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Abstract

This proposal presents a novel dual-batch modi�ed lignin architecture for creating 100%
bio-based vitrimer epoxy matrices derived from hempseed oil. The �Seshat Lignin� system
combines maleinated lignin (carboxyl/aldehyde functionalities) and Mannich lignin (amine
functionalities) with epoxidized hempseed oil to establish a self-catalyzing, dual-dynamic
covalent network. This architecture enables both transesteri�cation and imine exchange
mechanisms without external catalysts. A key innovation is the compatibility with a graded
reinforcement spectrum spanning from native hemp bast �ber to carbonized morphologies
(biochar, activated carbon, carbonized hemp �ber, hemp graphene/nanosheets), all derived
from hemp feedstock. The dual-lignin chemistry provides adaptive interface compatibility
across hydrophilic to graphitic surfaces. Additionally, an advanced formulation pathway
incorporating furfuryl glycidyl ether (FGE) as a reactive diluent and dynamic bond
modulator is proposed to enhance processability and introduce thermoreversible Diels-Alder
chemistry. This pre-experimental document outlines the theoretical framework, hypothesized
reaction mechanisms, detailed protocols for laboratory validation, and expected outcomes for
materials scientists and polymer chemists.

Keywords: vitrimer, hempseed oil, lignin modi�cation, dual-dynamic network, bio-
nanocomposite, hemp carbon, biochar, furfuryl glycidyl ether, reactive diluent, circular econ-
omy, Seshat lignin

1 Introduction and Theoretical Framework

1.1 The Imperative for 100% Bio-Based Vitrimers

Thermoset polymers constitute approximately 18% of global polymer production (>65 million
tons annually), yet their permanent covalent networks render them inherently non-recyclable [1].
Current end-of-life management relies on land�lling, incineration, or mechanical grinding into
low-value �llers, creating signi�cant environmental burdens [1, 2]. Vitrimerization�the incorpo-
ration of dynamic covalent bonds into crosslinked networks�o�ers a pathway to reprocessability
while maintaining thermoset mechanical integrity [1, 2].

Bio-based vitrimers derived from renewable feedstocks (plant oils, lignin, tannins) have
emerged as sustainable alternatives, but most systems rely on external catalysts or petrochemical
co-reactants [3, 4]. A fully integrated, 100% bio-based vitrimer matrix compatible with natural
�ber reinforcement remains an unmet challenge critical to circular material design.

1.2 Hemp as a Model Feedstock: The Carbon Morphology Spectrum

Hemp (Cannabis sativa L.) provides an ideal model for 100% bio-based composites, o�ering not
merely mechanical reinforcement but a graded carbon morphology spectrum:
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Table 1: Hemp-Derived Reinforcement Morphology Spectrum

Morphology Processing Surface Chemistry Target Application

Bast �ber Retting, me-
chanical

Hydrophilic (-OH rich) Structural composites

Hemp hurds Grinding, siev-
ing

Hydrophilic, porous Construction, automo-
tive

Biochar (400�
650°C)

Pyrolysis Hydrophobic, reduced
polarity

Thermal management,
EMI shielding

Activated carbon KOH/NaOH
activation

High surface area, mi-
croporous

Supercapacitors, �ltra-
tion

Carbonized hemp
�ber (CHF)

Pyrolysis
500°C+ inert

Hydrophobic, carbon-
rich

Aerospace, structural

Hemp
graphene/nanosheets

Chemical exfo-
liation

Graphitic, tunable de-
fects

Electronics, sensors

Carbonization pathway: Hemp biomass undergoes pyrolysis at 400�800°C, progressively
converting cellulose/lignin to aromatic carbon structures. At 400�650°C, amorphous biochar
with residual polar groups dominates [13]. Above 500°C in inert atmosphere, ordered graphitic
domains emerge in carbonized hemp �ber (CHF), o�ering mechanical properties approaching
synthetic carbon �bers [5]. Chemical activation (KOH, NaOH) at 400�800°C creates activated
carbon with superior electrochemical performance [5].

Recent work demonstrates hemp biochar at 10�20 wt% loading increases thermal conductiv-
ity by 10�17% in bioepoxy composites, with optimal pyrolysis temperature at 550°C for sti�-
ness/thermal stability trade-o�s [13, 14]. Hybrid systems (hemp �ber + cashew biochar) achieve
94% tensile strength increase and 32�63% water absorption reduction [14].

1.3 The FGE Innovation: Reactive Diluent as Dynamic Modulator

Furfuryl glycidyl ether (FGE) is a bio-based epoxy monomer derived from furfural (obtained from
agricultural residues such as corncobs, sugarcane bagasse, and oat hulls). While established
as a reactive diluent in conventional epoxy systems, its integration into lignin-based vitrimer
architectures remains unexplored.

Table 2: FGE Properties and Established Performance

Property Value/E�ect Reference

Viscosity Very low (monofunctional epoxy) [15]
Optimal loading 10�20 wt% [15]
Mechanical enhancement 16% �exural/tensile strength increase at 10�15 wt% [15]
Adhesion improvement 300% with DETA curing agent [15]
Dilution e�ciency Superior to commercial Cardura E10P [15]
Furan functionality Thermoreversible Diels-Alder chemistry [15]

Key insight: FGE's furan ring provides not merely viscosity reduction but an additional
dynamic covalent pathway via Diels-Alder/retro-Diels-Alder reactions, potentially enabling
lower-temperature reprocessing and stress relaxation mechanisms distinct from transesteri�cation
or imine exchange.
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1.4 Prior Art and the Innovation Gap

1.4.1 Established Components

Table 3: Demonstrated Technologies in Lignin-Oil Vitrimer Systems

Component Status Key References

Epoxidized plant oils Established [7, 6]
Carboxylated lignin fractions Established [7, 8]
Aminated lignin Demonstrated [9]
Maleinated lignin Demonstrated [10]
Tertiary amine catalysis Established [7, 8]
Hemp biochar in epoxy Demonstrated [13, 14]
Carbonized hemp �ber Emerging [5]
FGE as reactive diluent Established [15]

1.4.2 The Gap: Dual-Batch Lignin with FGE Integration

No prior work combines:

1. Maleinated lignin and Mannich lignin as co-hardener systems

2. FGE as reactive diluent in lignin-based vitrimers

3. Triple-dynamic networks (transesteri�cation + imine + Diels-Alder)

4. Adaptive interface chemistry across hemp carbon morphologies

The Seshat architecture hypothesizes that distributed functionality across two lignin populations�
augmented by FGE's furan chemistry�enables catalyst-free, multi-dynamic network behavior
compatible with the full hemp carbon morphology spectrum.

2 Hypothesis: Seshat's Dual-Lignin Architecture

2.1 Core Hypothesis

The combination of maleinated lignin (Batch A) and Mannich lignin (Batch B)
with epoxidized hempseed oil creates a self-catalyzing, dual-dynamic vitrimer network.
Batch A provides carboxyl groups for transesteri�cation-based vitrimer behavior and
aldehyde groups for imine formation; Batch B provides primary/secondary amines
for epoxy curing and tertiary amines for transesteri�cation catalysis. The result-
ing network exhibits both transesteri�cation and imine exchange mechanisms without
external catalyst addition. The dual-lignin chemistry provides adaptive interface com-
patibility with the full hemp carbon morphology spectrum from hydrophilic bast �ber
to graphitic hemp nanosheets.

2.2 Extended Hypothesis: FGE Reactive Diluent Pathway

Incorporation of furfuryl glycidyl ether (FGE) at 10�20 wt% as a reactive diluent
reduces viscosity to enable high lignin loadings (up to 70 wt%) while introducing ther-
moreversible Diels-Alder chemistry as a tertiary dynamic mechanism. FGE's furan
ring participates in dynamic crosslinking via Diels-Alder/retro-Diels-Alder reactions,
enabling lower-temperature reprocessing (80�120°C) distinct from transesteri�cation
(>120°C). The aromatic furan ring enhances compatibility with lignin phenolics and
carbon reinforcements through π�π interactions.
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2.3 Architectural Rationale

Table 4: Functional Distribution in Seshat's Dual-Lignin System

Batch Modi�cation Functional Groups Role in Network

A Maleinization Carboxyl (�COOH) Transesteri�cation sites
(succinic/maleic anhydride) Aldehyde (�CHO) Imine crosslinking with Batch B

B Mannich reaction Primary/secondary amine (�NH2, �NH�) Epoxy curing, imine formation
(formaldehyde + amine) Tertiary amine (-N<) Transesteri�cation catalysis

FGE Bio-based monomer Furan ring + epoxy Reactive diluent, DA chemistry

2.4 Adaptive Interface Chemistry

A critical innovation of the Seshat architecture is interface compatibility across the carbon
morphology spectrum:

Table 5: Interface Mechanisms with Hemp Carbon Morphologies

Reinforcement Surface Type Seshat Interaction Expected E�ect

Bast �ber Hydrophilic (-
OH)

Esteri�cation with
Batch A carboxyls;
H-bonding

Strong interfacial adhe-
sion, stress transfer

Hemp hurds Porous, hy-
drophilic

Mechanical interlocking
+ chemical bonding

Crack de�ection, tough-
ening

Biochar (550°C) Hydrophobic,
residual polar

Van der Waals + polar
interactions with Batch
B amines

Dispersion stability,
thermal percolation

Activated carbon Microporous, ba-
sic surface

Acid-base interactions;
tertiary amine coordina-
tion

Enhanced wetting, ca-
pacitance

CHF Hydrophobic,
carbon-rich

π�π stacking with aro-
matic lignin/FGE fu-
ran; amine surface acti-
vation

High modulus transfer,
UV stability

Hemp nanosheets Graphitic, defect
sites

Tertiary amine electron
donation to graphitic
domains; covalent at de-
fect sites

Electrical percolation,
barrier properties

Hypothesis extension: The Mannich lignin's tertiary amine groups and FGE's furan rings
serve as surface activators for carbon materials. Tertiary amines improve dispersion through
electron donation to graphitic domains, while furan rings provide π�π stacking interactions with
aromatic carbon surfaces.

2.5 Triple-Dynamic Network Mechanisms (with FGE)

2.5.1 Stage 1: Epoxy-Amine Curing (Room Temperature to 80°C)

Primary and secondary amines from Batch B react with epoxide rings on EHSO and FGE:

R-NH2 + CH2(O)CH-R
′ → R-NH-CH2-CH(OH)-R

′ (1)
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FGE's monofunctional epoxy terminates chain ends, creating dangling furan groups pending
dynamic crosslinking.

2.5.2 Stage 2: Carboxyl-Epoxy Esteri�cation (80�120°C)

Carboxyl groups from Batch A react with remaining epoxy groups:

R-COOH+ CH2(O)CH-R
′ → R-COO-CH2-CH(OH)-R

′ (2)

This forms β-hydroxy ester linkages�the foundation of transesteri�cation-based vitrimer
behavior.

2.5.3 Stage 3: Imine Formation (Concurrent with Stage 2)

Aldehydes from Batch A condense with amines from Batch B:

R-CHO+ R′-NH2 ⇀↽ R-CH=N-R′ +H2O (3)

This establishes the secondary dynamic network via reversible imine bonds.

2.5.4 Stage 4: Diels-Alder Crosslinking (Optional, 60�100°C)

Furan rings from FGE react with maleimide groups (if added) or potentially with lignin-derived
maleimide analogs:

Furan+Maleimide
DA
⇀↽

retro-DA

DA Adduct (4)

Note: For 100% bio-based formulation without petrochemical maleimide, FGE may partici-
pate in self-association or alternative thermoreversible interactions with lignin-derived quinone
methides.

2.5.5 Stage 5: Dynamic Exchange (Temperature-Dependent)

Three exchange mechanisms operate at distinct temperature windows:

Table 6: Temperature-Dependent Dynamic Mechanisms in Seshat-FGE System

Mechanism Temperature Catalyst Application

Diels-Alder/retro-DA 60�120°C None Low-temp reprocessing, self-healing
Imine metathesis 80�150°C Tertiary amine (Batch B) pH-responsive reprocessing
Transesteri�cation 120�200°C Tertiary amine (Batch B) High-temp reprocessing, welding

2.6 Self-Catalysis and Processability

The tertiary amines incorporated during Mannich modi�cation serve triple roles:

1. Catalyze transesteri�cation exchange (proven mechanism in benzoxazine-lignin vitrimers
[8])

2. Enhance imine formation kinetics (general base catalysis)

3. Surface activation of carbon reinforcements (electron donation to graphitic domains)

FGE provides:
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1. Viscosity reduction: 10�20 wt% FGE reduces viscosity to enable high lignin loadings
(up to 70 wt%) without solvent processing

2. Network mobility: Monofunctional epoxy creates chain ends that enhance segmental
motion for exchange reactions

3. Dynamic pathway: Furan chemistry enables lower-temperature reprocessing distinct
from transesteri�cation

This eliminates the need for external metal catalysts (Zn, Sn, Al) and enables solvent-free
processing.

3 Detailed Experimental Protocol

3.1 Materials and Reagents

Table 7: Required Materials for Seshat Vitrimer Synthesis

Material Speci�cation Source/Grade

Hempseed oil Cold-pressed, >80% PUFA Food or technical grade
Kraft lignin Low-sulfonate content, Mw 1000�3000 g/mol Commercial or hemp hurds
Furfuryl glycidyl ether (FGE) >95%, bio-based Commercial (Pennakem, etc.)
Formic acid (85%) ACS reagent Epoxidation co-reactant
Hydrogen peroxide (30%) ACS reagent Epoxidation oxidant
Succinic anhydride >99% Maleinization agent
Maleic anhydride >99% Alternative maleinization agent
Formaldehyde (37% aq.) ACS reagent Mannich reagent
Diethylenetriamine (DETA) >99% Mannich amine component
Triethylenetetramine (TETA) >99% Alternative Mannich amine
Toluene Anhydrous, >99.8% Reaction solvent
Pyridine ACS reagent Acylation catalyst

3.2 Step 1: Epoxidized Hempseed Oil (EHSO) Synthesis

Protocol based on [6, 7]:

1. Pre-treatment: Degum hempseed oil via water-degumming (2.5% distilled water, 50°C,
10 min, 2000 rpm) followed by bleaching (2.5% bleaching clay, 100°C, 15 min) to remove
phospholipids and pigments [6].

2. In-situ peroxyacid formation: In a jacketed reactor equipped with mechanical stirrer
and dropping funnel, combine:

� 100 g re�ned hempseed oil

� 0.5 g Amberlite IR-120 (acidic ion exchange resin, catalyst)

� 22 g formic acid (85%)

3. Cool to 40°C. Add 75 g hydrogen peroxide (30%) dropwise over 2 h while maintaining T <
60°C.

4. After addition, hold at 60°C for 4 h with vigorous stirring.

5. Separate organic phase, wash with distilled water until neutral pH, dry over anhydrous
Na2SO4.
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6. Characterization target: Epoxy oxygen content 4�7% (ASTM D1652), iodine value <
10 g I2/100g oil.

3.3 Step 2: Batch A�Maleinated Lignin (ML)

Protocol based on [10, 7]:

1. Dissolve 10 g Kraft lignin in 100 mL anhydrous pyridine under nitrogen atmosphere at
80°C.

2. Add 15 g succinic anhydride (1.5:1 molar ratio to lignin hydroxyl groups, estimated).

3. Stir at 80°C for 6 h under nitrogen.

4. Precipitate into excess acidi�ed water (pH 2, HCl), �lter, wash with distilled water until
neutral.

5. Dry under vacuum at 60°C for 24 h.

6. Characterization: FT-IR (ester carbonyl at 1730 cm−1, carboxyl at 1707 cm−1), acid
number (mg KOH/g, target > 150).

3.4 Step 3: Batch B�Mannich Lignin (MNL)

Protocol based on [9, 8]:

1. Dissolve 10 g Kraft lignin in 100 mL ethanol/water (1:1 v/v) at 60°C.

2. Add 5 g diethylenetriamine (DETA), stir until homogeneous.

3. Add 8 g formaldehyde (37% aqueous) dropwise over 30 min.

4. Re�ux at 80°C for 4 h.

5. Distill o� solvents under reduced pressure; dry under vacuum at 60°C.

6. Characterization: Elemental analysis (increased N content, target > 5 wt%), FT-IR
(C�N stretch at 1150�1250 cm−1), 1H NMR (methylene protons from Mannich bridge at
3.5�4.0 ppm).

3.5 Step 4: Vitrimer Formulation and Curing

3.5.1 Standard Formulation (without FGE)

Critical formulation parameters:

Table 8: Seshat Vitrimer Formulation Variables (Standard)

Parameter Range Rationale

EHSO (epoxy equiv.) 100 phr Base resin
Batch A (ML) 20�40 phr Carboxyl/aldehyde source
Batch B (MNL) 15�30 phr Amine source, catalyst reservoir
Batch A:B ratio 1:1 to 2:1 Controls imine vs. ester crosslink density
Total lignin content 35�70 wt% Maximizes bio-content [7]

Curing protocol:
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1. Dissolve Batch A and Batch B in minimum THF (su�cient for solubilization, typically
20�30 wt% solids).

2. Add EHSO, mix vigorously for 10 min.

3. Degas under vacuum for 5 min to remove entrapped air and residual solvent.

4. Cast into silicone molds (preheated to 80°C).

5. Cure schedule:

� Stage 1: 80°C for 2 h (amine-epoxy reaction)

� Stage 2: 120°C for 4 h (carboxyl-epoxy esteri�cation, imine formation)

� Stage 3: Post-cure at 150°C for 2 h (network maturation)

3.5.2 Advanced Formulation with FGE

FGE-enhanced formulation:

Table 9: Seshat-FGE Vitrimer Formulation Variables

Parameter Range Rationale

EHSO (epoxy equiv.) 80�90 phr Reduced to accommodate FGE
FGE 10�20 phr Reactive diluent, dynamic modulator
Batch A (ML) 20�40 phr Carboxyl/aldehyde source
Batch B (MNL) 15�30 phr Amine source, catalyst reservoir
Total epoxy:amine ratio 1:0.8�1:1.2 Stoichiometric control

Key di�erences from standard formulation:

1. Solvent-free processing: FGE reduces viscosity su�ciently to eliminate THF solvent

2. Lower temperature curing: Initial cure at 60�80°C (FGE enhances reactivity)

3. Staged reprocessing capability:

� 80�100°C: Diels-Alder exchange (if maleimide added or self-association occurs)

� 120�150°C: Imine exchange

� 160�200°C: Transesteri�cation

Expected outcomes with FGE:

� Initial viscosity: <5000 mPa·s at 25°C (processable without solvent)

� Tensile strength: +16% vs. standard formulation (per [15])

� Flexural strength: +16% vs. standard formulation

� Lower reprocessing temperature: 80�120°C vs. 160�200°C
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3.6 Step 5: Hemp Carbon Morphology Integration

3.6.1 Protocol A: Bast Fiber/Hurd Composites (Hydrophilic)

1. Prepare unidirectional or woven hemp �ber preforms (target �ber volume fraction 40�50%).

2. Apply Seshat vitrimer formulation (standard or FGE-enhanced) via vacuum-assisted resin
infusion (VARI) or resin transfer molding (RTM) at 80°C.

3. Cure following Stage 1�3 schedule.

4. Alternative: Pre-impregnate �bers with vitrimer resin, lay-up and cure via hot-pressing
(120°C, 0.5 MPa, 4 h).

3.6.2 Protocol B: Biochar Integration (Hydrophobic)

Based on [13, 14]:

1. Biochar preparation: Pyrolyze hemp hurds at 550°C (5°C/min, 2 h hold) under nitrogen
�ow.

2. Mill and sieve to 25�100 µm particle size (optimal for mechanical properties [13]).

3. Surface activation (optional): Treat with 3% HCl to remove ash, enhance surface area.

4. Disperse biochar (10�20 wt% of total composite) in Seshat-FGE formulation using:

� Three-roll milling for high-load mixes (FGE enables solvent-free dispersion)

� Ultrasonication (500 W, 30 min) if solvent processing preferred

5. Degas and cure per standard protocol.

6. Expected outcome: 10�17% thermal conductivity increase; 32�63% water absorption
reduction [13, 14].

3.6.3 Protocol C: Carbonized Hemp Fiber (CHF) Composites

1. CHF preparation: Pyrolyze hemp �ber at 500�800°C (5°C/min, 1 h hold) under nitrogen
or argon �ow [5].

2. Surface treatment (optional): Low-temperature oxygen plasma (50 W, 5 min) to introduce
polar groups without structural damage.

3. Impregnate with Seshat-FGE formulation at 60�80°C under vacuum (FGE's low viscosity
enhances �ber wetting).

4. Cure via hot-pressing (120°C, 1 MPa, 4 h) to achieve �ber volume fraction 50�60%.

3.6.4 Protocol D: Hemp Graphene/Nanosheets

1. Exfoliation: Treat hemp biochar with KOH (1:4 weight ratio) at 800°C (chemical activa-
tion) followed by acid washing [5].

2. Disperse in DMF via ultrasonication (1 h) to achieve few-layer graphene/nanosheets.

3. Mix with Seshat-FGE formulation (0.5�2 wt% loading to avoid agglomeration; FGE aids
dispersion via π�π interactions).

4. Cast and cure per standard protocol.

5. Expected outcome: Electrical percolation at <1 wt%; enhanced barrier properties.
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4 Characterization Protocol

4.1 Chemical Structure Con�rmation

Table 10: Analytical Techniques and Expected Results

Technique Target Expected Evidence Ref. Standard

FT-IR (ATR) Functional groups Ester (1730), imine (1640�1690), [7]
epoxy consumption (910 cm−1 ↓)
FGE furan (1010, 740 cm−1) [15]

1H NMR Mannich bridge 3.5�4.0 ppm (methylene) [9]
13C NMR Carbonyl environments 170�175 ppm (ester/acid) [10]
DSC Cure kinetics Two exotherms (amine + ester stages) [8]

DA/retro-DA reversibility (60�120°C) [15]
TGA Thermal stability Td,5% > 300°C [7]
Rheology Viscosity <5000 mPa·s at 25°C (FGE formulations) [15]

4.2 Vitrimer Behavior Veri�cation

Critical experiments to validate hypothesis:

1. Stress relaxation analysis (DMA):

� Sample geometry: 30 × 5 × 1 mm3

� 1% strain, variable temperature (80�200°C)

� Target: Multiple relaxation regimes corresponding to DA (80�120°C), imine (100�
150°C), and transesteri�cation (>120°C) exchange

� Calculate activation energy Ea for each mechanism

2. Reprocessing demonstration:

� Grind cured sample to powder (< 500 µm)

� Hot-press at 100°C (DA regime), 140°C (imine regime), and 180°C (transesteri�cation
regime)

� Target: > 80% retention of tensile strength after 3 reprocessing cycles at any temper-
ature

3. Chemical recycling:

� Aminolysis: Immerse in ethylene diamine (10 wt% in ethanol), 100°C, 3 h

� Target: Network dissolution; recovered oligomers suitable for polyurethane polyol
synthesis (as demonstrated in [5])

4. Self-healing:

� Scratch sample surface, heat to 100°C (FGE-DA) or 150°C (standard) for 30 min

� Optical microscopy to assess scratch closure; compare FGE vs. standard formulations
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4.3 Morphology-Speci�c Characterization

Table 11: Target Properties by Reinforcement Morphology

Morphology Loading Key Test Target Value Standard

Bast �ber 40�50 vol% Flexural
strength

200�350 MPa ASTM D790

Biochar 10�20 wt% Thermal con-
ductivity

0.50 W·m−1·K−1 ASTM E1461

Water absorp-
tion

32�63% reduction ASTM D570

CHF 50�60 vol% Tensile modu-
lus

15�25 GPa ASTM D638

Hemp
graphene

0.5�2 wt% Electrical con-
ductivity

10−2�10−4 S/cm Four-point probe

5 Why 100% Hemp Vitrimer is Key to Sustainable Bionanocom-

posites

5.1 Circularity and End-of-Life

Traditional hemp �ber-reinforced epoxies face a fundamental contradiction: bio-based reinforce-
ment in non-recyclable matrix. The Seshat architecture resolves this through:

1. Matrix recyclability: Triple-dynamic bonds (with FGE) enable reprocessing at multiple
temperature windows without �ber degradation [1]

2. Feedstock unity: Single agricultural source (hemp) provides oil, �ber, lignin, and carbon
morphologies, minimizing transportation and processing emissions

3. Cascading value: Post-consumer composites can be pyrolyzed to recover carbon mor-
phologies (biochar → activated carbon → graphene) for higher-value applications

4. End-of-life options:

� Mechanical reprocessing (3+ cycles, 80�200°C)

� Chemical recycling to oligomeric polyols

� Pyrolytic recovery of carbon reinforcements

� Composting of degraded matrix (ultimate biodegradation)

5.2 Carbon Sequestration Potential

Hemp cultivation sequesters 8�15 tonnes CO2/hectare [5]. Converting this to durable composites
with recyclable matrices creates a carbon sink that persists through multiple material lifecycles.
The carbon morphology spectrum enables:

� Short-term storage: Bast �ber composites (5�10 year lifespan)

� Medium-term storage: Biochar/CHF composites (10�20 years, reprocessable)

� Long-term storage: Activated carbon for energy storage (decades, recoverable)
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5.3 Application-Speci�c Impact

Table 12: Seshat Architecture Application Mapping

Application Morphology Key Property Sustainability Gain

Automotive pan-
els

Biochar + bast
�ber

Lightweight, thermal
management

100% bio-based, recy-
clable, 10�17% thermal
conductivity increase

Aerospace struc-
tures

CHF High speci�c modulus Reprocessable vs. non-
recyclable carbon �ber
epoxy

Electronics hous-
ings

Hemp graphene EMI shielding, conduc-
tivity

Bio-based alternative to
metal/synthetic carbon

Construction Hemp hurds +
biochar

Insulation, �re resis-
tance

Carbon-negative build-
ing material

Energy storage Activated carbon Supercapacitor elec-
trodes

Recyclable energy stor-
age infrastructure

Adhesives/sealants FGE-enhanced
matrix

Low-temp reprocess-
ability

Solvent-free application,
self-healing

6 Risk Assessment and Alternative Pathways

6.1 Technical Risks

Table 13: Risk Factors and Mitigation Strategies

Risk Likelihood Mitigation

Phase separation
(ML/MNL incompati-
bility)

Medium Add compatibilizer (epoxidized
lignin fraction); adjust solvent
system; use sequential addition
rather than pre-mixing

Insu�cient catalytic ac-
tivity

Low�
Medium

Add external Zn(acac)2 (5 mol%)
as backup [7]; verify tertiary amine
content by titration

Premature gelation Medium Stage curing: room temperature
pre-cure (4 h) before heating; reduce
Batch B amine reactivity by using
aromatic amines

FGE volatility during
cure

Low Cure under nitrogen blanket; use
closed molds; reduce initial cure
temperature to 60°C

Biochar agglomeration Medium Optimize particle size (25�100 µm
[13]); use FGE to improve wetting
via π�π interactions

CHF/matrix delamina-
tion

Low�
Medium

Surface plasma treatment; increase
Batch B content for hydrophobic in-
terface compatibility

DA chemistry interfer-
ence

Low Verify furan retention post-cure by
FT-IR; adjust cure temperature to
preserve furan functionality
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6.2 Alternative Architectures

Should the dual-batch approach prove incompatible:

1. Single-batch sequential modi�cation: Maleinize lignin �rst, then Mannich-modify the
same material (risk: cross-reactivity of carboxyls with amines)

2. Hybrid catalyst system: Use Batch B for amine curing + external Zn2+ for transester-
i�cation (sacri�ces catalyst-free claim)

3. Fractionated approach: Separate low-Mw lignin (mobile catalyst carrier) from high-Mw

lignin (structural component) before modi�cation

4. FGE-only dynamic pathway: Use FGE as sole dynamic component (DA chemistry)
with conventional epoxy curing (simpler but less robust)

5. Morphology-speci�c formulations: Optimize Batch A:B ratio for each reinforcement
type (e.g., higher Batch B for CHF, higher Batch A for bast �ber)

7 Conclusion and Expected Impact

The Seshat Dual-Lignin Architecture represents a conceptual advance in bio-based vitrimer de-
sign, proposing that distributed functionality across two modi�ed lignin populations�augmented
by FGE's reactive diluent and dynamic chemistry�can achieve catalyst-free, multi-dynamic net-
work behavior compatible with the full hemp carbon morphology spectrum. If validated, this
system would provide:

� The �rst 100% hemp-derived vitrimer matrix (oil + lignin) compatible with both hy-
drophilic and hydrophobic reinforcements

� The �rst integration of FGE into lignin-based vitrimers, enabling solvent-free processing
and lower-temperature reprocessing

� A pathway to fully recyclable hemp �ber bionanocomposites spanning structural to func-
tional applications

� A model for circular material design using distributed rather than concentrated molecular
functionality

� A carbon sequestration strategy with multiple lifecycle pathways (mechanical, chemical,
pyrolytic)

Success would establish a new paradigm for lignin utilization in thermosetting polymers, mov-
ing beyond �ller applications to structural, dynamic networks with adaptive interface chemistry
and tunable reprocessing windows. The pre-experimental framework provided here enables any
quali�ed polymer chemistry laboratory to validate or refute the hypothesis through systematic
experimentation.

Data Availability

This pre-experimental proposal contains no primary data. All protocols are derived from cited
literature sources. Upon experimental validation, raw data will be deposited in Zenodo or equiv-
alent repositories with DOI assignment.
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