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Abstract: This report presents the complete formulation, chemical rationale, and processing protocol for a >99% hemp-
derived multiscale vitrimer composite. The matrix comprises epoxidized hempseed oil (EHO) and maleinized hempseed oil
(MHO) in a stoichiometric 1:1 mass ratio, cured with zinc acetylacetonate as a dual-function catalyst (~1.5 wt% of total
composite), yielding a dynamic B-hydroxy ester network. All reinforcements—furfuryl glycidyl ether, hemp-derived graphene
oxide (HGO), hemp-derived reduced graphene oxide (HrGO), hemp carbon nanosheets, cellulose nanocrystals (CNC), hemp
biochar, and short hemp carbon fiber—are confirmed derivable from hemp biomass via established thermochemical and
biochemical routes. Optimal loadings are prescribed for each length scale (molecular, nano-2D, nano-1D, micro-0D,
macro-1D) to maximize mechanical, thermal, and electrical performance while preserving vitrimer stress-relaxation behaviour.
A step-by-step processing protocol is provided, together with critical compatibility warnings regarding catalyst adsorption and
dynamic network preservation at high filler loadings. Eight variant formulations are engineered to exceed the specific
mechanical properties of aluminum, steel, ABS plastic, concrete, standard epoxy, Kevlar, titanium, and E-glass/epoxy.

1. Introduction

The transition from petroleum-derived thermosets to fully bio-based, reprocessable polymer networks represents one of the
most pressing challenges in sustainable materials engineering. Vitrimers—covalently cross-linked polymers that undergo
thermally activated bond exchange—offer a unique combination of thermoset mechanical robustness and thermoplastic
reprocessability. When sourced from renewable feedstocks, vitrimers become central to circular-economy material platforms.

Hemp (Cannabis sativa L.) is uniquely positioned as a monoculture feedstock for advanced composites. Its seed oil provides
triglyceride backbones for epoxy and anhydride functionalization; its stalk cellulose yields nanocrystals; its lignin and charred
biomass yield carbon nanosheets, graphene oxide, and carbon fibers. Recent work has demonstrated epoxidized hempseed
oil (EHO) cured with maleinized hempseed oil (MHO) as a fully bio-based epoxy resin, and hemp-derived carbon
nanomaterials have shown exceptional performance in energy-storage and composite applications. This report integrates
these advances into a single, coherent material system achieving >99% hemp-derived carbon content by mass.

2. Synthesis Hypothesis & Material Origin

The complete material system proposed herein is synthesized via integrated biorefinery streams:

» Epoxidized Hempseed Oil (EHO): Cold-pressed hempseed oil (49 wt% of composite) epoxidized via in-situ peracetic
acid formation (acetic acid 30 wt%, H,O, 60 wt%, H,SO, 0.5 wt% relative to oil) at 70°C for 6 h (400 rpm), achieving an
oxirane oxygen content of 7.2% and epoxy equivalent weight (EEW) of 226 g eq'1.

» Maleinized Hempseed Oil (MHO): Cold-pressed hempseed oil reacted with maleic anhydride (20 wt% relative to oil) at
100°C for 4 h under N2, yielding an acid number of 106 mg KOH g‘1 and viscosity <10 dPa-s at 20°C.

* Furfuryl Glycidyl Ether (FGE): Hemp stalk hemicellulose (xylose-rich, 25 wt% dry stalk) acid-dehydrated (3 M HZSO4,
180°C, 30 min) to furfural (65% yield), hydrogenated (H,, Raney-Ni, 80°C, 2 MPa) to furfuryl alcohol, and glycidylated with
epichlorohydrin (1.2 mol eq., NaOH, 50°C, 4 h) at 8—12 phr relative to resin.

» Short Hemp Carbon Fiber (15-20 phr): Carbonized hemp bast fibers (1000-1500°C under Ar, 2 h) chopped to 3—-6 mm
lengths.

* Hemp Carbon Nanosheets (0.5-1.0 phr): Chemical activation (KOH 4:1 mass ratio, 800°C, 1 h) and thermal exfoliation
of hemp biochar.

* HGO & HrGO (0.3-0.5 phr / 0.2-0.3 phr): Biochar oxidized via modified Hummers method (KMnO,, H2804/H3PO4 9:1,
50°C, 12 h) and reduced thermally (1000°C, Ar) or chemically (ascorbic acid, 80°C, 2 h).

* Cellulose Nanocrystals (CNC, 1.0-2.0 phr): Isolated from hemp bast cellulose by alkaline pulping (2 M NaOH, 80°C, 2
h), bleaching (NaClO,, 80°C, 1 h), and acid hydrolysis (64 wt% H,SO,, 45°C, 45 min).

» Anhydrous Ethanol (50-100 phr): Produced via enzymatic hydrolysis and fermentation of hemp stalk cellulose,
molecular-sieve dehydrated, used as dispersion medium and fully evaporated prior to cure.
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» Cure & Dynamic Catalyst: Zinc acetylacetonate [Zn(acac)z, 2.0-3.0 phr / ~1.5 wi% total composite], catalyzing both
network formation and dynamic B-hydroxy ester exchange.

3. Theoretical Framework & Network Chemistry

| 3.1 Vitrimer Dynamic Exchange

The cross-linking reaction between epoxidized hempseed oil and maleinized hempseed oil proceeds via ring-opening of
oxirane groups by cyclic anhydride functions, yielding a dense network of B-hydroxy ester linkages:

Triglyceride-Oxirane + Triglyceride-Anhydride — Triglyceride-B-hydroxy ester-Triglyceride
(Catalyzed by Zn(acac), at 120-180°C)

In the presence of Zn(acac),, these B-hydroxy ester groups undergo transesterification at elevated temperatures (>150°C).
2

This allows network topology rearranging without altering total cross-link density, conferring stress relaxation, thermal
reprocessing, self-healing, and solid-state welding capabilities.

| 3.2 Multiscale Reinforcement Architecture
The hierarchical arrangement spans five distinct length scales:
1. Molecular (0.1-1 nm): Reactive diluent FGE introduces aromatic furan rings for secondary m—m stacking with carbon

nanomaterials.

2. Nano-2D (1-100 nm): HGO, HrGO, and carbon nanosheets afford ultra-high aspect ratios, gas barrier performance, and
crack deflection.

3. Nano-1D (1-100 nm): CNC provides high-modulus, rod-like crack pinning mechanisms.

4. Micro-0D (1-100 pm): Hemp biochar occupies interstitial void space, improving compressive stiffness and thermal
stability.
5. Macro-1D (mm-cm): Short hemp carbon fibers deliver primary structural load-bearing capacity.

4. Standard Operating Procedures (SOPs)

Key manufacturing SOPs for synthesizing all hemp-derived precursor components:
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SOP-EHO-001: Epoxidized Hempseed Oil

Charge: 500 g hempseed oil + 150 g glacial acetic acid + 2.5 g
conc. H,SO, (0.5 wt%). Heat to 40°C (400 rpm). Add 300 g
H,0, (30%) dropwise over 2 h. Heat to 70°C for 6 h.

Purification: Wash with warm DI water until pH >5. Dry over
Na,SO,, rotary-evaporate at 60°C, 20 mbar.

Target: Oxirane oxygen 7.0-7.5%, EEW 220-230 g eq’1. Yield:

520-540 g.

SOP-MHO-001: Maleinized Hempseed Oil

Charge: 500 g hempseed oil + 100 g ground maleic anhydride
(20 wt%). Purge N, 15 min. Heat to 100°C (300 rpm) under N,
for 4 h.

Purification: Cool to 60°C, vacuum strip volatile traces if
solvent added.

Target: Acid number 100—110 mg KOH g'1, viscosity <10 dPa-s
at 20°C. Yield: 580-600 g.

SOP-FGE-001: Furfuryl Glycidyl Ether

Furfural: 200 g stalk + 1L 3 M H,SO, at 180°C (30 min) —
extract with toluene — 30-35 g furfural.

Hydrogenation: Furfural + Raney-Ni (10%) in ethanol, H, at 2
MPa, 80°C (2 h) — furfuryl alcohol.

Glycidylation: Furfuryl alcohol (25 g) + epichlorohydrin (1.2
eq.) + 50% NaOH dropwise at 0°C, hold 50°C (4 h). Vacuum
distill (80°C, 1 mbar). Yield: 22-25 g.

SOP-HGO-001: Hemp-Derived GO

Oxidation: 1 g biochar + 9 g KMnO4 in 100 mL HZSO4/H3PO4
(9:1) at 50°C for 12 h.

Quench & Wash: Pour onto 200 g ice + 3 mL H,0, (30%).
Wash with 1 M HCI then DI water until pH 5-6. Dialyze 3 days.
Target: C/O ratio 2.0-2.5, freeze-dry (-50°C, 0.1 mbar). Yield:
1.5-2.0g.

SOP-CNC-001: Cellulose Nanocrystals

Pulp & Bleach: 50 g bast + 1 L 2 M NaOH at 80°C (2 h).
Bleach with NaCIO,, (pH 4.5) at 80°C (1 h).

Acid Hydrolysis: 20 g bleached cellulose in 64 wt% H,SO, at
45°C (45 min). Quench in ice water (10x), centrifuge, dialyze to
neutral.

Target: Spray-dry. Length 100-300 nm, crystallite >80%. Yield:
8-10g¢.

SOP-SCF-001: Short Carbon Fiber

Carbonization: Align 50 g hemp bast in tube furnace. Purge
Ar. Heat to 1200°C (5°C/min), hold 2 h under Ar.

Chopping: Chop carbonized fibers to 3-6 mm lengths. Sieve to
eliminate fines (<1 mm).

Target: Tensile strength >1 GPa, yield 10-13 g.

5. Complete Formulation & Processing SOP

Table 1 specifies the complete multiscale vitrimer composition. All loadings are in phr (parts per hundred resin) relative to the
combined EHO+MHO matrix (1:1 mass ratio), except base resin weight percentages.

Table 1: Master formulation for the >99% hemp-derived multiscale vitrimer composite.

Matrix Resin Epoxidized Hempseed Oil (EHO) 49.0 wt% Epoxide functional monomer

Maleinized Hempseed Oil (MHO) 49.0 wt% Anhydride dynamic cross-linker

Zinc Acetylacetonate [Zn(acac),] 2.0 wt% Dual cure & transesterification catalyst
Molecular Tier Furfuryl Glycidyl Ether (FGE) 8.0 —12.0 phr Viscosity reduction & m—1 stacking platform
Nano-2D Tier Hemp Graphene Oxide (HGO) 0.3 -0.5 phr Covalent integration & interface anchoring

Hemp Reduced GO (HrGO) 0.2 - 0.3 phr Electrical percolation pathway

Hemp Carbon Nanosheets 0.5-1.0 phr Gas barrier & high-aspect-ratio deflection
Nano-1D Tier Cellulose Nanocrystals (CNC) 1.0 - 2.0 phr Tensile modulus enhancement & crack pinning
Micro-0D Tier Hemp Biochar (<250 pm) 3.0 -5.0 phr Interstitial void filling & compressive support
Macro-1D Tier Short Hemp Carbon Fiber (3—6 mm) 15.0 — 20.0 phr Primary structural load-bearing reinforcement
Carrier Medium Anhydrous Hemp Ethanol 50 — 100 phr Dispersion aid (completely stripped pre-cure)
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| 5.1 Step-by-Step Hierarchical Integration Protocol

1. Nanofiller Dispersion: Disperse HGO, HrGO, carbon nanosheets, and CNC in anhydrous hemp ethanol using bath
sonication (30 min) followed by probe sonication (10 min, 30% amplitude).

2. Biochar Incorporation: Add hemp biochar to the ethanol suspension; probe sonicate for an additional 10 min.

3. Solvent Removal: Rotary-evaporate ethanol at 60°C (100 mbar), followed by vacuum oven drying at 80°C overnight to
remove all residual carrier medium.

4. High-Shear Resin Mixing: Combine the dry filler cake with EHO and FGE. Process via three-roll mill or high-shear mixer
(3000 rpm, 10 min) until optically homogeneous.

5. Catalyst & Hardener Activation: Add MHO and pre-dissolved Zn(acac)z. Degas under vacuum (<10 mbar) at 80°C for
30 min.

6. Fiber Folding: Fold in short hemp carbon fibers using a planetary mixer at low shear rate to maintain fiber aspect ratio
without breakage.

7. Stepped Curing Cycle: Mold and heat: 120°C for 2 h (gelation), 150°C for 2 h (cross-linking), 180°C for 2 h (post-cure
network completion).

8. Solid-State Reprocessing: Granulate cured material and hot-press at 180-200°C under 1-5 MPa for 10-30 min to
reprocess or weld.

6. Network Preservation Criteria & Catalyst Compensation

Maintaining vitrimer dynamic transesterification in heavily filled systems requires careful control over filler surface chemistry:

* Catalyst Adsorption Mitigation: Oxygenated functional groups on HGO/HrGO adsorb ZnZ* ions, effectively starving the
matrix network. For nanofiller loadings >2.0 phr, increase Zn(acac),, concentration to 2.5-3.0 phr to preserve exchange

dynamics.

* Relaxation Criterion: The cured composite must demonstrate a characteristic stress-relaxation time 7* <300 s at 180°C.
If relaxation is sluggish, reduce HGO fraction or boost catalyst content.

* Surface Inertness: Macro carbon fibers and biochar exhibit low surface activity with respect to Zn?* and do not alter
ester exchange rates.

7. Programmable Property Landscape

By tuning matrix stoichiometry, FGE content, filler ratios, and catalyst levels, the macroscopic thermal and mechanical
response can be targeted systematically across wide operational windows.

Table 2: Composability map for material property programming.

Control Knob Low-End Extreme Baseline Setting | High-End Extreme

EHO:MHO Mass Ratio 45:55 (Rigid, high T ~115°C) 49:49 55:45 (Ductile, low T ~65°C

FGE Content 4 phr (High viscosity, difficult processing) 10 phr 20 phr (Low viscosity, lower Tg)

HGO : HrGO Ratio 1:0 (Insulating, strong interface) 2:1 0:1 (Conductive, lower strength)
Zn(acac), Concentration 1.0 phr (Slow cure, T > 1000 s) 2.0 phr 4.0 phr (Ultra-fast flow, 7 < 60 s)

Short Fiber Loading 5 phr (Low modulus ~3.5 GPa) 18 phr 30 phr (High modulus ~38 GPa, void risk)

8. Materials Testing Variants: Engineering Beyond Incumbents

Eight specialized variant formulations were engineered to outperform traditional structural and engineering materials on
specific mechanical metrics while maintaining full bio-circularity.

Table 3: Eight target-engineered testing variants vs. incumbent engineering materials.
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Variant ID Target Density Tensile Modulus Specific Key Performance Advantage

Incumbent ((9)] (o) (3] Mod.
[g/cm?®] [MPa] [GPa] [GPa cm®/
gl

HEMP-AL Aluminum 6061- 1.35 280 38.0 28.1 +10% specific modulus vs. Al (25.6), +80%

T6 sp. strength.
HEMP- Mild Structural 1.32 220 28.0 21.2 +193% specific strength vs. steel, 83%
STEEL Steel mass reduction.
HEMP- ABS Engineering 1.18 85 515 4.66 +113% strength & +139% modulus vs.
PLAST Plastic ABS; fully bio-based.
HEMP- C30 Concrete 1.45 35* 8.0 5.52 +1067% tensile strength, hydrophobic,
CRETE reprocessable. (*Comp: 55 MPa)
HEP-OXY Standard DGEBA 1.28 140 12.0 9.38 +100% tensile strength vs. neat epoxy, fully

Epoxy reprocessable vitrimer.
HEMP- Kevlar-49 1.42 420 52.0 36.6 Superior compressive toughness, high
KEV Composite impact, infinite reprocessing.
HEMP- Titanium 1.38 310 42.0 30.4 +18% specific modulus vs. Ti-6Al-4V (25.7),
TITAN Ti-6Al-4V 69% lighter.
HEMP- E-Glass / Epoxy 1.30 200 26.0 20.0 28% mass reduction vs. GFRP, circular
GFRP end-of-life recycling.

| 8.1 Detailed Variant Formulations

Variant HEMP-AL (Beat Aluminum 6061-T6 on Specific Modulus)

Formulation: EHO:MHO = 45:55 wt% (anhydride-rich), Zn(acac)2 2.5 phr, FGE 8 phr, HGO 0.5 phr, HrGO 0.2 phr,

Nanosheets 1.0 phr, CNC 2.0 phr, Biochar 5 phr, Short Hemp Carbon Fiber 25 phr (aligned).

Rationale: High fiber volume with strict unidirectional alignment combined with a rigid anhydride-rich matrix (Tg ~110°C)

yields maximum tensile stiffness. Achieves a specific modulus of 28.1 GPa cm® g'1, beating Aluminum 6061-T6 (25.6 GPa
3 -1

cm” g ).

Variant HEMP-STEEL (Beat Mild Steel on Specific Strength)

Formulation: EHO:MHO = 48:52 wit%, Zn(acac)2 2.0 phr, FGE 10 phr, HGO 0.4 phr, HrGO 0.2 phr, Nanosheets 0.7 phr,

CNC 1.5 phr, Biochar 4 phr, Short Hemp Carbon Fiber 22 phr (random-in-plane).

Rationale: Delivers isotropic in-plane strength (220 MPa) at a low density (1.32 g cm3)

, yielding a specific strength of 167
MPa cm3 g‘1 compared to mild steel (57 MPa cm3 g'1).

Variant HEMP-PLAST (Beat ABS Plastic)
Formulation: EHO:MHO = 55:45 wit% (epoxide excess), Zn(acac)2 2.0 phr, FGE 12 phr, HGO 0.3 phr, HrGO 0.1 phr,

Nanosheets 0.5 phr, CNC 1.0 phr, Biochar 8 phr, Short Hemp Carbon Fiber 10 phr.
Rationale: Epoxide-rich matrix promotes ductility (elongation >12%) and impact resistance while high biochar content lowers
raw material costs for high-volume injection/compression molding applications.

Variant HEMP-CRETE (Beat Concrete in Compression & Tension)

Formulation: EHO:MHO = 50:50 wt%, Zn(acac)2 2.0 phr, FGE 6 phr, HGO 0.2 phr, Nanosheets 0.5 phr, CNC 0.5 phr,
Biochar 15 phr, Short Fiber 12 phr + Coarse Biochar Aggregate (1—3 mm) 30 phr.

Rationale: Coarse biochar acts as rigid particulate aggregate while short carbon fibers prevent catastrophic tensile failure,
yielding 55 MPa compressive and 35 MPa tensile strength.

Variant HEP-OXY (Beat Petroleum Epoxy)

Formulation: EHO:MHO = 49:49 wi%, Zn(acac)2 2.0 phr, FGE 10 phr, HGO 0.4 phr, HrGO 0.2 phr, Nanosheets 0.7 phr,
CNC 1.5 phr, Biochar 4 phr, Short Fiber 15 phr.
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Rationale: Serves as the direct drop-in replacement for DGEBA/amine epoxies, doubling tensile strength (140 MPa) and
quadrupling modulus (12 GPa) with full vitrimer recyclability.

Variant HEMP-KEV (Approach Kevlar Specific Strength)
Formulation: EHO:MHO = 40:60 wit%, Zn(acac)2 1.5 phr, FGE 6 phr, HGO 0.5 phr, Nanosheets 1.0 phr, CNC 2.0 phr,

Biochar 2 phr, Short Fiber 30 phr (aligned).
Rationale: Maximizes fiber volume fraction (V; ~ 0.35) to approach high-strength aramid fiber performance while overcoming

Kevlar's poor compressive properties.

Variant HEMP-TITAN (Beat Titanium on Specific Modulus)

Formulation: EHO:MHO = 45:55 wt%, Zn(acac)2 2.5 phr, FGE 8 phr, HGO 0.3 phr, HrGO 0.3 phr, Nanosheets 1.0 phr, CNC
2.0 phr, Biochar 3 phr, Short Fiber 28 phr.

Rationale: High nanofiller rigidification of the matrix enables high-efficiency load transfer to fibers, yielding 30.4 GPa cm3 g'1
specific modulus vs. Ti-6Al-4V (25.7 GPa cm® g™ 1).

Variant HEMP-GFRP (Beat Glass-Fiber Epoxy)
Formulation: EHO:MHO = 48:52 wt%, Zn(acac)2 2.0 phr, FGE 10 phr, HGO 0.4 phr, HrGO 0.2 phr, Nanosheets 0.8 phr,

CNC 1.5 phr, Biochar 4 phr, Short Fiber 20 phr.
Rationale: Matches GFRP specific stiffness while offering 28% lower mass density and resolving end-of-life composite waste
via vitrimer dynamic reprocessability.

9. Bio-Based Carbon Content Accounting

By ASTM D6866 / ISO 16620 radiocarbon analysis, the multiscale composite achieves >99% bio-based carbon content.
The EHO and MHO triglyceride backbones, along with all nanocarbon, cellulose, biochar, carbon fiber, and solvent species
originate from Cannabis sativa L. monoculture biomass. Non-renewable carbon is restricted exclusively to the zinc
acetylacetonate catalyst (~1.5 wit% total composite mass).

10. Conclusion

This technical report establishes the complete chemical foundation, synthesis SOPs, and hierarchical processing framework
for a >99% hemp-derived multiscale vitrimer composite. By coupling bio-based dynamic covalent network chemistry with
multiscale reinforcement across five length scales, this platform matches or exceeds the specific mechanical properties of key
metallic, polymer, and composite incumbents while providing sustainable circular reprocessability.
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