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ABSTRACT

Developing sustainable thermal insulation materials is critical to reducing building energy consumption and greenhouse gas
emissions. This study developed lightweight, high-performance polystyrene (PS) composite foams reinforced with wood-derived
biochar using a continuous supercritical CO, (sc-CO,) extrusion process. Ball-milled biochar (MBC) with a high surface area and
porosity acted as an efficient heterogeneous nucleating agent, resulting in a 40% increase in cell density (4 x 103cellscm™3) and a
narrower cell size distribution (average cell size 75 um) as compared to pristine PS foams. These refined microstructures reduced
thermal conductivity by up to 4% (32mW/mK) and enhanced specific compressive strength by 75%, reaching 3.8 MPagcm ™,
suitable for load-bearing insulation applications. Transmission electron microscopy (TEM) and micro-computed tomography
(CT) confirmed uniform biochar dispersion and preferential localization along cell walls, validating its role in nucleation and re-
inforcement. The PS-MBC composite foam processed at 20.6 MPa exhibited superior mechanical and thermal performance com-
pared with conventional foams. Overall, this scalable and solvent-free sc-CO, foaming approach provides a sustainable pathway
to upcycle renewable wood residues into high-performance polymer insulation materials, with improved mechanical reliability,
thermal efficiency, and environmental responsibility.

1 | Introduction zones [13]. Improving thermal insulation is thus essential for

meeting energy efficiency goals and enhancing indoor comfort.

Polystyrene (PS) foams are widely used as thermal insulation
materials [1] across diverse sectors such as construction [2] and
packaging [3] due to their lightweight nature [4, 5], low thermal
conductivity [6], and cost-effectiveness [7]. In building applica-
tions, extruded polystyrene (XPS) foams help to reduce energy
consumption by minimizing heat transfer through walls, roofs,
and floors [8]. In cold-climate regions, where heating demands
are high, insulation plays a crucial role in lowering energy
usage and associated greenhouse gas (GHG) emissions [9-11].
According to a study by Zhao et al. [12], buildings account for
nearly 35% of global terminal energy consumption and 38% of
energy-related greenhouse gases (GHG) emissions in the world,
much of which is linked to space heating in temperate and cold

Studies have shown that advanced insulation systems can re-
duce building energy demands by 30%-50%, especially in cold-
climate countries such as Canada, Finland, and Norway [14, 15].
These benefits underscore the importance of developing sus-
tainable, high-performance composite insulation materials that
combine thermal performance with environmental responsibil-
ity to reduce GHG emissions of buildings.

Biochar is a lightweight, carbon-rich residue produced via py-
rolysis of biomass and it possesses key physical characteristics
that make it a promising nucleating agent and reinforcing filler
in polymer foams. Biochar is an attractive filler for building
materials due to its naturally low thermal conductivity, porous
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structure, sustainability, and cost-effectiveness [16-18]. Its po-
rous framework, combined with low heat transfer characteris-
tics, enhances insulation performance by interrupting pathways
for thermal bridging [19] In Canada, vast quantities of lignocel-
lulosic residues from forestry and wood industries present both
a waste management and environmental challenge [20, 21];
valorizing these residues into biochar for polymer composite
foams provides a sustainable solution [22]. The role of biochar
as a nucleating agent, as well as its contributions to thermal
and sound insulation in polymer foams, was reviewed in de-
tail in our previous study [23]. Adeniyi et al. [24] reported that
PS-biochar composites had reduced thermal conductivity up
to 30wt% loading due to biochar's low conductivity, but higher
loadings increased the thermal conductivity via pore-induced
thermal bridging when heat capacity rose with biochar content.
Similarly, Jian et al. [25] achieved a 13% thermal conductivity
reduction in PS foams with up to 1.5wt% coconut-shell biochar,
with little change in specific thermal conductivity. Another
study by Adeniyi et al. [26] reported that incorporating 30 wt%
biochar improved the hardness of PS biochar composites by 43%
as compared to pure PS. Ball milling of biochar significantly in-
creases its specific surface area and improves its compatibility
with the polymer matrix [27]. Ogunsona et al. reported that a
finely milled biochar led to improved interfacial adhesion and
composite performance in terms of tensile strength and heat dis-
tortion temperature [28, 29]. Likewise, composites of polyamide
6 reinforced with finely milled biochar showed increased tensile
modulus and heat deflection temperature due to improved adhe-
sion and dispersion [30].

Recent studies by Adeniyi et al. [26, 31] have explored the use
of biochar as a filler in polystyrene composites to enhance me-
chanical and thermal characteristics; however, such studies
remain limited, and the integration of biochar into polystyrene
foams, particularly using pilot-scale, continuous supercritical
CO, (sc-CO,) foaming processes to improve thermal insulation
performance, has not yet been reported. Most other studies have
examined polyurethane or biodegradable polylactic acid (PLA)
systems, typically using batch foaming setups that are less rep-
resentative of continuous large-scale manufacturing conditions
[32]. These limitations present an opportunity to investigate bio-
char's dual functionality as a low-cost, sustainable filler and as a
nucleating agent in scalable PS foam systems [33, 34]. Prior stud-
ies have demonstrated the use of conventional carbon-based fill-
ers such as graphene nanoplatelets (GNP), flake graphite (FG),
and carbon nanotubes (CNTs) to reduce the thermal conductivity
of PS foams. Jian et al. [25] reported that incorporating graphene
and CNTsataloading of 1wt% during PS foam extrusion resulted
in a ~20% reduction in thermal conductivity compared to pris-
tine PS foam, achieving values as low as 32mW/m K. Similarly,
Almeida et al. [35] incorporated FG into PS foams at a higher
loading of up to 15wt%, reducing the thermal conductivity from
44mW/mK to approximately 33 mW/m K. However, unlike con-
ventional carbon fillers such as GNP, FG, and CNTs, biochar can
be derived from abundant forestry residues and waste biomass,
offering additional environmental benefits including low cost,
renewability, and long-term carbon sequestration alongside
potential thermal-insulation performance gains. Furthermore,
pilot scale continuous sc-CO, foaming mimics real-world pro-
duction, facilitating scalability, cost-effective optimization, and
risk reduction for industrial-scale manufacturing [36].

This study aims to develop lightweight, mechanically robust,
and thermally efficient biochar PS composite foams using sc-
CO, extrusion foaming, aligning with sustainability and circular
economy goals. Wood-derived biochar, produced from renew-
able lignocellulosic residues such as oak and maple sawdust,
was incorporated at 2.5wt% loading, with particle size tailored
via ball milling to enhance specific surface area and nucleation
efficiency. The effects of the particle size of biochar and sc-CO,
pressure (17.3 and 20.6 MPa) were systematically evaluated to
understand their influence on cell morphology, thermal con-
ductivity, and compressive strength. Advanced imaging tech-
niques, including TEM and micro-CT, were employed to study
biochar dispersion and its preferential localization within the
foam structure. Particular emphasis was placed on correlating
microstructural parameters such as cell size, cell density, and
uniformity with macroscopic thermal and mechanical perfor-
mance. The findings offer valuable insights for the design and
production of eco-efficient composite insulation foams suitable
for energy-efficient building applications.

2 | Experimentation
2.1 | Materials

Biochar (BC), produced via pyrolysis of maple and oak saw-
dust, was kindly provided by Airex Energy (Quebec, Canada).
Polystyrene (PS 595T) with a melt flow index (MFI) of
1.6g/10min (200°C, 5kg) and a density of 1.04g/cm3 was pur-
chased from TotalEnergies Petrochemicals & Refining (USA).
The blowing agent, carbon dioxide (CO,, 99.9% purity), was
supplied by Linde Canada. Talc powder (JetWhite 1HC, 98% pu-
rity, median particle size 1.1 um) was kindly donated by Magris
Talc (USA).

2.2 | Extrusion Foaming of PS and PS-Biochar
Composites

Extrusion foaming of pristine PS and PS-biochar composites
was carried out on a pilot-scale twin-screw extruder (Feininger
SHIJ-Z36 25, D=36mm, L/D =25, throughput=3kg/h) using
sc-CO, as the physical blowing agent, injected at two pressures
(17.3 and 20.6 MPa). All formulations contained 1wt% talc as a
nucleating agent. The processing procedure, described in de-
tail in our previous work [37] involved a primary compounding
stage followed by a secondary foaming stage under reduced
temperatures. The detailed temperature profiles and processing
parameters are summarized in Table 1.

Virgin PS foamed under these conditions served as the pris-
tine reference sample (designated as PS-0 control). After
several extrusion runs with unmilled biochar (BC) loadings
ranging from 0 to 7.5wt% as described in our previous study
[38], 2.5wt% BC foam was selected for the particle size study,
as it provided the lowest thermal conductivity while avoiding
the severe surface and internal defects observed at higher
loadings (see Figure S1). To evaluate the influence of biochar
particle size on foam nucleation, milling of BC was carried out
before extrusion. Approximately 15g of BC was introduced
into a 125mL stainless steel milling vessel and subjected to
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TABLE1 | Temperature and processing parameters for PS-biochar foam extrusion.

Feed zone (°C) Compression zone (°C) Metering zone (°C) Die zone (°C) Screw speed (RPM)  Cooling
190/130 195/195 190/165 140 50 Ambient
Note: Values before and after “/” refer to primary and secondary extrusion stages, respectively.
TABLE 2 | Sample nomenclature for pristine and biochar-reinforced
PS foams. ny\:
No=(%)0 e

Sample Biochar type wt% Label
Pristine PS — 0 PS-0 control
Biochar BC 2.5 BC foam
Ball-milled biochar MBC 2.5 MBC foam

ball milling for 10 min at 600rpm. The procedure was per-
formed in two stages, consisting of 5min of clockwise rotation
and 4 min of counterclockwise rotation, with a 60s rest period
between cycles, using a planetary ball mill (Retsch PM200,
Germany). Milling was conducted with 30 stainless steel balls
(10mm diameter, 3.87 g each), yielding a total media mass of
615g and a ball-to-biochar mass ratio of 41:1.

The ball-milled biochar (MBC) was then added in 2.5wt% to PS,
and foaming was conducted using the same extrusion procedure.
The sample designations used for pristine and biochar-reinforced
PS foams are summarized in Table 2. A schematic overview of the
extrusion foaming process is presented in Figure 1.

2.3 | Characterization
2.3.1 | Density and Morphological Analysis

Foam density was calculated using ASTM D1622. Three spec-
imens were tested for each composite foam sample and the av-
erage value is reported. The test specimens were rectangular
in shape (23 x8x7mm). The foam skin was carefully removed
using a sharp razor blade prior to the measurements and an av-
erage of three readings was taken for the final reported value.
Expansion ratio of foam (¢) was calculated as

_ Punfoamed

@

Pfoamed

where p,,ramed 1S the bulk density of the solid polymer compos-
ite and pg,meq 1S the density of the foam.

Morphological analysis of the PS-biochar composite foams
was performed using a scanning electron microscope (SEM,
Hitachi Flex SEM 1000 IT) operating at a voltage of 5kV to ex-
amine the foam morphologies. The foam samples were freeze-
fractured in liquid nitrogen, and observations were carried out
along the direction perpendicular to the extrusion at the cen-
ter of the foam width after removal of the skin. Fiji (Imagel)
software was used for cell size and particle size analysis, uti-
lizing SEM pictures with a magnification ratio of 50. Cell size
was calculated as the average diameter of all cells in a SEM
picture. Subsequently, the cell density (N,) was calculated:

where 7 is the number of cells in a SEM picture, A is the area of
the SEM picture, and N,, is the number of cells per unit volume.
Cell and particle size distribution were plotted using histograms
and Gaussian fitting.

2.3.2 | Thermal and Mechanical Properties

Thermal conductivity was measured under steady state
conditions using a Heat Flow Meter (HFM) Fox 200 setup
plate instrument supplied by TA Instruments and manu-
factured by LaserComp. Figure S2 depicts a setup of HFM.
Thermogravimetric analysis (TGA) was conducted using a
Q600 thermogravimetric analyzer (TA Instruments, USA)
to evaluate the thermal stability and decomposition behav-
ior of the foams. Measurements were performed from room
temperature to 900°C at a constant heating rate of 10°C min~!
under both nitrogen and air atmospheres, each supplied at a
flow rate of 100mLmin~!. TG curves were obtained to quan-
tify the mass retained as a function of temperature, while
derivative thermogravimetric (DTG) curves, computed as
the first derivative of the TG curves, were used to determine
the mass-loss rates and identify characteristic decomposi-
tion stages. Strain-controlled compressive strength tests of
the foams were studied using a vertical compression setup,
consisting of a load cell (1kN), controller panel and upper/
lower platens (Instron Model 5943). The compression testing
setup is illustrated in Figure S3. The compressive modulus
was determined from the slope of the stress-strain curve in
the linear elastic region, while the compressive strength was
taken at 10% strain. For each composite foam, seven rectan-
gular specimens (16 X 16 X 7mm) were tested, and the average
values are reported. Prior to testing, an axial pre-load of 2N
was applied. The specimens were positioned between parallel
compression platens and compressed at a constant crosshead
speed of 0.7mm min~! until 50% strain was reached. The pro-
cedure was conducted in accordance with ASTM D1621, with
the exception that specimen dimensions were smaller than the
standard requirement owing to the limited thickness of the
extruded foams. Specific compressive modulus and strength
values were determined by dividing the measured compres-
sive modulus and strength by the corresponding foam density.

2.3.3 | Dispersion Studies

Transmission electron microscopy (TEM) images were acquired
on a JEM 1200 EX microscope (JEOL, USA) operating at a volt-
age of 80kV. Prior to acquiring images, pieces of the foam sam-
ples were embedded in Spurr's epoxy resin and polymerized
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FIGURE1 | Schematic illustration of the supercritical CO,-assisted extrusion foaming process used to prepare polystyrene (PS) composite foams

containing unmilled biochar (BC) and ball-milled biochar (MBC). [Color figure can be viewed at wileyonlinelibrary.com|

overnight at 60°C. Thin sections were sliced on an ultramicro-
tome (Leica UCT) and placed on copper grids for viewing under
the microscope. The samples were trimmed into rectangular
pieces that were suitable for micro-CT analyses. The micro-CT
was a Zeiss Xradia 410 Versa. Micro-CT involves passing x-rays
through a sample volume and detecting the intensities of the
transmitted x-rays. Variations in the sample volume density,
such as voids or cracks, cause variations in the x-ray absorption
that are expressed as differing greyscale values in the projected
image (x-ray radiometric projection image). Multiple projection
images are captured at different angles and were subsequently
reconstructed into a 3D dataset. Following the acquisition of the
datasets, each was processed in Object research system's drag-
onfly pro software and presented as 3D cubes.

2.3.4 | Biochar Characterization

2.3.4.1 | Structural and Surface Characterization.
Biochar was dispersed in ethanol, and a drop of the result-
ing suspension was deposited onto a glass slide for optical
microscopy imaging. For the SEM observation, biochar par-
ticles were uniformly mounted on sticky carbon tape and air
blown to remove loose powder. High-quality SEM images
(50x magnification) and optical microscopy images (4X mag-
nification) of BC and MBC, each with a scale bar, were taken
and processed in Fiji (ImagelJ) software to measure the parti-
cle size distribution [39]. The phase structure of the biochar
samples was analyzed using a D2 Phaser powder diffrac-
tometer (Bruker, Madison, WI, USA) with Cu Ka radiation
(A=1.54059A) over a 26 range of 10°-80° at a scan rate
of 0.1° min~!. The instrument operated at 30kV and 15mA.

Raman spectroscopy was performed using a RXNI-785
(Kaiser Optical Systems Inc., Ann Arbor, MI, USA) with an
excitation wavelength of 785nm. Fourier-transform infra-
red (FTIR) spectra were recorded on a Nicolet 6700 FTIR
spectrometer (Thermo Scientific) in the wavenumber range
of 600-4000cm~!. The Brunauer-Emmett-Teller (BET) sur-
face area, pore diameter, and pore volume were determined
from nitrogen adsorption-desorption isotherms collected at
—196°C using a constant-volume adsorption analyzer (Tristar
ASAP 2020, Micromeritics Instrument Corp., Norcross, GA,
USA) with 99.995% pure N, and He (Praxair, Oakville, ON,
Canada). Prior to analysis, samples were degassed at 105°C
for 12h. Pore size distributions were derived from the desorp-
tion branch using the Barrett-Joyner-Halenda (BJH) method.
Energy dispersive x-ray spectroscopy (EDX) coupled with
SEM (Hitachi SU3500) operating at 20kV was used to analyze
elemental composition of BC and MBC. Biochar particles were
uniformly mounted on sticky carbon tape to ensure complete
surface coverage and subsequently positioned on the viewing
stage. EDX spectra were acquired from six distinct regions
within the imaged area, and the averaged values are reported.
Surface hydrophobicity/hydrophilicity of biochar was qualita-
tively assessed using a water drop penetration test. The test
was performed following a procedure adapted from previously
reported methods [40]. Biochar powder was placed in a Petri
dish to form a loosely packed bed, which was gently tapped to
obtain a flat and uniform surface and to minimize the influ-
ence of surface roughness. A syringe fitted with a 25-gauge
needle was positioned approximately 1cm above the powder
bed. A deionized water droplet with a volume of 0.0048 mL
was carefully released onto the surface of the biochar sample,
and the drop penetration time was recorded as the moment
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when the droplet was no longer visible on the powder surface.
Each measurement was conducted in triplicate. Longer drop
penetration times were taken to indicate increased hydro-
phobicity of the biochar, consistent with previously reported
observations [41].

2.3.4.2 | Proximate Analysis. The proximate analy-
sis of BC was carried out as per the procedure outlined in a
previous study [42]. Moisture content (MC) was determined
according to ASTM D1762-84 by drying the samples in an
oven at 105°C for 18h until constant weight was achieved.
Volatile matter (VM) was measured using a tube furnace
(Lindberg, USA, Model STF54434C) by heating the sample
at 950°C for 10 min under nitrogen flow (72mLmin") at a
heating rate of 13°C/min. Ash content (AC) was evaluated
by heating the samples at 750°C for 6h under a continuous
flow of compressed air (72mLmin™!). Fixed carbon (FC)
was calculated by subtracting the sum of VM and AC from
100 (dry basis). The pH of biochar samples was measured in a
1:10 (w/v) suspension in deionized water after ultrasonication
for 1h. For all the above measurements, the average of three
replicates is reported.

3 | Results and Discussion
3.1 | Characterization of Biochar
3.1.1 | Chemical Composition

Elemental composition by EDX (Table 3) revealed that the bio-
char consisted mainly of carbon and oxygen, with ball milling
increasing oxygen functionalities and exposing mineral-rich
phases such as calcium through mechanical activation and sur-
face redistribution, consistent with previous studies [43, 44].
Ash content and fixed carbon remain largely unchanged after
short duration ball milling (Table S1).

FTIR spectra (Figure S4a) of the biochar, derived from oak
and maple wood residues, exhibited characteristic peaks
at 1770, 1480, and 905cm™!, corresponding to C=O stretch-
ing (carbonyl groups), aromatic C=C stretching, and out-of-
plane C—H bending, respectively. A weak band observed near
3700cm~ in the sample is associated with free O—H stretch-
ing from surface-bound hydroxyl groups or adsorbed moisture
and may also indicate a higher pyrolysis temperature during
biochar production [45]. The peak at 1321 cm™! is attributed
to phenolic O—H vibrations, while the band near 660cm™ is
attributed to the out-of-plane C—OH or aromatic C—H defor-
mations [46]. A slightly higher peak of phenolic —OH group in

TABLE 3 | Elemental composition of BC and MBC.

Elemental composition (EDX)

MBC could be attributed to surface oxidation due to ball mill-
ing and this is also supported by a slight decrease in pH for
MBC (Table S1), indicating possible increase in surface acid-
ity [47]. The XRD profiles (Figure S4b) for biochar samples
showed a dominant broad hump centered around 26=30°,
characteristic of the (002) diffraction from turbostratic car-
bon, indicative of an amorphous, partially ordered graphitic
structure typical in pyrolyzed woody biochar. Additionally,
a minor peak observed at ~28=37° likely originated from
residual mineral impurities (e.g., calcite or silicate phases)
commonly present in wood-derived biochar and confirmed
by elemental analysis, as reported in previous studies [48, 49].
A consistent small feature at 20~ 50.6° appeared and was at-
tributed to an instrumental artifact (ghost peak) rather than
a material-related phase, as it does not vary with biochar type
or treatment conditions. The XRD results show that milling
did not introduce new crystalline phases and does not signifi-
cantly alter the graphitic structure of biochar but primarily
affected particle size and structural disorder.

Raman analysis (Figure S5) showed that the biochar sample had
characteristic D (~1302cm™") and G (~1580cm™) bands, indic-
ative of disordered sp? carbon and graphitic domains, respec-
tively. The calculated intensity ratio (I,/I;) decreased slightly
from 1.56 for BC to 1.46 for MBC, suggesting a marginal reduc-
tion in structural defects or disorder upon ball milling. Kim et al.
[50] also observed a decrease in I,/I, with longer milling times
of biochar, indicating increased graphitization or reduced struc-
tural disorder. Water drop penetration test results for BC and
MBC are shown in Figure S7. Time-resolved images illustrate
the evolution of droplet penetration on the biochar surfaces. For
BC, the water droplet remained largely unchanged on the sur-
face for more than 60s, indicating limited wettability. In con-
trast, the droplet on MBC gradually penetrated the powder bed
and was fully absorbed within approximately 27s. This faster
penetration behavior indicates that MBC is slightly more hydro-
philic than BC. Although FTIR analysis confirms that both BC
and MBC possess inherently low hydroxyl (—OH) group con-
tent, milling increased surface area and exposed additional sur-
face sites, thereby enhancing wettability through physical rather
than chemical modifications [51].

3.1.2 | Analysis of Specific Surface Area, Morphology
and Particle Size of Biochar

The physicochemical characteristics of biochar influence its
performance as a reinforcing filler and nucleating agent in
polymer composites. As shown in Table 4, milling of biochar
significantly increased its specific surface area (SSA) from
33 to 72m?/g, while decreasing both average pore size (from
3.7 to 3.1nm) and increasing total pore volume (from 0.031

TABLE 4 | Physicochemical properties of BC and MBC.

Biochartype C(%) O (%) Mg(%) K (%) Ca (%) Biochar type SSA (m?/g) PS(nm) PV (cm?/g)
BC 84.6 10.9 0.1 1.5 2.7 BC 33.0 3.7 0.031
MBC 80.9 13.1 0.1 0.2 5.7 MBC 72.1 3.1 0.057

Abbreviations: BC: unmilled biochar, C: carbon, Ca: calcium, K: potassium,
MBC: ball-milled biochar, Mg: magnesium, O: oxygen.

Abbreviations: BC: unmilled biochar, MBC: ball-milled biochar, PS: pore size,
PV: pore volume, SSA: specific surface area.
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FIGURE2 | Optical micrographs and particle size distributions of BC and MBC. [Color figure can be viewed at wileyonlinelibrary.com]

to 0.057 cm3/g). Higher SSA in MBC provides more interfacial
contact sites and accessible surface porosity, which can help in
nucleation during foaming, act as an insulating barrier to in-
crease thermal resistance, and improve stress transfer within
the polymer matrix [52].

The optical micrographs and particle size distributions (Figure 2)
showed that ball milling significantly reduced the mean particle
size of biochar from 212pum (BC) to 51 um (MBC), resulting in
a narrower and more uniform particle size distribution. As ev-
ident from the images, ball milling effectively reduced the par-
ticle size, increasing the surface area and potentially enhancing
interfacial interactions within the composites. In addition to
optical micrographs, Figure S6 provides the SEM images and
particle size distribution of BC and MBC. BC exhibited a coarse,
irregular morphology with a mean particle size of 112um,
whereas the ball-milled biochar (MBC) showed a significantly
reduced size (mean: 17 um) and more homogeneous fine parti-
cles, as confirmed by SEM and particle size analysis. The higher
mean particle sizes from optical microscopy are attributed to
ethanol-dispersed samples containing visible agglomerates,
which were measured as larger particles. In contrast, SEM im-
aging of dry, well-separated particles yielded smaller and more
accurate sizes.

3.2 | Cellular Morphology of PS-BC and PS-MBC
Composite Foams

3.2.1 | Foaming Expansion Behavior

The details of the extrusion foaming parameter optimization
were provided in our previous work [37]. Briefly, key parame-
ters such as sc-CO, pressure were optimized through iterative
trials to achieve steady-state foaming with uniform cell mor-
phology. The sc-CO, pressure significantly influenced CO, sol-
ubility in the polymer melt and the rate of cell nucleation, with
two sc-CO, pressures (e.g., 17.3 and 20.6 MPa) producing a foam
of consistent quality. This optimization was crucial to balance
the gas-polymer solution stability, pressure drop rate, and melt
strength, ensuring consistent foam quality. The pilot-scale ex-
trusion foaming setup enabled systematic control over key pro-
cessing parameters, offering insights relevant to industrial-scale
production.

Table S2 shows the apparent densities of pristine and PS com-
posite foams prepared at two sc-CO, pressures. BC foam led to
a substantial density increase at 20.6 MPa (418.6 kg/m?), likely
due to suppressed cell expansion and thicker cell walls. In
contrast, BC foam maintained low densities at both pressures,
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FIGURE 3 | Expansion ratio of PS composite foams with PS-0 con-
trol, BC foam and MBC foam at 17.3 and 20.6 MPa sc-CO, pressures.
[Color figure can be viewed at wileyonlinelibrary.com|

with the lowest (99.1kg/m?3) achieved at 20.6 MPa, suggest-
ing improved nucleation and cell uniformity that promoted
expansion. From Figure 3, the expansion ratio of pristine PS
foams (PS-0 control) increased slightly with higher sc-CO,
pressure (20.6 MPa), reaching values above 22. In contrast, the
incorporation of biochar significantly reduced foam expansion
across both pressures. Notably, BC foam at 20.6 MPa showed
the lowest expansion ratio, indicating limited volume growth
and lower foaming. In comparison, MBC foam samples exhib-
ited higher expansion ratios than the BC foam at both sc-CO,
pressures, suggesting an influence of particle size on foaming
behavior. Overall, the addition of biochar reduced the expan-
sion ratio relative to PS-0 control, with the extent depending
on both the particle size and sc-CO, pressure. Representative
images of the BC, MBC, and the prepared composite foams
are shown in Figure 4, illustrating the top and cross-sectional
morphologies for the foams processed at two different sc-CO,
pressures.

3.2.2 | Effect of Biochar Particle Size and sc-CO,
Pressure on the Nucleation in Composite Foam

The mechanism of bubble nucleation in polymer foaming has
been extensively explained by previous authors, highlighting
the distinction between homogeneous and heterogeneous nucle-
ation pathways [53]. In heterogeneous nucleation, the presence
of solid particles lowers the energy barrier for bubble formation,
thereby increasing nucleation density.

The combined effect of sc-CO, pressure and biochar particle size
on foam morphology was evident from the SEM micrographs and
corresponding cell size distributions (Figure 5). At 17.3MPa, the
pristine PS foam (PS-0 control) exhibited irregular cell structures
with several large, unevenly distributed voids (highlighted in yel-
low), reflecting a low nucleation density. The cell uniformity im-
proved slightly for BC foam; however, visible large cells remained,
indicating limited nucleation efficiency due to the larger BC par-
ticle size. In contrast, the MBC foam sample displayed finer and

more uniform cells, with significantly more nucleation sites (high-
lighted in yellow) and reduced average cell size. This enhancement
can be attributed to the smaller particle size and higher surface
area of MBC, which possibly could have provided more active
sites for heterogeneous nucleation and better interaction with dis-
solved CO, molecules [54, 55]. At 20.6MPa, the improvement in
cell structure was more pronounced for the MBC foam sample,
which exhibited a narrow and well-defined cell size distribution,
supporting the formation of a higher number of nucleated cells.
In contrast, the BC foam at this pressure showed a large solid (un-
foamed) region (red outline), indicating suppressed foaming and
a low expansion ratio, as corroborated by Figure 3. This could be
attributed to the large particle size of biochar that disrupted the
cell formation and formed thin cell walls which were unable to
withstand a high sc-CO, pressure [56].

The cell size and cell density analysis (Figure 6) further con-
firmed the observed trend from the SEM micrographs. Across
both the sc-CO, pressures, MBC foam samples exhibited sig-
nificantly smaller average cell sizes and higher cell densi-
ties compared to PS-0 control and BC foam foams. Notably,
at 20.6 MPa, the MBC foam sample achieved a cell density
of approximately 4x108cellscm™, a 40% increase over the
PS-0 control sample (2.5%x108cellscm™3). This substantial
improvement illustrates the synergistic effect of high sc-CO,
pressure and fine biochar particles on enhancing nucleation.
The increased number of available nucleation sites from the
smaller MBC particles, combined with greater gas solubility
at higher pressure [57], could have resulted in a high nucle-
ation rate and smaller cell morphology. The narrow distribu-
tion of cell sizes in the SEM image for MBC foam at 20.6 MPa
visually supports this enhanced nucleation behavior. These
results demonstrate that precise control over biochar size and
sc-CO, pressure can effectively tailor the foam structure for
improved performance. Haham et al. [32] also observed that
biochar with smaller mean particle size and narrower distri-
bution produced a polylactic acid (PLA) foam with highest cell
density and lowest cell size. This was attributed to the meso-
porous structure of biochar which created many bubble nucle-
ation sites. Similarly, Jian et al. [58] reported an increase in
cell density and a reduction in cell size in PS biocarbon com-
posite foam upon the addition of just 0.05wt% biocarbon, con-
firming the role of biochar as an effective nucleating agent.

3.3 | Microstructural Analysis in PS Composite
Foams Using TEM and Micro-CT

TEM analysis (Figure 7) confirmed the successful incorporation
of biochar into the PS matrix in all foamed samples, regardless of
particle size or sc-CO, pressure. Carbon-rich regions attributed
to biochar were clearly visible in both BC foam and MBC foam,
with representative particles highlighted using yellow arrows.
A key observation was that biochar particles were frequently lo-
cated at or near the edges of cells, suggesting their role as effec-
tive nucleating agents during bubble formation. Notably, the cell
sizes observed in the MBC foam samples were visibly smaller
and more uniform compared to those in the BC foam samples.
This provides further evidence that reduced biochar particle size
enhanced heterogeneous nucleation during the foaming pro-
cess, contributing to improved cellular structure.
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FIGURE4 | Representative images of unmilled biochar (BC), ball-milled biochar (MBC), and their composite foams processed at the two differ-
ent sc-CO, pressures. [Color figure can be viewed at wileyonlinelibrary.com]

Micro-CT imaging provided a 3D reconstruction of the internal
cellular structure and biochar localization within the foamed
composites (Figure 8). Carbon-rich regions, highlighted in red,
were predominantly located along the cell walls, indicating their
role as nucleation sites during foaming. The quantitative vol-
ume fraction data is summarized in Table 5. From Figure 8, the
MBC foam at 20.6 MPa exhibited a more uniformly distributed
presence of biochar particles compared to the BC foam, suggest-
ing improved integration within the matrix. This observation
is corroborated by the lower volume fraction of the PS matrix

(~5.8%) in MBC foams (Table 5), whereas the BC foam sample
at 20.6 MPa displayed a markedly higher matrix volume frac-
tion (~24.5%), indicative of limited expansion and suppressed
foaming. Additionally, the higher biochar volume fraction in the
MBC foam at high sc-CO, pressure indicated more effective par-
ticle dispersion. Correspondingly, the BC foam at high pressure
revealed a denser and more collapsed cell structure, while the
MBC foams maintained larger, well-developed cells, highlight-
ing the influence of reduced particle size on nucleation and foam
morphology.
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showed a ~3.5% reduction in thermal conductivity (32.1 mW/mK)
compared to the PS-0 control (33.1 mW/mXK), highlighting its ef-
fectiveness as an insulating carbon filler. This could be attributed

PS-0 BC MBC
control foam foam _ o
G 6x10%}
g. 4100 —~
2 g §
2 8 %108 | Cell size :;
8« 4x10 .17.3MPa N
= S 20.6 MPa {200 @
8 2 Cell density 8
E 2x10t}k 17.3 MPa
> 20.6 MPa
£
-4 300
0
PS-0 BC MBC
control foam foam

FIGURE 6 | Cellsize and cell density of PS-0 control, BC, and MBC
foams at 17.3 and 20.6 MPa. [Color figure can be viewed at wileyon-
linelibrary.com]

BC foam
17.3 MPa

MBC foam
17.3 MPa

to its high cell density, uniform morphology, and narrow cell size
distribution. These microstructural characteristics likely reduced
both solid-phase heat conduction paths and gas conductivity, con-
tributing to improved insulation performance [61, 62]. In contrast,
BC foam under a high sc-CO, pressure exhibited higher thermal
conductivity (39.5mW/mK), likely due to a less uniform cell struc-
ture mostly consisting of solid polymer, which increased the ther-
mal transport through the foam matrix.

The thermal stability of PS-0 control, BC foam, and MBC
foam produced at two different sc-CO, pressures (17.3 and
20.6 MPa) was evaluated using TGA, and the correspond-
ing DTG curves are shown in Figure 10, with key parame-
ters summarized in Table S3. All samples exhibited a single
major degradation step, characteristic of PS decomposition,
indicating similar thermal degradation mechanisms regard-
less of biochar type or processing pressure [63]. Compared to
PS-0 control, BC- and MBC foams showed a slight improve-
ment in thermal stability, evidenced by higher T, _, values
and lower mass loss rates at T, ., particularly for BC foam
(T,,.x=411.2°C) and MBC foam (T, , =408.5°C) processed
at 17.3MPa sc-CO, pressure. The presence of biochar likely
contributed to this stabilization by acting as a thermally stable
carbonaceous barrier [64]. At higher sc-CO, pressure, a slight

BC foam
20.6 MPa

MBC foam
20.6 MPa

N

FIGURE7 | TEM images of PS composite foam at 17.3 and 20.6 MPa sc-CO, pressure. Note: Yellow arrows represent biochar particles. [Color

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 | Micro-CT 3D reconstructions of PS composite foams processed at 17.3 and 20.6 MPa. Note: Red regions correspond to carbon-

rich (biochar) particles concentrated along cell walls; representative locations are highlighted with yellow arrows. [Color figure can be viewed at

wileyonlinelibrary.com|

TABLE 5 | Volume fraction (%) of PS matrix and biochar in foamed
PS composites from micro-CT analysis.

Volume Volume
sc-CO, fraction of fraction
pressure PS matrix of biochar

Sample name (MPa) (%) (%)
BC foam 17.3 3.9 0.8
BC foam 20.6 24.5 1.7
MBC foam 17.3 5.8 0.8
MBC foam 20.6 5.7 1.3

reduction in T, was observed for both BC and MBC foams,
suggesting a pressure-dependent effect on thermal behavior.
The overall T, and mass loss rate trends confirmed that bio-
char addition provided a modest enhancement in the thermal
stability of PS composite foams, which remained comparable
to PS-0 control foam and support their suitability for thermal

insulation applications.

As shown in Figure 1la, the specific compressive modulus
increased significantly for MBC foam at 20.6MPa, reaching
~53MPa/gem—3, which is much higher than the PS-0 control
(20MPa/gcm™3). Figure 10b illustrates the effect of BC and MBC
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FIGURE 9 | Variation in thermal conductivity of PS-0 control, BC
foam, and MBC foam at two different sc-CO, pressures. [Color figure
can be viewed at wileyonlinelibrary.com|

on the specific compressive strength of composite foam samples
at two sc-CO, pressures. At 20.6 MPa, the MBC foam achieved
higher strength (~3.8MPa/gcm~3) compared to PS-0 control
(1.6MPa/gcm~3) and BC foam (1.5MPa/gcm™), highlighting
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the reinforcing contribution of MBC. This improvement was at-
tributed to the efficient stress transfer, load distribution, and re-
inforcing effect of well-dispersed MBC particles in the polymer
matrix, combined with a finer and more uniform cell structure
achieved at higher sc-CO, pressure. Beyond thermal and me-
chanical performance benefits, MBC offers significant sustain-
ability benefits. Notably, the thermal conductivity of MBC foam
at high sc-CO, pressure is comparable to GNP- and FG-based
foams from our previous work [37] (Figure 11), underscoring its
promise as a sustainable, high-performance insulating filler. The
compression performance of MBC foam at 20.6 MPa (Figure 11)
surpasses that of FG-based foam and approaches GNP-based
foam from our previous work [65], demonstrating that MBC is
an effective alternative for enhancing stiffness without com-
promising thermal insulation properties. Compared to expen-
sive fillers like GNP and FG, MBC is low-cost, renewable, and
widely available. As a carbon-rich material derived from wood

waste, MBC contributes to carbon sequestration in long-lived
polymer foams. Its use in building insulation can also support
Leadership in Energy and Environmental Design (LEED) certi-
fication and the development of low-carbon, green buildings by
reducing GHG emissions.

3.5 | Mechanism of Enhanced Nucleation and Cell
Structure Refinement in MBC Foams

The proposed mechanism for foaming of PS composite foam with
BC, MBC, and role of sc-CO, pressure is illustrated in Figure 12.
The improved foaming behavior of the PS-MBC composites at
high sc-CO, pressure was attributed to a synergistic effect be-
tween particle surface characteristics and gas saturation. CO,
molecules are adsorbed on oxygen-containing functional groups
and the surface defects on the biochar surface (as identified by
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FTIR, EDX, and Raman studies), through weak physisorption
and dipole-quadrupole interactions [66, 67]. These interactions
promoted the migration and temporary entrapment of CO, mol-
ecules within the micro- and mesopores of the biochar particles
prior to foaming [54]. The MBC, which possessed a higher spe-
cific surface area and greater pore volume than BC, can possibly
accommodate a larger number of CO, molecules on its surface,
creating localized regions of elevated gas concentration within
the polymer melt. During depressurization, these gas-enriched
sites have the potential to act as preferential heterogeneous nu-
cleation centers [68], facilitating rapid bubble formation and
uniform cell growth. At high sc-CO, pressure, the solubility of
CO, in the polymer melt increases further, enhancing gas super-
saturation and enabling the numerous nucleation sites provided
by MBC to be effectively activated. This resulted in a signifi-
cantly higher cell density and a narrower cell size distribution,
as confirmed by SEM analysis of the MBC foams. The fine and
homogeneous cellular morphology could have contributed to
improved specific compressive strength and reduced thermal
conductivity, owing to uniform stress distribution and restricted
heat transfer through smaller, well-dispersed cells.

In contrast, the larger particle size and lower surface area of BC
could possibly have limited CO, adsorption and nucleation ef-
ficiency, especially under low sc-CO, pressure. Consequently,
fewer nucleation sites led to foams with lower cell density, larger
and more uneven cells, resulting in higher thermal conductivity
and reduced mechanical performance. Interestingly, this mech-
anism aligns with our previous findings on PS foams reinforced
with FG and GNP prepared under similar sc-CO, foaming con-
ditions [31]. Although GNP possesses a lower BET surface area
(~20m?/g) compared with FG (~152m?/g), the FG-based foams
exhibited higher cell densities at elevated sc-CO, pressure. This

observation confirms that higher accessible surface area pro-
motes more efficient CO, adsorption and heterogeneous nucle-
ation during depressurization. In the present study, the MBC
displayed greater surface area (72m?/g) than GNP, yet with the
added advantage of hierarchical porosity and oxygen-containing
surface functionalities. These features likely enhanced CO, up-
take and localized gas supersaturation, producing finer, denser
cell structures. Therefore, the observed synergistic effect be-
tween the increased surface area of MBC and elevated sc-CO,
pressure maximized heterogeneous nucleation, yielding foams
with superior structural and functional properties consistent
with earlier results and the proposed mechanism.

Table 6 compares the mechanical and thermal insulation (R-
value and thermal conductivity) performance of the MBC foam
developed in this work with previously reported academic PS
composite foams and several commercial insulation products.
Relative to other academic studies using FG, GNP, or activated
carbon fillers, the MBC foam showed the highest specific com-
pressive modulus and maintained comparable or higher specific
compressive strength, while also achieving one of the low-
est thermal conductivities (32mW/mK). When benchmarked
against commercial insulation foams, the MBC foam exhib-
ited a higher R-value than Insulfoam, universal foam EPS, and
competitive performance relative to GPS products, although it
did not surpass the very low thermal conductivity reported for
Foamular NGX. It should be noted that the MBC foam in this
study had a higher density than common commercial insulation
grades; therefore, further density reduction and optimization of
expansion ratio could increase both the R-value and the specific
compressive strength. Overall, the MBC foam demonstrated
superior mechanical performance compared with existing ac-
ademic PS composites and competitive insulation properties
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TABLE 6 | Comparison of mechanical and thermal performance for PS-MBC composite foams with previously reported PS—carbon filler foams

and commercial PS insulation products.

Specific Specific
compressive compressive Thermal

modulus strength conductivity R-value (inch/
Product (MPa/gcm™3) (MPa/gcm™3) (mW/(mK)) BTU-in/hft?°F)
PS-MBC foam (this work) 48 3.8 32.0 4.5
PS-1wt% FG [37, 65] 40 3.8 32.1 4.5
PS-1wt% GNP [37, 65] 33 3.5 32.3 4.5
PS-1wt% coconut shell AC [25] 20.2 — 34.3 4.2
PS-1wt% wood AC [69] — 10 33.9 4.2
Insulfoam [70] — 3.7 36.2 4.0
Foamular NGX [71] — 5.3 28.8 5.0
Universal foam EPS [72] — 3.7 34.4 4.1
Durospan GPS [73] — 3.5 30.8 4.7

Note: Conversions used for calculating R-value are 1 W/m/K =6.94 BTU-in/h-ft?°F.

Abbreviations: AC: activated carbon, FG: flaked graphite, GNP: graphene nanoplatelets.

relative to commercial materials, highlighting its potential as a
sustainable, high-performance alternative.

The lightweight PS-BC/MBC composite foams developed in this
study exhibited a favorable combination of low thermal conduc-
tivity, enhanced specific compressive strength, and refined cellu-
lar microstructure. These characteristics make them promising
candidates for load-bearing thermal insulation applications, such
as building envelopes, roofing panels, and structural insulation
components where both mechanical integrity and thermal effi-
ciency are required. In addition, the incorporation of biochar as a
sustainable carbon filler offers potential environmental benefits,
including reduced polymer content and the utilization of renew-
able or waste-derived resources. The compatibility of these com-
posites with continuous sc-CO, extrusion further supports their
scalability and potential for industrial adoption in energy-efficient
construction and insulation systems.

4 | Conclusions

This study demonstrated the successful development of sustainable
polystyrene (PS) composite foams reinforced with lignocellulosic-
derived biochar using sc-CO, extrusion foaming. Ball milling sig-
nificantly enhanced the specific surface area and pore structure of
biochar, improving its dispersion and efficiency as a heterogeneous
nucleating agent. The optimized 2.5wt% ball-milled biochar (MBC)
foam processed at 20.6 MPa exhibited a ~40% increase in cell den-
sity (4x 108 cellscm™3) and a narrower cell size distribution (aver-
age cell size 75um) compared to pristine PS foam (PS-0 control),
resulting in highly refined and uniform microcellular architec-
tures. TEM and micro-CT analyses confirmed biochar localization
along cell walls and homogeneous distribution throughout the ma-
trix. Mechanistic analysis indicated that the increased surface area
of MBC facilitated promoted heterogeneous nucleation due to CO,
and controlled bubble growth during depressurization. These mi-
crostructural improvements translated into a 75% enhancement in

specific compressive strength (3.8 MPa/gem™) and a 4% reduction
in thermal conductivity (32mW/mXK) as compared to PS-0 control.

Beyond performance gains, this scalable, solvent-free process
provides both environmental and industrial benefits. The in-
corporation of biochar enables long-term carbon sequestration
within durable polymer matrices, while the use of sc-CO, elim-
inates harmful chemical blowing agents. Overall, this work
demonstrates a practical route to valorize renewable wood
residues into high-performance, low-carbon insulation foams,
aligning with circular economy principles and advancing sus-
tainable polymer manufacturing.
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