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This study demonstrates an organic solvent-free processing strategy to valorize consolidated bioproces-
sing (CBP) residues, from switchgrass and poplar biomass, into functional poly(butylene succinate) (PBS)-
based biocomposites using high-shear homogenization (HSH). HSH transformed the switchgrass and
poplar CBP residues (CBP-R) into fine, uniformly distributed particles and microfibers. The composites of
PBS with homogenized switchgrass residues (H-CBP-R-SG) or homogenized poplar residues (H-CBP-R-
P) at a 70/30 weight ratio exhibited improved processability and mechanical integrity, with the Young's
modulus for the PBS/H-CBP-R-SG and PBS/H-CBP-R-P nearly doubling to 0.66 + 0.07 GPa and 0.65 + 0.04
GPa, respectively, compared to neat PBS (0.36 + 0.02 GPa). Dynamic Mechanical Analysis (DMA) reveals a sig-
nificant suppression of the tan § peak magnitude, indicating that HSH-mediated physical activation facilitates
stress transfer in composites typical of covalent chemical grafting systems. While the transition to a stiffness-
dominated profile reduces ductility, the resulting composites exhibit the dimensional stability and resistance to
thermal warping required for high-fidelity FDM 3D printing and injection molding. Beyond material perform-
ance, comprehensive techno-economic analysis (TEA) and life cycle assessment (LCA) confirmed that divert-
ing CBP residues into composite products can improve the economic viability of the biorefinery without sub-
stantially increasing biorefinery global warming potential (GWP). At a 30 wt% blend ratio, incorporating residuals
into PBS yielded a minimum selling price for the composite of $4.07 per kg compared to the conventional
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bioplastic price of $5.00 per kg. This approach aligns with circular bioeconomy principles by converting waste
streams into value-added products. Furthermore, this innovative strategy addresses key challenges in bioplastic
development, including cost, compatibility, and performance, while simultaneously advancing waste minimiz-

rsc.li/greenchem ation strategies for sustainable manufacturing systems.

Green foundation

1. This work advances green chemistry by establishing an organic solvent-free, scalable waste-to-wealth framework converting underutilized consolidated bio-
processing (CBP) residues into structural bio-composites. Prioritizing high-shear homogenization over traditional chemical functionalization demonstrates
that mechanical energy acts as a minimalist, cleaner alternative to covalent modification strategies.

2. We engineered lignin-rich fillers via HSH, imparting robust interfacial stress transfer and chain immobilization without auxiliary solvents. Ashby mechani-
cal mapping confirms that this physical pathway elevates low-value residues into the general engineering component regime, offering sustainable, cost-com-
petitive replacements for commodity fossil-based polymers like polypropylene.

3. To overcome industrial energy bottlenecks, future studies could replace thermal spray drying with energy-efficient mechanical dewatering like industrial
pressure filtration. Transitioning to fully bio-derived polymer matrices and analyzing long-term biodegradation and chemical recycling kinetics would maxi-
mize a closed-loop material circularity.

1. Introduction
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Renewable biofibers can be combined with thermoplastic
polymer matrices to produce biocomposites with enhanced
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properties tailored for diverse industrial applications.'™
Traditionally, non-biodegradable fossil-based plastics such as
polyethylene, polypropylene, and polystyrene have been
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favored for their durability, thermomechanical properties, and
low production costs. However, there is a growing interest in
sustainable alternatives due to environmental concerns.
Among these, synthetic biodegradable polymers like poly(lactic
acid) (PLA), poly(butylene succinate) (PBS), and polybutylene
adipate terephthalate (PBAT) have gained prominence for their
potential to mitigate the negative impacts of petrochemicals.
Despite their promise, these bioplastics face challenges, such
as high production costs and distinct mechanical properties
compared to conventional plastics. Moreover, many of these
materials, including PLA and PBS, only meet target bio-
degradation kinetics under industrial composting conditions,
limiting their environmental benefits.

Composites incorporating lignocellulosic (LC) biomass rep-
resent an area of increasing interest. These products integrate
renewable, low-cost, biodegradable natural fibers or fillers into
carrier polymer matrices to produce partially bioderived
materials that are functionally equivalent to incumbent fossil-
derived materials.*®> Composites reinforced with plant
biomass have found applications in the automotive, construc-
tion, and packaging industries where sustainability is
emphasized.®” Our prior studies have shown that plant
biomass-derived hemicelluloses from industrial waste streams
can be modified and processed into biocomposites with
improved moisture barrier performance.® Furthermore, ther-
moplastics with environmental issues at their end-of-life,
including recyclability, can be upgraded into self-disintegrat-
ing biocomposites by incorporating spore-bearing bacteria
into the polymer matrix.” Unfortunately, plant fibers lack
plastic behavior, and often suffer from relatively poor compat-
ibility with hydrophobic polymer matrices leading to strong
segregation and compromising the overall biocomposite per-
formance."® Processing difficulties, such as clogging of extru-
sion equipment, the need for compatibilizers, and hetero-
geneous distribution of LC biomass particles in the polymer
matrix, are common issues that can compromise both material
and mechanical properties."’™* Plasticizers and compatibili-
zers such as maleic anhydride grafted polypropylene or poly-
ethylene,'® glycerol,'® furfural,'” citric acid,'® triethyl citrate,"
and epoxide soybean 0il,>® have been explored to generate LC
biomass composites to improve composite blending, extru-
sion, and expand potential downstream applications. Further,
various fiber surface modification techniques like alkali treat-
ment, silane coupling, and enzymatic modification have been
employed to enhance compatibility and mechanical
properties.>>* However, these strategies often prove cost-
ineffective and difficult to scale for industrial bioplastic
production.

Industrial utilization of biomass often generates substantial
waste streams. These side streams are often underutilized by-
products that represent untapped resources for the production
of biocomposites.**>® Consolidated bioprocessing (CBP),
which integrates biomass saccharification and fermentation
into a single step, is a biological process used to efficiently
convert lignocellulosic feedstocks to biofuels or chemicals.
Despite its efficiency, CBP often generates residual biomass
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waste streams containing
biomass with altered structural and chemical properties.
Processing lignocellulose by CBP physically alters the residual
material, demonstrated by an 8-fold reduction in viscosity of
the solids slurry during the first 10% of carbohydrate solubil-
ization and a 2000-fold reduction overall.>® These residuals
also tend to be finer, which may facilitate better processibility,
dispersion, and integration into the polymer matrix. Thus, by
making structural components more accessible through CBP,
these residuals provide a distinct advantage over traditional
feedstocks in the manufacturing of composites. Furthermore,
the selective removal of carbohydrates leaves a lignin-rich
residue, which lowers the hydrophilicity of the biomass, miti-
gating moisture-related processing and mechanical perform-
ance issues in thermoplastic composites. Thus, utilization of
CBP residuals aligns well with circular bioeconomy principles
by maximizing the value derived from biorefineries and redu-
cing waste streams.*°

Among biodegradable bioplastics, PBS offers a unique com-
bination of properties that make it particularly suitable for
composite production, including compatibility with natural
fibers, low melting temperature, and processing flexibility.**
PBS can be synthesized from both petroleum- and bio-based
monomers, including bio-derived succinic acid and 1,4-buta-
nediol, offering pathways towards green polymer
production.**** Various synthesis methods, copolymeriza-
tions, and blending approaches have been explored to tailor
PBS’s thermal, mechanical, and biodegradability properties,
further expanding its applicability in packaging, agriculture,
biomedical devices, and other fields.>*” Research has demon-
strated that PBS-based biocomposites, reinforced with natural
fibers, exhibit improved tensile strength, modulus, and
thermal properties compared to neat PBS.**** Additionally,
there has been significant interest in the biodegradation be-
havior of PBS/plant biomass composites, revealing that
inclusion of natural fibers often accelerates biodegradability
by  promoting  microbial activity and  hydrolytic
degradation.?®**

Processing techniques, including melt extrusion and injec-
tion molding, have been effectively employed to fabricate PBS-
based composites with plant biomass fillers.>***” In the realm
of additive manufacturing, the incorporation of LC biomass
fibers into PBS to produce thermoplastic filaments for 3D
printing enhances the mechanical performance and sustain-
ability of printed parts.*® For instance, incorporation of cocoa
bean shell residues into the PBS matrix has been shown to
improve the disintegration rate under composting conditions
for both molded and printed composites. PBS alone exhibits a
disintegration of 1.8% and 4.7% for the injected and printed
samples, respectively. While the addition of 20 wt% natural
fibers results in a 48% and 53.4% disintegration rate for com-
posites prepared via injection molding and printing, respect-
ively."  However, challenges  still  remain,
including non-uniform filler dispersion, caramelization and
agglomeration of biomass particles, and poor interfacial
adhesion, necessitating careful control of processing
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conditions.*”*® Similarly, injection molding of PBS and plant
biomass composites allows for the fabrication of structurally
robust components with improved stability and tailored bio-
degradation rates, necessary for sustainable manufacturing
practices.>*¢>1

In this study, we developed PBS-based thermoplastic com-
posites using CBP residuals as LC-derived reinforcing agents.
To enhance the dispersion and interfacial bonding of compo-
sites, we developed a mechanical processing strategy involving
milling and high shear homogenization (HSH) to generate uni-
formly distributed biomass particles and microfibers (Fig. 1).
By utilizing HSH in lieu of traditional chemical functionali-
zation, we establish a design principle that prioritizes mechan-
ical interlocking and physical surface activation over energy-
intensive chemical modifications. Two key green chemistry
advantages of our approach are the elimination of auxiliary
organic solvents and the incorporation of renewable plant-
derived feedstocks from available bioprocessing waste
streams.>® Our mechanical processing workflow allowed us to
achieve significant interfacial integration and polymer chain
immobilization through physical rather than synthetic means.

A) CBP-R particle size reduction
Cyclone Mill

Consotidated
Bioprocessing

View Article Online

Paper

We demonstrated that this approach can generate highly
uniform composites with enhanced processability that, based
on their thermomechanical properties, have potential appli-
cations in injection molding and 3D printing. Furthermore, we
conducted techno-economic analysis (TEA) and life cycle
assessment (LCA) to assess the impact on ethanol selling price
and global warming potential (GWP) of producing composite
materials from CBP residuals and found that as co-products,
they benefit the CBP biorefinery by increasing revenues and
decreasing the flow of solid material to the boiler without sub-
stantially increasing GWP. Furthermore, we found that compo-
site production costs were dominated by capital equipment
costs due to the high cost of processing equipment, such as
homogenizers and spray driers; however, increasing the solids
content during processing substantially decreases equipment
capacity requirements and, consequently, costs. Ultimately,
the incorporation of CBP residuals has the potential to
decrease the price of producing composites, and while we
focused our studies on PBS as the primary matrix, this proces-
sing strategy is broadly applicable to other industrial plastics
and composite formulations.

Spray Dryer

h

B) PBS/H-CBP-R compounding (plasticizer-free and solvent-free)

PBS/H-CBP-R pellets Process 11 extruder

R -

Fig. 1 Schematic representation of the valorization process for Consolidated Bioprocessing residuals (CBP-R) into bio-composite pellets. (A)
Mechanical size reduction of CBP-R is carried out using a cyclone mill (CM) followed by high-shear homogenization (HSH) then spray dried. (B) Dry
homogenized CBP residuals (H-CBP-R) are compounded with poly(butylene succinate) (PBS) pellets in a melt twin-screw extruder to yield bio-com-

posite pellets.
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2. Experimental section

2.1. Preparation of CBP residues (CBP-R)

Clostridium thermocellum was utilized to carry out CBP on
unpretreated lignocellulosic biomass at the National
Laboratory of the Rockies (NLR) using BioEnergy Science
Center (BESC) switchgrass and Center for BioEnergy
Innovation (CBI) poplar as feedstocks.”® Switchgrass and
poplar fermentations®® were carried out at 60 ¢ L™' and 30 g
L™ solids loadings, respectively, at 10 L scale in pH controlled
bioreactors in the presence of C. thermocellum to obtain
primary fermented CBP residuals. Briefly, switchgrass and
poplar were milled to —20/+80 mesh (0.841 mm-0.177 mm),
loaded into 10 L vessels, and then the volume brought up to 4
L with deionized water. Bioreactors were sealed and sterilized
in an autoclave at 121 °C for 60 min. Medium for
Thermophilic Clostridia (MTC) was prepared according to
Holwerda, et al.>*>® at 2x concentration and 5 L was added to
each reactor, leaving 1 L of volume for inoculum.
C. thermocellum, from an Avicel-grown seed culture, was inocu-
lated into bioreactors (BioFlo 310, New Brunswick) containing
biomass and MTC at pH 7.0 and fermented for 120 hours.
Cultures were maintained at pH 7.0 using 5 M KOH and
H,S0,, at 55 °C, undergoing agitation using Rushton impellers
(250 rpm), with N, sparging through the headspace. CBP
residuals were recovered by centrifugation of the post-fermen-
tation material at 8000 rpm for 20 min. The supernatant was
decanted from the solid residuals, and the solids were then
washed 3 times with deionized water. The washed solid
residuals were dried at 50 °C for 5 days in a convection oven.
Pre- and post-fermented biomass samples were analyzed for
chemical composition using methods outlined in the NLR
Laboratory Analytical Procedure “Summative Mass Closure”.””
Raw BESC standard switchgrass contained 29.9% glucan,
18.7% xylan, and 15.3% lignin and CBP-R switchgrass
residuals were composed of 28.5% glucan, 18.8% xylan, and
25.2% lignin. Raw CBI standard poplar contained 46.7%
glucan, 15.8% xylan, and 23.79% lignin, and the CBP-R poplar
residuals comprised 41.1% glucan, 14.7% xylan, and 22.8%
lignin. Total solids solubilization was calculated by subtracting
the dried fermentation residual mass from the initial solids
mass loaded into the bioreactor and dividing by the initial
solids mass. Solubilization occurring non-biologically was cal-
culated by autoclaving each raw substrate at the same solids
loading as the fermented biomass, and then subjecting it to 5
days at 55 °C with no inoculation of C. thermocellum. For BESC
switchgrass, total solids solubilization was 46.6% and for CBI
poplar, total solids solubilization was 7.8%. CBP-processed
biomass solids are denoted by “-R” for residuals (CBP-R).

2.2. Biomass processing

A cyclone sample mill (CM) from UDY corporation (USA) was
used for initial size reduction of CBP-R to reduce oversized
particles and impurities to below <200 um size. To further
decrease particle size and achieve a nanoscale fiber mor-
phology, CM processed CBP-R material was processed in DI
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H,O using a Nanogenizer-II high shear homogenizer from
Genizer LLC (USA) with H30Z (channel diameter 200 pm) and
F20Y (channel diameter 75 pm) diamond interaction
chambers connected in series (Fig. 1). A slurry of 2% solids of
CBP-R in water was subjected to multiple passes until resis-
tance flow subsided at or above 15 000-20 000 psi with a 60%
flow rate. Homogenized material was finally dried either by
lyophilization or using an In-SD mini spray dryer model
(USALAB) with the air-in temperature of 90 °C, feed flow of
10 mL min~', and a 5 s needle frequency. HSH-processed
samples are denoted by “H-” (i.e., H-CBP-R).

2.3. Composite preparation

Injection molding grade BioPBS™ (FZ71, Mitsubishi
Chemicals America) was used as the polymer matrix for com-
posite fabrication. According to the datasheet of the manufac-
turer, the polymer has a melt flow index (MFR) of 22 g per
10 min measured at 190 °C and 2.16 kg (ISO 1133), a density
of 1.26 g cm ™ (ISO 1183), and a melting point (T},) of 115 °C.
PBS/H-CBP-R composites were fabricated using a solvent-free
melt-mixing process. Briefly, dry biomass (30% w/w) was first
mixed with PBS in a high-speed grinder using dry ice, followed
by drying in a vacuum oven for 48 h at 60 °C. The obtained
particle mix was then compounded using a Process 11 Twin-
screw Extruder (Thermo Fisher Scientific, USA). Processing
conditions were set to minimize caramelization and promote
homogeneous dispersion and continuous phase distribution
between H-CBP-R and PBS. No plasticizers were incorporated
into the composite formulation.

2.4. Pelleting, injection molding, filament extrusion and 3D
printing

PBS-based composites were pelletized and flushed through a
Process 11 Twin-screw Extruder (Thermo Fisher Scientific,
USA), with barrel zones maintained at 125 °C, followed by pro-
cessing with the HAAKE Minilab II conical twin screw extruder
(Thermo Fisher Scientific, USA). The extrudate was then col-
lected in a heated barrel for subsequent injection molding
using a HAAKE Minilab II ram injection molder (Thermo
Fisher Scientific, USA). The mold temperature was set to 45 °C,
with an injection pressure of 350 bar for neat PBS and 700 bar
for the composite blends. Specimens were produced for both
tensile and Izod impact testing. The compounded melt
mixture was pelletized and subsequently processed into
1.75 mm diameter filaments for 3D printing applications
using a customized DIY Filastruder/Filawinder filament extru-
sion system and Mk3s 3D printer equipped with an E3D
Obsidian 0.6 mm nozzle (Prusa Research, Austria).

2.5. Scanning electron microscopy

Scanning electron microscopy (SEM) was employed to deter-
mine the LC particle size to monitor processing and image the
surface morphology of the composites. Imaging was per-
formed using a JEOL JSM-6010LV scanning electron micro-
scope (JEOL USA Inc, USA) housed at the University of
Georgia’s Complex Carbohydrate Research Center. This instru-

This journal is © The Royal Society of Chemistry 2026
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ment is equipped with a low-vacuum mode, which mitigates
charging effects commonly encountered with non-conductive
samples such as CBP-R and PBS/H-CBP-R composites, elimi-
nating the need for conductive metal film sputter coating, and
thereby preserving the native surface topography of the
specimens.

2.6. Thermal properties characterization

Thermogravimetric analysis (TGA) was conducted using a TA
Instruments Discovery Series TGA to evaluate the thermal
degradation behavior of PBS/H-CBP-R biocomposites. Briefly,
samples (7-12 mg) were placed in platinum pans and heated
from room temperature to 800 °C, at a constant heating rate of
10 °C min™*, following ASTM standard E2550.

Differential scanning calorimetry (DSC) was performed
using a TA Instruments DSC 250 system to analyze the thermal
transitions of the biocomposites according to ASTM standard
D3418, with all heating and cooling ramps set at 10 °C min™".
Briefly, samples (4-7 mg) were enclosed in aluminum T-zero
pans, and subjected to the following temperature cycling pro-
tocol: first equilibrium at —80 °C, followed by heating to
200 °C, cooling back to —80 °C to remove thermal history,
reheating to 200 °C, and finally cooling to —80 °C.

2.7. Melt flow rate (MFR)

MFR, also known as Melt Flow Index (MFI), was determined
using an MP12000 Melt Flow Indexer (Tinius Olsen, USA),
adhering to ASTM D1238. Briefly, up to 3 grams of PBS/
H-CBP-R composite pellets were heated at 190 °C in the
furnace to achieve a molten state. A 2.16 kg weight was then
applied to extrude the molten polymer through a die. The
extrusion rate was measured and reported in grams per
10 minutes (g per 10 min).

2.8. Mechanical characterization

Tensile testing of composites was performed using an
Autograph ASG-X universal testing machine (Shimadzu, Japan)
equipped with a 1 kN load cell. Samples were prepared accord-
ing to ASTM D638, and a controlled tensile (pulling) force was
applied. Samples (ASTM D638 Type V bar; n = 5, gauge length
of 7.62 cm, with a thickness and width of ~3.2 mm at the
narrow section) were tested at a rate of 20 mm min~".

Izod Impact resistance was analyzed using a Model 104
Impact Tester (Tinius Olsen, USA) on notched samples (n = 3,
3.1 mm x 12.6 mm x 64 mm, notch depth = 10.2 mm) pre-
pared in accordance with ASTM D256, with a pendulum
nominal impact energy of 2.82 J. Samples were aged for 5 days
prior to analysis to ensure stress relaxation and moisture
equilibration.

Dynamic mechanical analysis (DMA) was performed using
a TA Instruments DMA Q800 in tensile mode. Prior to testing,
all samples were aged under ambient conditions for 7 days to
ensure equilibration. Rectangular specimens with approximate
dimensions of 100 mm x 35 mm x 1 mm were used.
Measurements were conducted over a temperature range from
—90 to 70 °C at a constant frequency of 1 Hz. A strain ampli-

This journal is © The Royal Society of Chemistry 2026
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tude of 0.1% was applied, with a preload force of 0.0100 N and
a force track setting of 125%.

2.9. Process modeling and techno-economic analysis (TEA)

Process modeling and TEA were conducted in accordance with
our previously described publications.”® A steady process model
was developed in Aspen Plus® version 14 for both the CBP biore-
finery and the composite production facility. The CBP model was
developed starting from the 2011 dilute acid NLR process model,
in which pretreatment, enzymatic hydrolysis, and ethanol fer-
mentation of sugars were replaced with CBP equipment as in pre-
vious reports.”® Outputs of the process model, namely the mass
and energy flowrates, were used to size equipment and calculate
the material input requirements and corresponding costs, which
constitute the inputs to the TEA. Capital equipment costs were
sourced by adapting previously disclosed vendor quotes. TEA was
conducted using a project lifetime of 30 years and an internal
rate of return of 10%. Results are presented in the cost year 2020
US Dollars.

2.10. Life cycle assessment (LCA)

A cradle-to-gate LCA was performed to quantify life cycle global
warming potential (GWP): emissions of CO,, CH,, and NO,,
converted to units of CO,e using 100-year GWP factors,*® due
to production of ethanol, lignin residuals, and electricity from
the CBP biorefinery. Nine scenarios with varying amounts of
lignin residual production were modeled to examine the
impact of residual diversion on biorefinery life cycle metrics
(Table 1). A second cradle-to-gate LCA was performed to quan-
tify life cycle GWP for production of the residual-based compo-
site. A variety of polymer matrices sourced from both fossil
and biomass feedstocks (Table 2) were modeled as inputs to
composite manufacturing to explore the impact of polymer
matrix selection on life cycle metrics of the residual-based
composite. Complete life cycle inventory (LCI) datasets for the
biorefinery and composite production are provided in the SI
(Tables S1 and S2). The DATASMART package, which combines
Ecoinvent v2 process data with U.S.-based electricity grid infor-
mation,®" was used as the background LCI database. LCA cal-
culations were performed using SimaPro software.

Table 1 The CBP biorefinery coproduces ethanol, lignin residuals, and
electricity in varying amounts depending on the amount of residual
diverted to composite production

Percentage of Ethanol Residual Electricity
residuals to production production production
composites (kgh™) (bone dry kg per h) (kwh h™)
0% 23583 0 16928
9.4% 23583 2001 13 551
10% 23583 2152 13297
20% 23583 4303 9667
30% 23583 6454 6067
50% 23583 10757 0
70% 23583 15060 0
78.2% 23583 16 825 0
100% 23583 21513 0
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Table 2 Eight polymer matrices produced from fossil or biomass feed-
stocks were modeled as inputs to composite production

Polymer matrix Feedstock for polymer

type matrix Data source

HDPE Fossil DATASMART®'

LDPE (granulate) Fossil DATASMART

LDPE (resin) Fossil DATASMART

PET (amorphous) Fossil DATASMART

PET (bottle grade) ~ Fossil DATASMART

PLA Biomass DATASMART

PBS Fossil Tecchio et al. (2016)*

PBS Fossil Ioannidou (2022)%

PBS Combined Fossil and Tecchio et al. (2016)°>
Biomass (various
agricultural residues)

OBS Biomass (food waste) Rajendran and

Han (2023)**

Both LCAs included a previously developed process model
of commercial-scale poplar agriculture.’® This model included
all agricultural and logistical operations for a seven-year poplar
harvest cycle: site preparation, seedling production, cultiva-
tion, harvest, transportation, and size reduction at the biore-
finery. Post-harvest operations to prepare the land for a second
harvest cycle or for another land use (e.g., stump removal, soil
tillage, etc.) were not included in the scope, nor was long-term
biomass storage at the biorefinery. At the CBP biorefinery and
composite manufacturing facility, all material and energy
inputs and coproducts are within scope. All biogenic carbon
fluxes are excluded from the scope due to the inherent uncer-
tainty in carbon uptake by poplar agriculture.

Both lignin residuals and electricity can be coproduced by
the CBP biorefinery under certain residual diversion scenarios
(Table 1). Coproduct allocation using the economic value was
applied to allocate total biorefinery life cycle emissions among
the three coproducts. The prices used for economic allocation
are the same as those used in the TEA, with ethanol price
varying with the percentage of residuals diverted to composites
and the electricity and residual’s prices remaining constant.
Economic allocation was used because the three coproducts
do not share physical characteristics that could be used for
allocation (mass, volume, carbon content), except for energy
content. However, energy-based allocation was not used
because the lignin residual coproduct is used as a material
feedstock rather than as an energy carrier.

3. Results and discussion

3.1. Biomass pre-processing and morphological
transformation

Recent research on PBS/lignocellulosic composites has been
focused on overcoming weak fiber-matrix bonding and poor
dispersion, which have been shown to negatively impact
mechanical properties. Therefore, we and others have hypoth-
esized that high-energy mixing, will improve particle distri-
bution in the PBS matrix and will be beneficial for the
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mechanical properties of the composites. Additionally, the
decrease in particle size will minimize the local stress at the
LC-PBS interface.'®®® Studies show that smaller particle sizes
(e.g., 45 pm) combined with high mixing speeds enhance
delignification and biomass conversion.®” Others have shown
that homogenization techniques, such as Ultra-Turrax at
12 000 rpm, have proven effective for producing well-dispersed
cellulose nanofiber suspensions for PBS bionanocomposites.®®
This evolution toward integrating surface treatments with
high-energy methods reflects a clear trend aimed at minimiz-
ing fiber agglomeration and achieving uniform dispersion in
the polymer matrix. This study expands on this work by utiliz-
ing HSH to activate the fiber surface. By replacing traditional
chemical functionalization with HSH, we implemented a
solvent-free design strategy that prioritizes mechanical inter-
locking over chemical modifications. Furthermore, most
chemical modification strategies rely on organic solvents, syn-
thetic additives, and toxic reagents, increasing the environ-
mental burden of material production. On the contrary, our
approach provides a pathway for enhancing interfacial inte-
gration through physical rather than chemical means. Here,
we explored the potential of incorporating CBP residuals into
PBS using this approach to yield biocomposite pellets (Fig. 1).
Based on the chemical composition numbers from raw and
fermented biomass, total carbohydrate conversion was 53.5%
for BESC switchgrass and 10.4% for CBI poplar for once-fer-
mented CBP residuals. Analysis of the particle size distribution
of switchgrass and poplar CBP-R revealed a coarse particle size
distribution ranging from 1 to 5 mm (Fig. 2a and e). Thus, we
utilized a Cyclone Mill (CM) for preliminary size reduction,
with a mesh size of 250 pm, effectively reducing particle size to
below 200 pm (Fig. 2b and f). To achieve nanoscale fiber mor-
phology, we next applied HSH that relies on intense impact,
shear, and energy dissipation forces to further process pre-
milled CBP-R.®® To achieve this, the CBP-R slurry was sub-
jected to multiple passes through HSH diamond interaction
chambers under very high pressure. As the suspension is
forced through this restricted opening, the rapid pressure
reduction, combined with the high velocity, causes cavitation,
turbulence, and immense shear stresses, effectively disrupting
the cell walls and disaggregating fiber bundles. CBP-R sub-
jected to HSH showed distinct morphological transformation,
which varied based on the biomass type (Fig. 2). Specifically,
switchgrass CBP-R residues were present as discrete, elongated
fibers, indicating that this material underwent effective defi-
bration (Fig. 2c¢). Analysis of HSH-processed poplar CBP-R by
SEM showed that it reconstituted into two-dimensional flat
flakes with a length of 10-100 pm (Fig. 2f and SI Fig. S2). This
varying morphological response between the two biomass
types likely stems from inherent differences in the hierarchical
structure of their respective cell walls, including composition,
architecture, and mechanical properties. In the case of poplar
CBP-R, high amounts of glucan’®’* likely lead to delamination
along cellulose sheets to dominate in mechanical disinte-
gration. On the other hand, xylan-lignin crosslinks by ferulate
esters’> in switchgrass CBP-R likely result in formation of

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Comparative analysis of processed CBP residuals from poplar and switch biomass. (a) Raw CBP-R switchgrass and corresponding SEM
image. (b) Cyclone milled CBP-R-SG with grain size reduced to below 200 pym. (c) Homogenized and dried CBP-R-SG with fine LC fibers. (d)
Comparison of volumetric changes between the switchgrass raw and homogenized CBP-R. (e) Raw CBP-R poplar and corresponding SEM image. (f)
Cyclone milled CBP-R-P with grain size reduced to below 200 pm. (g) Homogenized and dried CBP-R-P with reconstituted LC fibers in the form of
flat flakes. (h) Comparison of volumetric changes between the switchgrass raw and homogenized CBP-R. Each image has two parts. The top portion
of each image is optical image of biomass and the bottom section is the corresponding SEM image.

microfibril bundles that may disintegrate by fibrillar separ-
ation after HSH.®® However, the ability to precisely control and
predict such morphological outcomes is complex. Fig. 2d and
h shows the volumetric changes that occur after homogeniz-
ation of CBP-R biomass for switchgrass and poplar, respect-
ively. In Fig. 2d (switchgrass) and Fig. 2h (poplar), the left tube
(raw) occupies a compact, smaller volume, while the right tube
(homogenized) shows a dramatic increase in volume. This
expansion results from homogenization, which reduces the
biomass particles into fine, low-density fibers that trap air and
resist tight packing.

3.2. Biocomposite formulation and pellet production

Many studies have investigated biocomposites with weight
ratios of 90:10, 80:20, and 70: 30 of PBS to plant biomass to
understand their enhanced properties and applications, and
70 : 30 was previously shown to be optimal.*>”*7* We utilized a
twin-screw melt extruder to produce polymer blends with a
70 : 30 weight ratio, as it facilitates intense mixing and shear,
ensuring a homogeneous dispersion of filler within the
molten PBS matrix (Fig. 3). Next, we examined the extruded
filaments using scanning electron microscopy (SEM) to investi-
gate the impact of the different processing techniques on filler
morphology and its integration within the PBS matrix. As
expected, the surface of the neat PBS filament (Fig. 3b) is
smooth and featureless. In contrast, the surfaces of the CM-

This journal is © The Royal Society of Chemistry 2026

processed filaments are highly corrugated and display pro-
nounced topological irregularities, where large, protruding
biomass bundles are apparent (Fig. 3e and k). These surface
clusters indicate poor wetting and a lack of depth-integration,
which can lead to nozzle clogging during 3D printing.
Conversely, the HSH-processed filaments exhibit a more
refined and uniform surface morphology with no large protru-
sions (Fig. 3h and n), demonstrating that HSH processing
allows the biomass to remain fully encapsulated within the
PBS sheath during extrusion. A closer examination of CM-
versus HSH processed switchgrass residuals reveals the mor-
phological consequences of relying solely on mechanical
milling (Fig. 31 and o). Unlike the homogenized samples, the
CM particles remain as cohesive fiber bundles with intact cell
wall structures with visible micro-gaps and poor wetting
(Fig. 3l). Together, these data demonstrate that the HSH
process results in microstructural refinements that transform
rigid bundles that would otherwise act as stress concentrators
into high-aspect-ratio reinforcing agents.

3.3. Thermomechanical analysis and interfacial evaluation

Next, we performed dynamic mechanical analysis (DMA) to
quantitatively compare the impact of HSH and CM on
mechanical stability, interfacial adhesion, and polymer misci-
bility. Injection-molded composite films were cut into
10-15 mm specimens for analysis (Fig. 4a). The magnitude of
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Fig. 3 Morphological comparison of PBS/CBP biocomposites prepared using cyclone milling and high-shear homogenization. (Left column) Digital
photographs of neat PBS and PBS/CBP-R biocomposite filament pellets. (Middle column) Scanning electron micrographs (SEM) of the filament sur-
faces of neat PBS and PBS/CBP-R biocomposite filaments. (Right column) Scanning electron micrographs (SEM) of filament cross-sections of neat
PBS and PBS/CBP-R biocomposites. Insets display a high-magnification view of the boxed area of the interface to highlight homogenous integration
of the filler with PBS. Scale bars are shown for reference. PBS (neat PBS), PBS/CM-CBP-P (CM poplar), PBS/H-CBP-P (HSH poplar), PBS/CM-CBP-SG
(CM switchgrass), PBS/H-CBP-SG (HSH switchgrass).
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Fig. 4 Dynamic mechanical analysis (DMA) of neat PBS and PBS/CBP-R biocomposites. (a) Digital photograph of injection-molded specimens used
for testing. (b—f) Thermomechanical profiles showing storage modulus (E’), loss modulus (E”), and tané as a function of temperature for: (b) neat
PBS, (c) PBS/CM-CBP-R-P (cyclone-milled poplar), (d) PBS/H-CBP-R-P (homogenized poplar), (e) PBS/CM-CBP-R-SG (cyclone-milled switchgrass),

and (f) PBS/H-CBP-R-SG (homogenized switchgrass).

the tan 6 peak represents the energy dissipation (damping) of
the material. Higher tan § indicates greater molecular mobility
and energy dissipation. This is often associated with weak
filler-matrix interactions or increased free volume. On the
other hand, low damping (i.e., low tan§) suggests restricted
polymer chain mobility and stronger interfacial bonding.” "%
Neat PBS exhibited an initial storage modulus (E') of 7112
MPa at —90 °C and a characteristic glass transition tempera-
ture (Ty) at —17.95 °C (tan § magnitude 0.169) (Fig. 4b). In the
poplar composites, PBS/CM-CBP-R-P (Fig. 4c) showed a high

This journal is © The Royal Society of Chemistry 2026

initial E' of 22 633 MPa but suffers from a severe T, depression,
with the tané peak shifting to —24.10 °C and the E' onset
occurring at —34.70 °C (high damping magnitude 0.238).
These changes suggest poor interfacial adhesion and increased
free volume at the LC-PBS matrix interface. Conversely, PBS/
H-CBP-R-P (Fig. 4d) stabilizes the matrix with an E' of 12221
MPa at —90 °C and maintains the T, at —19.00 °C, while suc-
cessfully anchoring polymer chains as evidenced by a sup-
pressed tan § magnitude of 0.163. A similar trend was observed
for the switchgrass composites. PBS/CM-CBP-R-SG (Fig. 4e)
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exhibited a high initial £’ of 30 390 MPa, and showed a signifi-
cant T, shift to —26.05 °C and high damping (0.270), whereas
the homogenized PBS/H-CBP-R-SG (Fig. 4f) restores the T, to
—19.90 °C and maintains an initial £’ of 12 665 MPa. Overall,
the CM samples exhibited high damping (up to 0.270),
whereas the HSH-treated samples showed a suppressed tan
magnitude of 0.163 (lower damping), which is lower than the
neat PBS baseline (0.169).

Notably, the exceptionally high storage modulus (E')
observed for CM samples in the glassy region (below —40 °C)
is interpreted as an artifact of poor filler dispersion and direct
percolation of coarse, cyclone-milled grains. In the frozen
glassy state, the immobilized PBS matrix acts as a rigid
medium that physically traps these large-scale heterogeneities,
resulting in a high apparent stiffness. However, this phenom-
enon does not represent true reinforcement, as evidenced by
two critical factors. First, the CM composites exhibit signifi-
cant interfacial instability, characterized by a severe T,
depression and a dramatic increase in tan §. This suggests that
the large grains serve as macromolecular defects that disrupt
the local packing of the PBS matrix rather than integrating
with it. Second, the disparity in reinforcing efficiency becomes
evident in the rubbery region (above —20 °C). As the polymer
chain mobility increases, the weak CM interface fails to
support effective load transfer, leading to a rapid loss of struc-
tural integrity. In contrast, HSH-refined microfibers main-
tained a significantly higher modulus into the rubbery state
(1286 MPa at 40 °C). This represents a 156% increase over the
neat PBS baseline (503 MPa) and outperforms the CM control
by 21%, confirming that the HSH process facilitates a stable,
integrated reinforcing network rather than a transient struc-
tural artifact.

The loss modulus (E") profiles further support this
interpretation. Neat PBS exhibited an E” peak at —23.30 °C. For
the CM-CBP-R composites, a significant downward shift in the
E" peak was observed, reaching —29.30 °C for PBS/CM-CBP-R-P
and —30.70 °C for PBS/CM-CBP-R-SG. This premature energy
dissipation suggests disrupted matrix packing due to the pres-
ence of CM-processed filler, which increases free volume and
enhances molecular friction at lower temperatures. In contrast,
the HSH-treated samples showed E” peaks at —25.20 °C (PBS/
H-CBP-R-P) and —25.60 °C (PBS/H-CBP-R-SG), closer to neat
PBS. This proximity indicates that the refined microfibers do
not introduce the same level of microstructural defects as the
cyclone-milled bundles, instead forming a more integrated
and thermally stable interface.

Based on these thermomechanical findings, a clear distinc-
tion was observed regarding the suitability of the two proces-
sing methods. Although cyclone milling produced rigid fillers,
the resulting composites suffer from microstructural instabil-
ity and poor interfacial bonding, rendering them unsuitable
for reliable high-performance applications. Consequently, CM-
processed samples were excluded from further investigation.
The subsequent sections detailing thermal characterization
(TGA, DSC, MFR) and tensile properties focus exclusively on
HSH-refined biocomposites to establish their performance
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profile and demonstrate their viability for structural 3D print-
ing applications.

3.4. Thermal characterization of biocomposites

A comprehensive understanding of the thermal behavior of
both neat PBS and its biocomposites with HSH-processed
switchgrass and poplar CBP-R is crucial for assessing their pro-
cessability and performance. This was achieved through
thermogravimetric analysis (TGA), differential scanning calori-
metry (DSC) and melt flow rate (MFR) studies (Fig. 5). TGA
revealed distinct thermal degradation profiles for PBS, raw
biomass materials, and their composites under different pro-
cessing conditions. Pure PBS exhibits a single major degra-
dation event with an onset temperature at 300 °C, a maximum
degradation temperature at 395 °C, and a sharp weight loss
between 350-420 °C, corresponding to its primary decompo-
sition phase. Negligible char residue remains beyond 450 °C,
indicating complete degradation.

Analysis of switchgrass and poplar H-CBP-R showed that
both raw feedstocks exhibit multi-step thermal degradation
behaviors (Fig. 5a-DTG). TGA and DTG profiles of H-CBP-R-P
show a 4-step degradation profile (Fig. 5a), where the initial
weight loss below 100 °C is attributed to the evaporation of
physically adsorbed moisture. This is followed by a second
mild degradation at 150-210 °C (volatile species), a third sig-
nificant degradation stage occurring between 200-300 °C with
intense degradation at 275 °C, and finally at 450 °C. Similarly,
TGA and DTG data of H-CBP-R-SG (Fig. 5a) shows a two-step
thermal degradation behavior, initiated by the same initial
weight loss below 100 °C attributed to the evaporation of phys-
ically adsorbed moisture, followed by a second significant
degradation event from 170-390 °C with intense degradation
at 330 °C. Beyond 500 °C, both H-CBP-R samples exhibit slow
weight loss due to the decomposition of highly condensed
carbon structures, leaving char residues. As shown pre-
viously,”® raw biomass (H-CBP-R-SG and CBP-R-P) typically
shows hemicellulose degradation between 200-300 ©°C.
Hemicellulose is an amorphous heteropolysaccharide and pos-
sesses the lowest thermal stability among the three main ligno-
cellulosic components. Its degradation involves the breakdown
of oxygen-containing functional groups, resulting in a
maximum degradation temperature around 275 °C, that is
often observed as a pronounced peak or shoulder in the DTG
curve.””®® Cellulose is more thermally stable than hemi-
cellulose and thus undergoes its primary thermal degradation
at higher temperatures (290-400 °C) with an intense peak near
350 °C. Lignin degrades over a broader temperature range,
extending up to 900 °C, contributing to char residue formation
at high temperatures.®"®” The observed enhancement in the
thermal stability of lignocellulosic fillers within the PBS matrix
indicates beneficial interactions within the composite. We
hypothesize that improved dispersion and interactions at the
PBS-LC fibers interface can reduce the mobility of biomass
constituents,>?>% thereby reinforcing their thermal resis-
tance.** Studies have shown that enhanced interfacial
bonding, sometimes achieved through surface modifications

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Thermal characterization of PBS and H-CBP-R composites. (a) Thermogravimetry Analysis (TGA); (b) differential scanning calorimetry (DSC);
(c) melt flow rate analysis, data is represented as the average + S.D. of three technical replicates (n = 3) and (d) melt density analysis of PBS in com-
parison with PBS-based CBP-R composites, data is represented as the average + S.D. of three technical replicates (n = 3). Inclusion of H-CBP-R resi-
dues maintains the core thermal stability of the PBS matrix while significantly reducing the melt flow rate, indicating that the microfibers provide a
structural network that enhances melt viscosity, a critical factor for successful 3D printing and filament deposition.

of lignocellulosic fillers or the use of compatibilizers, leads to
increased thermal degradation resistance.®® These potential
chemical interactions can stabilize labile groups and facilitate
cross-linking reactions, which contribute to higher char yields
and elevated degradation onset temperatures.®®

Differential scanning calorimetry (DSC) was employed to
further elucidate the thermal transitions and phase behavior
of the materials (Fig. 5b). Neat PBS exhibited distinct and well-
defined melting (7,,), and crystallization (7.) temperatures,
which are characteristic features of a semi-crystalline
polymer.?” The DSC thermograms revealed that pure PBS typi-
cally melts in the range of 110-115 °C and crystallizes near
80 °C. The addition of H-CBP-R did not affect the crystalliza-
tion temperatures (Fig. 5b).

MFR measurements conducted at 190 °C, showed values of
3.74, 4.43, and 3.33 g per 10 min for PBS, PBS/H-CBP-R-P, and
PBS/H-CBP-R-SG, respectively (Fig. 5¢ and d). Despite slight
variations, all measured MFR values remained within the pro-

This journal is © The Royal Society of Chemistry 2026

cessable range for PBS, making them suitable for injection
molding. It is important to consider that MFR analysis con-
ducted at elevated temperatures can induce biomass carameli-
zation, potentially affecting the measured flow properties.
Fig. 5d shows the corresponding melt densities of 0.97, 1.21,
and 0.98 ¢ cm™ for PBS, PBS/H-CBP-R-P, and PBS/H-CBP-SG,
respectively.

3.5. Mechanical performance

A detailed tensile and impact strength analysis was conducted
to evaluate the mechanical performance of biocomposites for-
mulated with HSH-treated CBP-R. The tensile properties of
dogbone specimens were assessed using a Shimadzu
Autograph AGS-X universal testing machine (Fig. 6a and b).
The neat PBS served as the baseline, demonstrating a Young’s
modulus of 0.36 + 0.02 GPa, a high strain at break of 236 +
60%, a stress at break of 39 + 6 MPa, and a yield strength of
17.6 + 0.4 MPa, which is characteristic of a ductile polymer
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Fig. 6 Mechanical tensile testing of PBS and H-CBP-R biocomposites. (a) Shimadzu tensile testing unit used for uniaxial tensile and impact testing
of injection-molded specimens; (b) injection-molded dog-bone specimens before testing showing PBS (bottom), PBS/H-CBP-R-P (middle) and PBS/
H-CBP-R-SG (top); (c) representative dog-bones after tensile failure with fracture locations indicated by dashed circles; (d) SEM micrograph of the
cross-section of a fractured PBS/H-CBP-R-SG dog-bone showing interfacial features; () SEM micrograph of the fractured PBS/H-CBP-R-P dog-
bone tip showing fracture topography. Tensile and impact mechanical properties of neat PBS and composite formulations presented as bar graphs:
(f) Young's modulus demonstrating a marked stiffness increase for PBS/H-CBP-R-SG and PBS/H-CBP-R-P compared with neat PBS; (g) yield
strength showing moderate improvement for composites relative to PBS; (h) impact strength indicating a substantial decrease in impact resistance
for both composite formulations versus neat PBS. Error bars represent standard deviation from at least five independent specimens. Measurements

were done in triplicates and average values are reported.

capable of significant deformation before fracture. In contrast,
the incorporation of H-CBP residuals significantly altered the
mechanical properties of both composite formulations. For
the PBS/H-CBP-R-SG and PBS/H-CBP-R-P composites, the
Young’s modulus nearly doubled to 0.66 + 0.07, and 0.65 +
0.04 GPa, respectively (Fig. 6f and g), indicating a substantial
increase in stiffness compared to neat PBS. This enhancement
in stiffness is typical for polymer composites containing a
rigid filler.®® To contextualize these mechanical improvements
within the broader materials landscape, a Young’s modulus

Green Chem.

versus tensile strength Ashby plot was generated (Fig. 7 and
Tables S3 and S4). As shown in the property map, the incorpor-
ation of H-CBP residuals shifts the application scope of the
materials from the flexible commodity packaging regime,
typical of neat PBS and LDPE, into the general engineering
and consumer goods’ quadrant. While the biocomposites
exhibit reduced ductility, they occupy a performance space
that bridges the gap between flexible biopolymers and rigid
engineering plastics. Specifically, the H-CBP-R composites
achieve a stiffness-to-strength ratio comparable to unrein-

This journal is © The Royal Society of Chemistry 2026
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forced Polypropylene (PP) and High-Density Polyethylene
(HDPE), validating their potential as sustainable alternatives to
fossil-derived structural plastics. However, this increase in
stiffness came at a notable trade-off in ductility, evident from
the decrease in the strain at break to 12.3 + 3% and 12.5 + 2%
in PBS/H-CBP-R-SG and PBS/H-CBP-R-P, respectively. This
drastic reduction in ductility suggests a transition to more
brittle failure. While the stress at break showed a reduction for
both composites compared to neat PBS (26.4 + 1.1 MPa for
PBS/H-CBP-R-SG and 29.4 + 0.8 MPa for PBS/H-CBP-R-P), the
increase in yield strength to 20.8 + 1.2 MPa and 21.6 + 1.8
MPa, respectively, indicates that the composites can withstand
higher stresses before permanent deformation begins, aligning
with their increased stiffness.

The observed “cone” patterns (Fig. 6¢) after tensile failure
for both composites were noteworthy and provide critical
insights into their fracture mechanisms. While a typical
ductile cup-and-cone fracture is characterized by significant
necking and substantial plastic deformation, the biocompo-
sites exhibited low strain at break and no obvious necking
prior to failure. The observed cone pattern, therefore, is more
indicative of internal delamination during the fracture
process. This phenomenon is likely a result of changes in

This journal is © The Royal Society of Chemistry 2026

stress distribution within the matrix due to the high filler
loading. To investigate this further, the fractured surfaces were
examined by scanning electron microscopy (SEM) (Fig. 6d and
e). Our data showed that the composites exhibited relatively
smooth fracture surfaces, characterized by hackle marks and
minimal evidence of plastic deformation, further corroborat-
ing a brittle failure mode.®® These microscopic features align
with the macroscopic observation of low strain at break,
suggesting that the increased stiffness imparted by the LC
phase is accompanied by localized debonding between the
filler and matrix. This promotes brittle crack propagation and
reduces the capacity of the composite for plastic energy
dissipation.

Higher impact strength is particularly favorable for appli-
cations where materials are subjected to sudden loads or
impacts. Thus, in order to further pinpoint the best-suited
applications for the prepared composites, we measured their
notched Izod impact strength (Fig. 6h). A substantial decrease
in impact resistance was observed for both H-CBP-R based
composite formulations compared to neat PBS (Fig. 6h). The
observed reduction in impact strength of the biocomposites is
a direct consequence of the microstructural changes induced
by incorporation of H-CBP residuals. During testing, the stiffer
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structure formed by the LC fibers resists deformation around
the notch. However, unlike ductile materials that can absorb
impact energy through extensive plastic deformation and crack
blunting,”® these stiffer composites tend to localize the
applied force at the notch tip. This localization, combined
with the matrix’s reduced ability to dissipate energy, leads to
an abrupt failure and brittle crack propagation.

The observed mechanical trade-offs, specifically by
increased Young’s modulus and reduced impact resistance,
define a specific application centered on structural rigidity,
where rigidity and structural integrity under static loading are
prioritized. This includes precision manufacturing and 3D
printing. Although neat PBS is highly ductile, incorporation of
30 wt% H-CBP-R transforms the material into a stiffness-domi-
nated composite comparable to certain grades of
Polypropylene (PP) and Bio-Polyethylene (see benchmarking in
Table S4, SI). Therefore, these biocomposites are less suitable
for high-impact applications but provide the necessary
mechanical stability for precision manufacturing. However, to
fully justify the HSH processing step and to evaluate molecular
adhesion between the phases, a deeper investigation into the
thermomechanical and viscoelastic behavior is required.

3.6. Biodegradability and environmental disintegration

The end-of-life behavior of the biocomposites was evaluated
through composting studies conducted under real-world
garden conditions over 6 months to assess environmental per-
sistence. Unlike laboratory-controlled settings with optimized,
constant higher temperatures, these garden conditions in a
greenhouse-enclosed composter (Fig. S1a) expose the materials
to natural thermal fluctuations and indigenous soil micro-
biota. In such environments, biodegradation is initiated by
moisture absorption from the surrounding soil, which serves
as a precursor to microbial colonization and enzymatic break-
down. The internal temperature of a garden greenhouse
composter typically follows a dynamic profile. During the
initial active phase, microbial metabolism generates heat,
often maintaining internal temperatures between 25 °C and
35 °C, which can occasionally spike higher depending on the
organic load and solar gain within the greenhouse. As the
process matures, the temperature settles toward the ambient
greenhouse average, typically ranging from 18 °C to 25 °C.°"%?
This fluctuating temperature profile is critical as it facilitates
the transition from mesophilic bacterial activity to fungal
degradation, both of which contribute to the structural break-
down of the PBS matrix.

Quantitative monitoring of sample weights (Fig. S1g) distin-
guished the initial moisture uptake and subsequent mass loss
during soil incubation. PBS/H-CBP-R-SG showed greater sensi-
tivity than neat PBS, evidenced by a 5.8 wt% increase in
weight, from 998.1 to 1056.0 mg, in the first 11 days, compared
to only 1.5% for neat PBS. This higher moisture uptake reflects
the hydrophilic nature of the refined biomass microfibers,
which facilitate water penetration into the composite structure.
After saturation, the samples exhibited distinct degradation be-
havior. Over 6 months, PBS/H-CBP-R-SG samples underwent
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substantial disintegration, resulting in a final dry weight of
960.0 mg. This represents a total mass loss of nearly 100 mg
from its peak wet weight, indicating that the material is being
deconstructed. Conversely, neat PBS remained remarkably
stable, with a final weight of 871.0 mg, showing almost no
mass loss from its peak wet weight.

The initial injection-molded specimens for both neat PBS
(Fig. 8a) and PBS/H-CBP-R-SG (Fig. 8c) show smooth surfaces.
After 6 months in the garden composter, however, the mor-
phological changes are profound. While the neat PBS (Fig. 8b)
shows only minor surface dulling, the PBS/H-CBP-R-SG speci-
men (Fig. 8d) exhibits extreme fragmentation and a character-
istic porous texture. These observations align with the thermo-
mechanical findings in section 3.3, the homogenized microfi-
bers that provided mechanical reinforcement during the
material’s usage for intended applications also facilitate a
rapid return to the environment during its end-of-life phase
under natural composting conditions.

3.7. 3D printing applications and filament performance

The adaptability and potential of these biocomposites in
advanced additive manufacturing techniques were rigorously
assessed through comprehensive 3D printing tests, demonstrat-
ing their practical applicability. The results, as shown in Fig. 9,
highlight an advantageous contrast in 3D printing performance
between neat PBS and its biocomposite counterparts. This tran-
sition from injection-molded specimens to fused deposition
modeling (FDM) filaments is a necessary step in validating these
materials for decentralized, low-waste manufacturing.

Neat PBS pellets, specifically injection molding grade FZ71
as shown in Fig. 9a, served as the baseline for filament pro-
duction. The resulting 1.75 mm diameter filament (Fig. 9b)
was used in 3D printing trials conducted with a BambuLab
A1 mini and Prusa Research Mk3s with 0.6 mm nozzle, 95 °C
bed temperature, and 180 °C nozzle temperature. The thermal
challenges observed during these trials correlate directly with
the thermomechanical profiles established in section 3.3. Neat
PBS exhibited problematic shrinkage during the cooling phase
(Fig. 9c¢), resulting in severe delamination from the print bed,
even at an elevated bed temperature. The DMA data provides a
molecular explanation for this failure, as the high segmental
mobility of neat PBS polymer chains, near its T, enables rapid
crystalline reorganization and significant volume contraction
upon cooling. We hypothesize that without the reinforcing LC
microfibers to anchor these chains, the internal stresses gener-
ated during the layer-by-layer cooling process exceed the
adhesive forces of the print bed. Such severe warpage makes
neat PBS challenging for reliable 3D printing without special-
ized, high-temperature chambers. Furthermore, the low
storage modulus E' of neat PBS in the rubbery region, as seen
in the DMA analysis, suggests that the printed layers lack the
structural stiffness required to resist the pulling forces of
cooling-induced shrinkage, leading to the observed part
failure.

In contrast, the PBS/H-CBP-R-SG and PBS/H-CBP-R-P bio-
composite filaments (Fig. 9e and h) demonstrated significantly

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Visual assessment of environmental disintegration via composting. Comparison of injection-molded neat PBS dog bone specimens (a)
before and (b) after 6 months of composting, showing minor surface dulling and pitting. (c) PBS/H-CBP-R-SG biocomposite (70/30 wt%) before
composting and (d) after 6 months of exposure, exhibiting extreme fragmentation, extensive surface erosion, and a characteristic porous architec-
ture resulting from accelerated microbial degradation and moisture-induced swelling of the refined microfibers in a natural environment.

improved 3D printability and dimensional stability. The
inclusion of 30% LC biomass microfibers acted as an internal
structural scaffold, effectively countering the thermal contrac-
tion characteristic of neat PBS. The observed improvements in
filament thermal processability and dimensional stability
resulting from filler incorporation, has been previously
reported for biomass-based composites, but requires additives
and compatibilizers.”>™®> This stabilization of our composites
is directly supported by the DMA results, which showed a
152% increase in the storage modulus E' in the rubbery
region. During the FDM process, as the molten filament leaves
the nozzle and begins to cool, this drastically higher stiffness
allows the composite to resist the internal stresses that typi-
cally cause warping and delamination in neat PBS.
Furthermore, the suppression of the tan § peak magnitude in
the biocomposites confirms that the HSH-refined microfibers
significantly restrict the segmental mobility of the PBS
polymer chains. In 3D printing, this molecular anchoring
minimizes the dramatic volumetric shrinkage associated with
the crystallization of the PBS matrix. Consequently, the bio-
composites exhibited high interlayer and bed adhesion,
leading to high-quality printed objects (Fig. 9f and i) with pre-

This journal is © The Royal Society of Chemistry 2026

cision comparable to industry-standard polylactic acid (PLA).
This precision is not merely a result of improved processing
but reflects a fundamental shift in the material’s mechanical
classification. As shown in the Ashby property map (Fig. 7),
while neat PBS resides in the flexible commodity packaging
regime, the H-CBP-R biocomposites migrate into the general
engineering and 3D printing filament quadrant. By bridging
the property gap between neat PBS and higher-modulus
incumbents like PET and PLA, these composites offer the
structural rigidity required for high-fidelity additive manufac-
turing while maintaining the sustainable advantages of a bio-
derived system. The ability to use standard PLA profiles
(180 °C nozzle, 0.2 mm layer height) without extensive equip-
ment modification further highlights the commercial viability
of these valorized residues.

Beyond thermal stability, a noteworthy advantage was the
superior ambient stability of the PBS/H-CBP-R filaments.
While many bio-based filaments like PLA are inherently hygro-
scopic and become brittle over time due to moisture-induced
chain scission, the PBS/H-CBP-R filaments remain ductile and
printable even after multiple months of ambient exposure,
consistent with the moisture absorption data. Although the
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Fig. 9 3D-printing performance of neat PBS and PBS/biomass biocomposites. (a) PBS FZ71 injection molding grade pellets, the starting material for
neat PBS filaments. (b) A 1.75 mm diameter filament extruded from neat PBS pellets. (c) 3D printing test results with neat PBS. Shrinkage/warping
occurred during printing leading to delamination of the part from the print bed surface after the second layer, even at an elevated bed temperature
of 95 °C. (d) PBS/H-CBP-R-SG biocomposite pellets and (e) a 1.75 mm diameter filament formulated at a 70/30 weight percentage. (f) Successful 3D
printing test using the PBS-switchgrass biocomposite, demonstrating drastically improved printability. (g) PBS/H-CBP-R-P biocomposite pellets and
(h) 1.75 mm diameter filament formulated at a 70/30 weight percentage. (i) 3D printing test using the PBS-poplar biocomposite. The inclusion of
H-CBP-R microfibers provides a critical increase in melt stability and structural stiffness, which effectively counteracts the high thermal shrinkage of

neat PBS and enables the high-fidelity 3D printing of complex geometries.

CBP-R fillers are hydrophilic, the high interfacial integrity
between the homogenized microfibers and the PBS matrix
likely prevents the wicking of moisture into the core of the fila-
ment. This enhanced shelf-life reduces material waste and
increases the practical appeal of these composites for distribu-
ted manufacturing, in situations where climate-controlled
storage is unavailable. Further, the distinct mechanical profile
of the PBS/H-CBP-R biocomposites characterized by a near-
doubling of the Young’s modulus and a concomitant
reduction in impact resistance dictates a specific application
envelope centered on dimensional stability and structural
rigidity. These materials are ideally suited for FDM 3D printing
as demonstrated in the current study, where the increased
stiffness effectively counteracts the thermal shrinkage and
warping common in neat PBS, enabling the production of
high-fidelity, complex geometries. In addition, they are well-
positioned for static structural components, such as interior
architectural elements, lightweight frames, and housings for
consumer electronics, where resistance to deformation under
constant load is a primary requirement. Conversely, the tran-
sition to a brittle failure mode renders these composites expli-

Green Chem.

citly unsuitable for high-impact environments, such as auto-
motive safety components, or applications requiring repetitive
flexing, such as living hinges. Taken together, our data suggest
that H-CBP-R biocomposites may serve as sustainable replace-
ments for rigid thermoplastics like polypropylene (PP) in
static, non-dynamic use cases (Fig. 7).

3.8. Techno-economic analysis (TEA)

To explore the economic potential for blending lignin-rich
residuals with bioplastics, we performed process modeling
and (TEA for biocomposite production. We chose to analyze
the scenario where solid residuals from an ethanol-producing
CBP biorefinery are sold as a co-product to the biomaterial pro-
duction facility. Although the biomaterial production could
theoretically be included inside the battery limits of the CBP
biorefinery, this would make the CBP biorefinery economics
contingent upon the consistent sale of the composite. Selling
the residual directly as a co-product offers flexibility since the
rest of the residuals are still burned in the boiler to produce
heat and electricity. This framework also allows us to indepen-
dently analyze the benefits to the CBP biorefinery for selling

This journal is © The Royal Society of Chemistry 2026
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the residuals as a co-product as well as the influence of co-
product price on both facilities.”®

We first developed a process model for CBP similar to pre-
vious published works (Fig. 10).>® The model is described here
in brief, but a more thorough description is provided in the SI.
The biomass substrate is first mechanically refined to reduce
the particle size and increase solubilization efficiency. The
mechanical refining process was modeled based on the work
from Davis et al.®” includes disc refining and a roller mill.
After size reduction, the processed biomass is loaded into 1
MM gallon fermenters at 20 wt% solids loading along with
seed inoculum of thermophilic bacteria. Solubilization and
fermentation occur over the course of five days, reaching 90%
solubilization and 88% conversion of solubilized glucose to
ethanol, representing a net ethanol yield of 80% of theoretical
(0.41 g ethanol per g glucans + g xylan). Minor hemicellulose
sugars such as mannose, galactose, and arabinose were con-
sidered non-fermentable. After fermentation, the broth
(91 wt% water) contains the ethanol product (2.8 wt%) as well
as the residual solids which contains the cell mass as well as
carbohydrates and lignin in the pulp (2.6 wt%) which was not
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converted in fermentation. The ethanol is purified via distilla-
tion and molecular sieves using the configuration described by
Humbird et al,*® producing a 99.3 wt% ethanol product.
Residual solids from fermentation are contained in the
bottom product of the first distillation columns and dried to
35 wt% moisture content in a lignin filter press.

The CBP biorefinery processes 2000 dry tonnes of poplar
biomass per day, producing 40.5 MMGGE (million gallons of
gasoline equivalent; 186 kt ethanol per year) of ethanol fuel
assuming 7884 operational hours per year (90% stream factor).
Approximately 170 dry kt per year of residuals (35 wt% moisture;
259 wet kt per year) are also produced in the process. In the base
case, this lignin-rich CBP residual is burned in a high solids
boiler along with biogas produced from on-site wastewater treat-
ment to generate heat and electricity, similar to previous ana-
lyses.”® This fully supplies the heat (64.8 Geal h™") and electricity
(29.2 MW) needed for the biorefinery, and produces excess elec-
tricity (16.9 MW) which is sold to the grid. The minimum
ethanol selling price (MESP) was $3.52 per GGE, driven mostly by
biomass feedstock, glucose for seed production, as well as the
capital expenses. Electricity sales offset $0.19 per GGE.

’a CBP biorefinery Disc

Poplar refining

Ethanol
~OH

Ethanol
recovery

CBP residuals

High pressure
homogenization

Multi-effect
evaporation

Base plastic (PBS, PHA, etc.)

Spray drying Extrusion

]
i Recycled
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c T d e
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S 1570 Electricity | & $3.00 L 3.50
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Fig. 10 Techno-economic impact of selling residuals obtained in an integrated poplar biorefinery. (a) Prodiction scheme of a CBP refinery produ-
cing ethanol and CBP residuals, which can be burned onsite to produce heat/electricity or sold as a co-product. (b) Biomaterials production
scheme. (c) Electricity balance of the plant versus the percentage of the residuals flow diverted to co-product sales instead of burning for electricity
production. (d) MESP breakdown showing the decrease in MESP with increasing amount of residuals diverted to co-products (e) Impact of CBP

residuals selling price on the MESP.
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Although lignin burning is common in biorefinery designs,
the heat and electricity generated are considered low-value co-
products. Kubis and Lynd recently demonstrated that selling
all the residuals as co-product fuel pellets ($166 per ton)
increased revenues and ultimately reduced the MESP.”® We
first analyzed the impact of diverting CBP residuals to be sold
as a co-product. Diverting the residuals from the boiler has
several effects on the CBP biorefinery. As the amount of
residuals diverted for co-product sales increases, the amount
of electricity generated onsite (as well as the size of the boiler)
decreases. When more than 47% of the residuals (79 kt per
year) are diverted for sale, the CBP biorefinery no longer pro-
duces excess electricity and must purchase electricity from the
grid to meet power needs (Fig. 10c). The biorefinery can still
produce sufficient heat from biogas/sludge (produced onsite
from wastewater treatment) combustion past this point, but
must supplement with purchased natural gas when more than
78% of the residuals are sold to the market.

The economic impact of residuals diversion depends on the
sale price of the co-product. The price of the residual co-
product was first varied to find the breakeven point where
selling residuals provided no change to the MESP. Residuals
need to be sold above $28 per dry tonne to offset the lost reven-
ues from electricity sales. Above this price, residual sales
provide a net reduction to MESP (Fig. 10d and e). If residuals
are sold at $250 per dry tonne, the MESP can be lowered by up
to 29% to $2.50 for the case of 100% diversion to co-product
sales. Part of this MESP reduction is due to the decrease in the
boiler size (steam flow rate decreased from 267 tonne per h
when all residuals are burned to 149 tonne per h when all
residuals are sold), which reduced the installed cost of the
boiler process area from $93MM to $61MM.

Although the complete diversion of CBP residuals to co-
product sales lowered MESP by the greatest amount, there may
be limiting constraints on the amount of residuals which can
be sold depending on the application of such material.
Established markets such as biomass fuel pellets used by
Kubis and Lynd®® may be able to accept a large influx of
supply without seeing oversupply or price decreases. However,
in the current case of selling biomaterials, the annual dry
residuals flowrate (170 kt per year) exceeds the capacity of
some current bioplastic production facilities®® even prior to
considering the plastic for blending. A notional biomaterial
production facility which processes 100% of the residuals of
the CBP biorefinery into a 30 wt% blend would have an annual
capacity of ~624 kt per year, which greatly exceeds the current
scale of PBS production (~90 kt per year)®® and is in the range
of large polyethylene production facilities."’® Thus, complete
diversion of the CBP residuals to a single biomaterial pro-
duction facility may be infeasible or at best represents a future
case with more established economics and risks. A single CBP
biorefinery may be able to sell residuals to multiple outlets,
however there may exist similar limitations of the market size
for those products. Given these considerations, we set the
scale of the composite production facility to 58 kt per year
(nameplate capacity), in the range of some recent bioplastic
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facilities, and adjusted the flow rate of diverted CBP residuals
accordingly. Assuming a 30 wt% blend of residual with bio-
plastic, the CBP refinery can sell ~10% of the residual flow to
the biomaterials production facility. The CBP biorefinery still
produces 13.5 MW of excess electricity which is sold to the
grid. Together, the MESP is reduced to $3.41 per GGE.

In the biocomposite facility (Fig. 10b), the dried residuals
are first mixed with additional water to reduce the solids
content to 30 wt% solids and fed to a disc refiner/roller mill to
reduce particle size, based on the recent work from Davis
et al.”” The amount of milling required here will depend on
the initial milled size when entering the CBP biorefinery, as
well as the CBP conditions which affect biomass solubil-
ization, however here it was assumed that the dry solids
required 0.2 kWh kg™ of electricity to reduce the particle size
to below 200 um particle size, similar to what was achieved in
the lab via cyclone milling. Additional water is then added to
bring the solids content down to 2 wt% solids content prior to
homogenization. Costs and operating parameters for hom-
ogenization were taken from a recent report on algae biomass
processing.’®" Power consumption in homogenization was cal-
culated by scaling the power from that work (0.44 kWh per kg
dry) biomass by the dry solids content (10 wt% in Davis et al.
and 2 wt% in the base case of this work). After homogeniz-
ation, the solution is concentrated to 50 wt% solids using
multi-effect evaporation with mechanical vapor
pression.'® The mixture is then further dried to 5 wt% water
in a spray drier. The dried solid is then mixed with the bioplas-
tic in an extruder to produce the final composite product.

Fig. 11 presents the economic results for the composite pro-
duction process. Here, we account for the bioplastic as an
externally purchased feedstock, rather than included plastic
production in the model. Since the final composite contains
70 wt% of this plastic, its price will be strongly tied to the
assumed purchase price of the plastic. To identify the other
main cost drivers associated with processing the CBP
residuals, we first analyzed the minimum selling price (MSP)
of the residual fraction contained in the composite. In the
model, this was done by setting the cost of the polymer to
zero. Analyzing the results in this way allows the results to be
agnostic to the choice of bioplastic to be blended, and there-
fore its cost. The MSP of the blended residual was $1.92 per
kg, driven mostly by capital expenses and electricity usage
(Fig. 11a). Total capital investment (TCI) was $123 MM; the
largest line items were the spray driers (17 required; max
throughput was 1360 kg h™") and homogenizers (26 required;
max throughput was 17 gallons per minute). Multiple pieces of
equipment were required given the large flowrate through the
system, which in turn is determined by the low solids content
in the process stream. The large capital requirement is caused
by the low solids content, leading to high liquid flow rates
through the process (100 m* h™).

The price of the composite depends on the bioplastic pur-
chase price. Blending the processed residuals with the plastic
produces a product with a lower selling price so long as the
purchase price of the plastic is above the MSP of the blended

com-
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Fig. 11 Economic results for biocomposite production. (a) Breakdown of the MSP of residues. This represents the costs to purchase and process
the residual into a blended composite, but does not include the cost of the bioplastic in order to highlight the costs associated with processing. (b)
MSP of the final composite, including the bioplastic costs. (c) Impact of the solids loading through high pressure homogenization. CAPEX represents
the contribution of CAPEX to the MSP of CBP residues. A solids content of 2% was used in lab studies.

residual ($1.92 per kg). Common plastics such as polypropyl-
ene or polyethylene are commonly in the $1-2 per kg range
depending on the properties, however specialty/lower volume
plastics such as PBS can be closer to $5.00 per kg. At a bioplas-
tic purchase price of $5.00 per kg and a residual blend rate of
30 wt%, the MSP of the composite was reduced to $4.07, high-
lighting the potential for the use of residuals to lower the com-
posite MSP (Fig. 11b).

Sensitivity analysis identified the solids content in the
mixture sent to homogenization as a major driver of process
costs. Homogenization units were sized based on the total
incoming mixture flowrate, and thus additional water dilution
flow requires additional units, increasing the capital expenses.
Furthermore, each homogenization unit consumes electricity
in correspondence with the total flowrate due to additional
pumping energy required. After homogenization, the mechani-
cal vapor recompression evaporator (spray dryer) also requires
electricity for operation, and therefore increasing the solids
content decreases the energy requirement. Increasing the
solids content from 2 wt% to 10 wt% decreases the MSP of the
residual contained in the composite from $1.94 per kg to
$1.55 per kg and electricity use from 8.9 MW to 3.7 MW
(Fig. 11c). Further cost reductions should therefore center on
increasing the wt% of solids that can be processed and/or the
wt% of the residuals that can be contained in the composite
without requiring additional material for the application.

Additionally, we acknowledge that while spray drying was
utilized at the laboratory scale to ensure the production of
fine, uniform powders for consistent compounding, it rep-
resents a significant energy demand. For industrial-scale
deployment, spray drying operations could be replaced with
high-pressure filtration techniques, which would allow for the
rapid mechanical recovery and recycling of process water
directly back into the HSH loop, thus significantly reducing
thermal loads. The resulting concentrated, homogenized

This journal is © The Royal Society of Chemistry 2026

biomass cake can then be dried using low-energy methods,
such as stirred air-drying or through the use of waste-heat.

3.9. Life cycle assessment (LCA)

Cradle-to-gate global warming potential (GWP) was calculated
for the entire CBP biorefinery and disaggregated by biorefinery
input as shown in Fig. 12. The percentage of lignin residuals
diverted to bioplastics has little to no effect on biorefinery-
level GWP, except when 100% of residuals are diverted. In this
scenario, additional natural gas must be purchased for the
biorefinery to use in generating process heat and steam, and
this input increases the biorefinery-level GWP by roughly 20%
compared to the 70% residual diversion scenario.

The biorefinery-level GWP results are allocated between the
three biorefinery coproducts (ethanol, electricity, and lignin
residuals) using economic allocation to produce the product-
level GWP results (Fig. 13a). Economic allocation is applied to
divide the gross GWP between the three co-products using the
coproduct prices calculated as part of the TEA and given in
Table 3.

Fig. 10a shows that ethanol GWP is relatively more sensitive
to residual diversion compared to biorefinery-level GWP, but
lignin residual and electricity GWP remains fairly insensitive
to residual diversion. Both ethanol and lignin residual GWP
increases under the 100% residual diversion scenario primar-
ily due to the use of natural gas, a trend analogous to that seen
in Fig. 12.

Lignin residual GWP from the 9.4% residual diversion scen-
ario, marked with an asterisk in Fig. 13a, is then used in the
composite GWP (Fig. 13b). The results represent a composite
consisting of 70 wt% polymer matrix and 30 wt% bone-dry
lignin residuals. Also shown is the relatively small contribution
to composite GWP of all inputs other than polymer matrix and
lignin residuals to the composite manufacturing process
(Fig. 13b, green bars). The error bars indicate the variability of
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Table 3 Co-product prices used in calculating economic allocation
factors

Percent to

bioplastics 0%  10% 20% 30% 50% 70% 100%
Ethanol price 0.77 0.75 0.72 0.70 0.66 0.62 0.54
(S per kg)

Residuals price 0.25

(8 per bone-dry kg)

Electricity price 0.06

(8 per kwh)

the polymer matrix GWP due to the choice of polymer matrix
(Table 2). GWP values for composites using a polybutylene suc-
cinate (PBS) polymer matrix are indicated with circles; each of
these circles indicate a PBS GWP from a different recent litera-
ture source, and vary due to choice of feedstock, processing
technology, and background LCI dataset used. The large varia-
bility due to choice of polymer matrix, and the small contri-
bution to composite GWP made by lignin residuals, indicates
that further improvements in the CBP biorefinery and supply
chain will likely have minimal impact on composite GWP.

4. Conclusions

This study demonstrates a sustainable and scalable pathway
for the valorization of consolidated bioprocessing residues
from switchgrass and poplar into high-performance, bio-
degradable biocomposites. Unlike chemical functionalization,
which requires precise stoichiometric ratios of lignin and
carbohydrate hydroxyl groups to covalently bridge the filler
and matrix, HSH facilitates a primarily physical transform-
ation. By mechanically deconstructing recalcitrant cell wall
structures into high-aspect-ratio microfibers, HSH creates a
high-surface-area interface that promotes mechanical inter-
locking and ensures exceptional interfacial compatibility with
the PBS matrix. Further, we demonstrated that despite the
inherent architectural differences between switchgrass and
poplar biomass, the resulting biocomposites exhibit compar-
able reinforcing efficiency. This suggests that HSH effectively
homogenizes diverse feedstocks into a uniform reinforcing
phase, regardless of their initial structure.

The integration of 30 wt% homogenized CBP residues
resulted in a dramatic enhancement of the material’s thermo-
mechanical properties. While the exact lignin-to-carbohydrate
ratio varies with CBP processes, the natural composite struc-
ture of the residue remains resilient. We hypothesize that the
slightly higher lignin content of CBP residuals improves inter-
facial wetting via increased hydrophobicity. DMA revealed a
152% increase in storage modulus E' in the rubbery region for
PBS/H-CBP-R-SG compared to neat PBS, alongside a significant
suppression of the tan § peak. This restricted segmental mobi-
lity proved to be the decisive factor in enabling the transition
from injection molding to advanced additive manufacturing.
While neat PBS exhibited catastrophic warping and delamina-
tion during 3D printing due to high volumetric shrinkage, the

This journal is © The Royal Society of Chemistry 2026
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biocomposite filaments demonstrated excellent dimensional
stability and interlayer adhesion, allowing for the use of stan-
dard PLA printing profiles. Furthermore, the refined HSH
microfibers served as a dual-purpose agent, providing a struc-
tural scaffold for mechanical performance during the intended
regular use cases, and acting as a hydrophilic network for
moisture and microbial ingress during the end-of-life phase.

TEA further supports the commercial viability of this
approach, identifying solids content and pumping energy
during homogenization as key drivers for cost optimization.
Overall, this work provides a robust framework for converting
agricultural and industrial waste into circular bioplastics that
meet the rigorous demands of modern 3D printing while
ensuring rapid environmental return, effectively bridging the
gap between high-tech manufacturing and sustainable waste
management.
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