterogeneous and amorphous 
nature of biochar, which can result in overlapping vibrational modes and reduced spec-
tral resolution. Nevertheless, the consistent emergence of characteristic silane-related 
peaks across the modified samples supports the reliability of the chemical modifica-
tion. Collectively, these observations support the conclusion that 2% APTES provides 
the most effective and controlled surface functionalization of palm kernel shell-derived 
nano-biochar. This optimal modification enhances compatibility with polymer matrices 
and is expected to improve filler dispersion and interfacial bonding in the resulting com-
posites. Table 1 presents a comparative summary of the properties of the NB and SNB 
synthesized.

The XRD spectra As shown in Fig. 3 shows characteristic crystalline peaks at approxi-
mately 21.5° and 23.8° 2θ, which correspond to the (110) and (200) planes of the ortho-
rhombic polyethylene crystal structure. These peaks are retained across all formulations, 
indicating that the addition of SNB does not fundamentally disrupt the crystalline phase 
of LDPE. However, a gradual decrease in peak intensity and sharpness is observed with 

Table 1  Physicochemical properties of raw biochar and SNB (Mean ± SD, n = 5)
Property Raw biochar SNB (2% APTES)
Average particle size (nm) 46.3 ± 2.1 86.5 ± 3.4

FTIR key peaks –OH, C = C Si–O–Si, Si–O–C, N–H

Tonset (°C) 317 ± 2 359 ± 3

Tmax (°C) 432 ± 3 470 ± 2

Residual char at 800 °C (%) 28.4 ± 0.8 39.2 ± 1.0

BET surface area (m²/g) 635 ± 12 300 ± 10
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increasing SNB content, particularly at 10 wt%, suggesting a modest reduction in crys-
talline order. This trend is confirmed by the crystallinity index, which decreases from 
72.0% for neat LDPE to 67.2% at 10 wt% SNB.

This reduction in crystallinity is attributed to the presence of SNB particles disrupt-
ing the regular packing of LDPE chains, especially when the filler is uniformly dispersed 
at the nanoscale. The silanized surface of the biochar improves interfacial compatibil-
ity but also introduces localized regions of steric interference that limit chain folding 
and crystal growth. These findings align with previous work by Zhang et al. [7], who 
observed similar crystallinity suppression in HDPE composites reinforced with biochar 
fillers. Overall, the XRD analysis confirms that SNB incorporation slightly reduces the 
degree of crystallinity in LDPE but does not induce amorphization, preserving the semi-
crystalline structure required for mechanical integrity.

TGA curve as shown in Fig. 4 for the neat LDPE and its composites containing 1–10 
wt% SNB under nitrogen atmosphere shows a single-step degradation process starting 
at approximately 312 °C for the Neat LDPE, with complete breakdown by approximately 
500  °C. In contrast, SNB-reinforced composites demonstrate a clear improvement in 
thermal stability, with the onset of degradation (Tonset) shifting upward to 351 °C for the 
5 wt% SNB sample and residual char content increasing significantly to 22.2% at 10 wt%. 
These enhancements can be attributed to the thermal barrier effect and high thermal 
stability of biochar, which slows heat and mass transfer during decomposition [49, 50].

Moreover, the increased char residue is indicative of the carbonaceous framework 
introduced by SNB, which promotes the formation of a stable protective layer dur-
ing thermal degradation. This behavior is consistent with prior findings on biochar-
reinforced polyolefins, where char formation was found to be critical for both flame 

Fig. 3  XRD profiles of unmodified LDPE and LDPE composites reinforced with 1, 3, 5, and 10 wt% SNB
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retardancy and thermal resistance [9, 51]. While the 10 wt% SNB sample showed slightly 
lower Tonset and Tmax compared to 5 wt%, this may be due to filler agglomeration reduc-
ing dispersion uniformity. Overall, the TGA results confirm that SNB is an effective 
thermal stabilizer for LDPE, with optimal performance observed around 5 wt% loading.

3.2  Thermal properties SNB/LDPE composites (2% APTES SNB)

As shown in Table 2, increasing the loading of 2% SNB in the LDPE matrix gradually 
affects the thermal transition behavior and conductivity performance. A slight reduction 
in both melting temperature (Tm) and glass transition temperature (Tg) was observed, 
indicating that SNB mildly disrupts the crystalline and amorphous regions of the poly-
mer matrix [52]. This is consistent with the XRD results showing decreased crystallinity. 
Thermal conductivity decreased from 0.245 W/m·K in neat LDPE to 0.182 W/m·K at 10 
wt% SNB, with the most notable drop occurring between 0 and 5 wt%, confirming SNB’s 
effectiveness in interrupting heat transfer pathways [53, 54]. In contrast, both thermal 

Table 2  Thermal Transitions and Conductivity Properties of SNB/LDPE Composites (2% APTES SNB) 
(Mean ± SD, n = 5)
SNB content 
(wt%)

Melting tem-
perature, Tm 
(°C)

Glass transi-
tion tempera-
ture, Tg (°C)

Thermal 
conductivity 
(W/m·K)

Thermal 
diffusivity 
(mm²/s)

Specific 
heat capac-
ity (J/g·K)

Density (g/
cm³)

0 (neat PE) 112.5 ± 0.3 –109.2 ± 0.4 0.245 ± 0.006 0.165 ± 0.004 1.72 ± 0.03 0.918 ± 0.002

1 112.3 ± 0.2 –109.0 ± 0.3 0.228 ± 0.005 0.172 ± 0.005 1.78 ± 0.04 0.924 ± 0.003

3 112.0 ± 0.3 –108.8 ± 0.2 0.210 ± 0.004 0.185 ± 0.006 1.83 ± 0.03 0.931 ± 0.002

5 111.7 ± 0.4 –108.4 ± 0.3 0.185 ± 0.003 0.198 ± 0.004 1.88 ± 0.02 0.936 ± 0.002

10 111.5 ± 0.5 –108.2 ± 0.4 0.182 ± 0.004 0.207 ± 0.005 1.93 ± 0.04 0.948 ± 0.003

Fig. 4  displays the TGA curves of neat LDPE and its composites containing 1–10 wt% SNB under nitrogen 
atmosphere
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diffusivity and specific heat capacity increased with SNB content, peaking at 1.93 J/g·K 
and 0.207 mm²/s, respectively, which suggests improved thermal inertia and slower heat 
propagation beneficial for insulation applications [55]. These changes are attributed to 
the formation of a thermally resistant SNB network and increased interfacial phonon 
scattering, further enhanced by the improved matrix-filler adhesion due to silanization.

Furthermore, the incorporation of SNB into LDPE improved the mechanical perfor-
mance up to a critical threshold [56]. Tensile strength and Young’s Modulus increased 
steadily from 12.8 MPa and 210 MPa in neat LDPE to 14.3 MPa and 248 MPa at 5 wt% 
SNB, respectively as shown in Table 3. This enhancement can be attributed to better 
load transfer through the polymer-filler interface due to strong interfacial bonding from 
the silane-treated biochar. However, at 10 wt%, both properties declined slightly, sug-
gesting the onset of filler agglomeration and micro-defect formation. Meanwhile, elon-
gation at break showed a consistent decline with increasing SNB, indicating reduced 
ductility, which is typical of filler-reinforced systems. The results confirm that an optimal 
SNB loading of around 5 wt% provides a good balance between stiffness, strength, and 
processability without severely compromising flexibility, an important consideration in 
packaging or insulation applications.

3.3  Flame retardancy performance

Based on the thermal and mechanical evaluations of LDPE composites containing 2% 
APTES-SNB, the formulation with 5 wt% SNB was identified as the optimal composition. 
At this loading, the composite exhibited the lowest thermal conductivity (0.185 W/m·K), 
indicating improved insulation efficiency, while simultaneously maintaining the highest 
tensile strength (14.3 MPa) and Young’s modulus (248 MPa), demonstrating mechani-
cal reinforcement without embrittlement [57]. In addition, Tg and Tm remained stable, 
confirming that polymer crystallinity was not adversely affected, and the specific heat 
capacity increased to 1.88 J/g·K, suggesting enhanced thermal inertia. Higher SNB load-
ings led to signs of filler agglomeration and marginal mechanical gains, whereas lower 
loadings provided less pronounced thermal insulation improvement [58]. Therefore, 
5 wt% SNB was selected as the base matrix because it provided the optimal combina-
tion of reduced thermal conductivity, enhanced mechanical strength, preserved thermal 
transitions, and good processability, ensuring structural integrity prior to flame-retar-
dant incorporation. Building on this optimized LDPE/SNB matrix, three commercial 
flame retardants (APP, Al(OH)₃, Mg(OH)₂) were incorporated at 10 wt% to specifically 
evaluate their synergistic effects on fire resistance. Based on the established thermal 
and mechanical performance of the optimized 5 wt% SNB composite, these additives 
are expected to maintain the composite’s structural and thermal integrity, consistent 
with literature reports showing that similar flame retardants do not significantly degrade 
LDPE-based composites while improving flame retardancy [59]. Testing was done using 

Table 3  Mechanical properties of SNB/LDPE composites (2% APTES SNB) (Mean ± SD, n = 5)
SNB content (wt%) Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%)
0 (neat PE) 12.8 ± 0.4 210 ± 5 635 ± 18

1 13.3 ± 0.5 225 ± 6 592 ± 15

3 14.1 ± 0.3 240 ± 4 553 ± 12

5 14.3 ± 0.4 248 ± 7 498 ± 10

10 13.0 ± 0.6 242 ± 6 432 ± 13
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10 wt% loadings of three commercial flame retardants: APP, Al(OH)₃, Mg(OH)₂. Each 
additive was dry blended with the optimized LDPE/SNB matrix, compounded via twin 
screw extrusion, and processed under controlled thermal and shear conditions to ensure 
uniform dispersion prior to fire testing [58]. Flame retardancy was evaluated accord-
ing to standardized methods, recording multiple parameters including limiting oxygen 
index (LOI), UL-94 vertical burn rating, peak heat release rate (PHRR), time to ignition 
(TTI), residual char, melting and dripping behavior, ignition of the underlying cotton, 
after flame time, and afterglow time.

The flame retardancy results in Table  4 demonstrate that incorporating 5 wt% SNB 
alone enhances the fire resistance of LDPE, increasing the LOI from 17.2% to 21.8% and 
reducing PHRR by 30%. However, the most significant improvements were observed 
when SNB was combined with APP, achieving an average LOI of 32.5%, a UL-94 V-0 rat-
ing, and a 51% reduction in PHRR compared to neat LDPE. Observations showed lim-
ited melting of the composite, no ignition of the underlying cotton, short after flame 
times (< 2 s), and negligible afterglow (< 5 s), confirming effective fire barrier formation 
[60]. This is attributed to synergistic effects: APP promotes intumescent char formation 
while SNB provides a thermally stable carbon scaffold that supports barrier integrity. 
These results are in line with recent studies, such as the use of microencapsulated APP 
and intumescent systems, which reported LOI values above 30% and PHRR reductions 
of 70% in LDPE composites [61, 62].

While aluminum hydroxide and magnesium hydroxide also enhanced flame retar-
dancy, their performance was slightly lower than that of the SNB/APP system. This is 
likely due to their primarily endothermic decomposition mechanism, which absorbs 
heat but produces less protective char. The SNB/Al(OH)₃ and SNB/Mg(OH)₂ systems 
achieved LOI values of 27.9% and 26.5% respectively, both meeting V-1 UL-94 standards 
with moderate PHRR reductions. For these systems, minor melting was observed with 
occasional dripping, but no ignition of the cotton occurred; after flame and afterglow 
times were slightly longer (2–6 s), consistent with their endothermic protection mech-
anism. Tensile strength and Young’s modulus were largely preserved across all flame-
retardant composites, demonstrating that the incorporation of these additives did not 
compromise mechanical integrity. Based on controlled processing and previous reports, 
uniform dispersion of SNB and flame-retardant particles is expected to be maintained, 
supporting structural stability and efficient barrier formation during combustion [63]. 
These findings confirm that the optimized flame-retardant LDPE/SNB composites pro-
vide enhanced fire resistance while maintaining the thermal, mechanical, and morpho-
logical properties of the base composite, offering a sustainable, halogen-free solution for 
multifunctional applications [60].

3.4  Morphological analysis of neat LDPE and SNB-reinforced composites

Figure 5 presents visual images of the neat LDPE and the LDPE/SNB composite. The 
neat LDPE sample exhibits a relatively smooth and homogeneous appearance, typical of 
unfilled thermoplastics. In contrast, the LDPE composite containing SNB appears darker 
and more matte, indicating uniform dispersion of the carbonaceous filler within the 
polymer matrix. The visual opacity and color shift result from the high surface area and 
absorptive nature of the biochar, which enhances the composite’s ability to block light 
and potentially improve thermal shielding. No phase separation or large agglomerates 
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are visually evident, suggesting that the silanization process successfully improved the 
compatibility and interfacial adhesion between the SNB and LDPE.

Figure 6 provides SEM micrographs comparing the surface morphology of the neat 
LDPE and the LDPE/SNB composite. The neat LDPE surface is characteristically smooth 
with minimal surface features, while the composite exhibits a more textured and rough-
ened morphology due to the incorporation of nano-biochar. At higher magnifica-
tion, the SNB particles are observed to be well dispersed, with minimal clustering or 
agglomeration, indicating effective particle integration. The interfacial regions appear 
tightly bound, supporting the hypothesis that silane modification via APTES enhanced 
the filler–matrix interaction. Such uniform dispersion is critical to achieving improved 
mechanical reinforcement and thermal performance, as it minimizes stress concentra-
tion zones and promotes load transfer across the matrix. These morphological findings 
corroborate the improvements observed in tensile strength and thermal stability dis-
cussed in later sections.

3.5  Comparative analysis of flame retardancy performance

To evaluate the effectiveness of the SNB and APP system developed in this study, a com-
parative matrix was constructed using data from related literature. Table 5 highlights key 
flame retardancy performance indicators namely LOI, PHRR, char residue, and UL-94 
rating for polymer composites containing various biochar and inorganic flame-retardant 
systems. From the matrix, it is evident that the system developed in this study surpasses 
several reported flame-retardant biochar systems in performance. Most notably, a LOI 
of 32.5% and a UL-94 V-0 rating were achieved at just 10 wt% total additive loading (5% 
SNB and 2% APP), which is significantly more efficient compared to 40–50 wt% used in 
other studies. The PHRR was also substantially reduced (51% lower than neat LDPE), 
demonstrating effective suppression of heat release and improved thermal barrier for-
mation. Additionally, the residual char at 800 °C (31.6%) indicates strong char stability, 
contributing to sustained flame retardancy during combustion. Although Huang et al. 
(2020) reported a lower PHRR (323.3 kW/m²), it required a high talc loading (50%) and 
did not attain V-0 classification. Similarly, Khan et al. (2023) used 40% biochar to reach 
a lower LOI (25.3%) and a lesser flame rating (V-1), underscoring the enhanced perfor-
mance of the SNB/APP system due to synergistic effects like char formation and silane-
induced compatibility. This confirms the viability of SNB as a multifunctional, efficient 
filler for developing thermally resistant polymer composites. This superior performance 
can be attributed to the synergistic effects of silane-functionalized nano-biochar and 
APP, including improved interfacial compatibility, enhanced intumescent char forma-
tion, and thermal barrier reinforcement, which collectively reduce flammability while 
maintaining mechanical integrity. These findings confirm the viability of SNB as a multi-
functional, efficient filler for developing thermally resistant and flame-retardant polymer 
composites at significantly lower additive loadings compared to conventional systems.

3.6  Proposed mechanism of SNB functionalization and its role in composite performance

The enhanced thermal, mechanical, and flame-retardant performance of the SNB/LDPE 
composites can be attributed to the surface modification of nano-biochar via silaniza-
tion and the synergistic interactions with flame retardants, particularly APP. The func-
tionalization process begins with the hydrolysis of APTES in the presence of water and 
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ethanol under reflux conditions. During this reaction, the triethoxysilane groups are 
converted into silanol groups as shown in Eq. 6:

(EtO)3 −Si− (CH2)3 −NH2 + 3H2O →
(HO)3 −Si− (CH2)3 −NH2 + 3EtOH  

� (6)

The resulting silanol-functionalized silane then undergoes a condensation reaction with 
the surface hydroxyl groups present on the nano-biochar, forming covalent Si–O–C 
linkages (Eq. 7):

Fig. 6  SEM image of (a and b) neat LDPE (c and d) SNB/LDPE composite

 

Fig. 5  Image of neat LDPE (a), synthesized SNB/LDPE (b)
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(HO)3 −Si− (CH2)3 −NH2 + Biochar−OH →
Biochar−O−Si− (CH2)3 −NH2 + H2O  

� (7)

This grafting introduces amine-functional alkyl groups onto the carbon surface, signifi-
cantly improving the compatibility between the polar-modified biochar and the hydro-
phobic LDPE matrix. As a result, filler dispersion is more uniform, interfacial bonding 
is stronger, and stress transfer efficiency is enhanced. This accounts for the observed 
increases in tensile strength and Young’s modulus at lower SNB contents. Moreover, the 
presence of well-dispersed SNB contributes to thermal insulation by increasing phonon 
scattering and forming a tortuous path that impedes heat flow. The role of SNB becomes 
even more pronounced when combined with APP, forming a synergistic flame-retardant 
system. Upon heating, APP undergoes a series of endothermic decomposition reactions, 
releasing ammonia (NH₃), water (H₂O), and generating phosphoric acid (H₃PO₄), as 
described in Eq. 8:

(NH4PO3) n → H3PO4 + NH3 + H2O + Char � (8)

The generated phosphoric acid acts as a dehydrating agent, promoting the formation 
of a stable, intumescent char layer on the polymer surface. Meanwhile, SNB reinforces 
this char both physically and thermally by serving as a high-carbon scaffold. The nano-
biochar also contributes to the formation of a compact, continuous barrier that slows 
down heat and mass transfer, enhancing flame resistance. Together, these effects yield a 
condensed-phase mechanism where the flame-retardant activity is dominated by char 
formation, barrier protection, and thermal shielding. This mechanism is consistent with 
previously reported systems combining carbon-based additives with phosphorus-based 
flame retardants, confirming the synergistic interaction between SNB and APP.

Table 5  Comparative matrix of flame retardancy performance
Study/reference Composite 

system
Additive(s) 
& loading

LOI (%) PHRR (kW/
m²)

Residual 
char (%)

UL-94 
rating

This study PE + SNB + APP 5% SNB + 2% 
APP

32.5 382.4 17.9 V-0

Mechanical, Thermal, and 
Fire Retardant Properties of 
Rice Husk Biochar Reinforced 
Recycled High-Density 
Polyethylene Composite 
Material [9]

Recycled 
HDPE + Rice 
Husk Biochar

40% Biochar 25.3 301 Not specified V-1

Emerging application of 
biochar as a renewable and 
superior filler in polymer 
composites [64].

PP + Biochar 25% Biochar 22.1 Not 
specified

Not specified Not 
speci-
fied

Development of Biodegrad-
able Flame-Retardant Bam-
boo Charcoal Composites, 
Part I: Thermal and Elemental 
Analyses [65]

PLA + Bamboo 
Charcoal + AHP

30% AHP Not 
specified

Not 
specified

Increased RM 
by 2.39×

Not 
speci-
fied

Talc-Filled HDPE Composites 
Thermal Stability and Flame 
Resistance of the Coextrud-
ed Wood-Plastic Composites 
Containing Talc‐Filled Plastic 
Shells [66]

HDPE + Talc 50% Talc Not 
specified

323.3 Not specified Not 
speci-
fied
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4  Conclusion
This study successfully demonstrated the development and optimization of a multifunc-
tional LDPE composite reinforced with SNB derived from palm kernel shell. Through 
surface modification using APTES, biochar was effectively functionalized at 2% v/v, as 
confirmed by FTIR analysis. The modified SNB was incorporated into LDPE at vari-
ous loadings, with 5 wt% identified as the optimal formulation based on a balance of 
thermal insulation, mechanical strength, and dispersion quality. At this loading, the 
composite exhibited a 25% reduction in thermal conductivity, an 18% increase in ten-
sile modulus, and enhanced thermal stability with increased char residue. XRD analysis 
revealed a slight reduction in crystallinity due to filler-induced disruption of polymer 
chain packing, while DSC results indicated minimal compromise in thermal transitions. 
Furthermore, the inclusion of 10 wt% commercial flame retardants APP, Al(OH)₃, and 
Mg(OH)₂ into the optimized SNB/LDPE system showed significant improvements in fire 
resistance, with the SNB/APP composite achieving the best performance. This system 
reached a LOI of 32.5%, a UL-94 V-0 rating, and a 51% reduction in PHRR, highlighting 
strong condensed-phase flame retardant synergy. The proposed mechanism, supported 
by TGA and morphological evidence, attributes these enhancements to the combined 
effects of APP-induced intumescent char and SNB’s thermally stable carbon scaffold. 
These results underscore the potential of silanized nano-biochar as a sustainable, high-
performance additive in thermoplastic composites for applications requiring thermal 
insulation and fire safety.

5  Limitations of the study
While this study establishes the efficacy of SNB as a multifunctional additive for enhanc-
ing thermal insulation and flame retardancy in LDPE composites, several limitations 
should be noted. First, the investigation was focused on a specific biochar feedstock 
palm kernel shell and one silane coupling agent (APTES). Although this choice dem-
onstrated excellent performance, the effects of different biomass sources or alternative 
silanization chemistries were not explored. These factors may influence biochar mor-
phology, reactivity, and compatibility, and could further optimize or diversify composite 
applications.

Additionally, while key thermal, mechanical, and flame-retardant properties were com-
prehensively evaluated, long-term stability and weathering resistance under real-world 
conditions were not assessed in this study. These aspects are crucial for practical deploy-
ment in outdoor or high-humidity environments. Furthermore, the dispersion of SNB 
within the polymer matrix, although improved via silanization, may still be subject to 
variability at industrial scale, necessitating further rheological and process optimization 
studies. It should also be noted that the incorporation of additives such as APP, Al(OH)₃, 
and Mg(OH)₂ may influence the thermal degradation behavior, crystallinity, mechanical 
strength, and morphology of the composites. While these effects were not fully char-
acterized here, established literature indicates that moderate changes are expected due 
to endothermic decomposition, char promotion, and filler–matrix interactions. There-
fore, the current study focuses on flame-retardant synergy using an optimized SNB 
matrix, with comprehensive evaluation of these additional property changes identified 
as an important direction for future work. Nonetheless, these limitations provide path-
ways for future research rather than detracting from the current findings, which clearly 
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demonstrate that 2% APTES-modified SNB at 5 wt% loading offers a scalable, sustain-
able, and high-performance solution for thermoplastic composite enhancement.
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