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1. MATERIAL OVERVIEW

Core System Components

Primary Resin Matrix:
e Epoxidized Hempseed Oil (EHSO) — bio-renewable epoxy backbone
e Epoxy:Carboxyl stoichiometry: 1:0.8 (fixed-datum ratio)
Crosslinker:

e Citric Acid — polycarboxylic acid, creates dynamic ester bonds via
transesterification

Catalyst:
e Zinc Acetate (Zn(OAc).) — 1 wt% loading, enables zinc-catalyzed transesterification
Reactive Diluent:

e Furfuryl Glycidyl Ether (FGE) — 8.9 wt% loading, reduces viscosity, enables
processing

Processing Aid (Hempoxies 56):

¢ Anhydrous Ethanol — improves catalyst dispersion and prevents agglomeration
Reinforcement (Hierarchical Portfolio):

¢ Polyacrylonitrile-based Carbon Fiber (PAN-CF)

¢ Native hemp bast fiber



e Biochar (thermally derived from hemp biomass)
e Activated carbon

e Carbonized hemp fiber

e Graphene nanosheets (optional)

e MXenes (optional advanced fillers)

I1. STAGE 1: EPOXIDATION OF HEMP SEED OIL

Background Chemistry

Hemp seed oil contains unsaturated fatty acids (primarily linoleic and a-linolenic acid)
with C=C double bonds. Epoxidation converts these olefinic bonds into oxirane rings
(three-membered epoxide rings), creating reactive epoxy groups for subsequent
polymer network formation.

Procedure: In Situ Performic Acid Epoxidation
Materials Required:

¢ Hemp seed oil (high-oleic cultivar preferred for thermal stability)

e Hydrogen peroxide (H.0.), 30-50% aqueous solution

¢ Formic acid (HCOOH), reagent grade

¢ lon exchange resin catalyst (Amberlite IR-120H or equivalent acidic resin)
¢ Sodium hydroxide (NaOH) for neutralization

e Sodium carbonate (Na,CO;) for workup

¢ Distilled water
Safety Note:

Performic acid is a strong oxidizer. Work in a fume hood with appropriate PPE (chemical
gloves, safety glasses, lab coat).

Stoichiometry (Typical):

For 100 g hemp seed oil:



e H,0,: ~35-40 g (1.0-1.2 mol H,0, per mole unsaturation)
e Formic acid: ~30-35 g (generates performic acid in situ)

¢ Amberlite IR-120H: ~5-8 g (5-8 wt% of oil mass)
Step-by-Step Procedure:

1. Reactor Setup:

o Use around-bottom flask (3-5 L capacity) equipped with overhead stirrer,
thermometer, addition funnel, and condenser

o Heat with controlled water bath or oil bath
o Maintain inert atmosphere (argon/nitrogen flow or positive pressure) throughout
2. Catalyst Activation:

o Activate Amberlite resin by suspending in distilled water (1:10 w/v) for 30
minutes

o Drain water and air-dry on filter paper
o Pre-heat resin to 50-60°C in the reactor before oil addition
3. Oil Introduction:
o Add hemp seed oil (100 g) to the heated reactor with activated resin
o Stir at 200-300 rpm to suspend catalyst
4. Performic Acid Generation:
o In a separate container, slowly mix formic acid with H,O, (typically 1:1 molar ratio)

o Perform this mixture preparation outside the reactor; an exothermic reaction
occurs

o Allow mixture to cool to room temperature before addition (typically ~10-15 min)
5. Controlled Addition:

o Using addition funnel, slowly add the performic acid mixture to the oil+catalyst
suspension at 50-60°C

o Critical: Add dropwise over 2-4 hours (too fast = runaway reaction/foam)

o Maintain temperature between 50-65°C throughout



o Stir continuously
6. Reaction Progression:
o After complete addition, increase temperature to 65-75°C
o Continue stirring for 2—-4 hours (reaction completion typically 4-6 hours total)

o Monitor conversion via iodine value titration (target: <2 g 1,/100g, indicating <2%
residual unsaturation)

7. Catalyst Removal:
o Cool reaction mixture to <40°C
o Filter through fine filter paper or 0.45 um syringe filter to remove spent resin
o Collect filtrate (epoxidized hemp seed oil product)
8. Workup & Neutralization:
o Transfer filtrate to separatory funnel
o Add 10% Na,CO; solution (10 mL per 100 g oil) to neutralize excess formic acid
o Shake gently and allow phases to separate (~15 min)
o Remove aqueous layer (lower)
o Repeat Na,CO; wash 2-3 times until aqueous layer is neutral (pH paper)
9. Water Removal:
o Wash organic layer with distilled water (3 x 10 mL per 100 g oil)
o Transfer to separatory funnel, remove aqueous layer each time

o After final aqueous wash, dry over anhydrous Na,SO, (10 g per 100 g oil) for 30
min

o Filter to remove drying agent
10. Final Product:
o EHSO is now a light golden to amber viscous liquid

o Store in amber glass bottles under argon at room temperature (shelf-life ~3-6
months)

o Quantify epoxy content via epoxy titration (target: 4.5-5.5 wt% epoxy oxygen)



Characterization of EHSO:

o Epoxy Value (wt% oxygen): Titration with HCl/dioxane

¢ lodine Value: <2 g I,/100g (residual unsaturation)

¢ Acid Value: <1 mg KOH/g

e Viscosity: ~150-250 mPa-s at 25°C (depending on fatty acid profile)

e FT-IR: Peak at 840-860 cm™ (epoxide C-O stretch), absence of C=C stretch at
1650 cm™

¢ TH NMR: Characteristic epoxide proton multiplet at 2.8—-3.2 ppm

I1l. STAGE 2: VITRIMER MATRIX SYNTHESIS

Covalent Adaptable Network (CAN) Formation
Chemistry Overview

The Hempoxies system forms a dynamic network through:
1. Primary Cross-linking (Esterification):

o Epoxy groups (from EHSO) undergo ring-opening with hydroxyl groups (from
citric acid)

o Forms secondary and tertiary hydroxyl groups
o Citric acid’s carboxyl groups esterify with these hydroxyl groups
o Creates ester crosslinks

2. Dynamic Bond Exchange (Transesterification):

o AtT > Tv (topology freezing temperature, ~150-160°C), ester bonds undergo
associative bond exchange

o Catalyzed by Zn(OAc).

o Network topology rearranges dynamically, enabling reprocessability and self-
healing

Materials Required:



e Epoxidized Hempseed Qil (EHSO) — from Stage 1

e Citric Acid (anhydrous) — reagent grade

e Zinc Acetate Dihydrate (Zn(OAc).-2H,0) — reagent grade

e Furfuryl Glycidyl Ether (FGE) — commercial epoxy diluent

¢ Anhydrous Ethanol (or anhydrous methanol) — solvent/processing aid
¢ Silica molds or mold release spray

e Aluminum foil
Stoichiometry (per 100 g EHSO):

For 1:0.8 epoxy:carboxyl ratio:

Component Amount Notes
EHSO 1000 g (assuming 5 wt% epoxy oxygen)

. ) ~36-38 Three carboxyl groups per molecule; empirically ~36-38
Citric Acid

g wt% of EHSO

Zn(OAc),-2H,0 109 1 wt% catalyst loading
FGE 89g¢g 8.9 wt% reactive diluent
Anhydrous 5-10 5-10 wt% of total resin mass (Hempoxies 56
Ethanol 9 enhancement)

Total resin mass: ~150.9-152.9 g
Procedure A: Neat Synthesis (without solvent)

1. Equipment Setup:
o Use sealable glass vessel or stainless steel reaction vessel (autoclave-grade)
o Equipped with magnetic stirring bar, thermometer, and N, inlet
o Pre-heat vessel to 80°C
o Purge with dry nitrogen for 5 minutes to remove atmospheric moisture

2. Component Mixing (Order Critical):



o Weigh EHSO (100.0 g) into vessel
o Add FGE (8.9 g) dropwise while stirring (~500 rpm)
o Allow to mix for 2—3 minutes until homogeneous
3. Catalyst Dissolution:
o Add anhydrous ethanol (7.5 g, ~7.5 wt%) to vessel with EHSO+FGE blend
o Stir at 60-70°C for 2 minutes

o In separate beaker, dissolve Zn(OAc),-2H,0 (1.0 g) in minimal anhydrous ethanol
(~1-2 mL)

o Stir Zn(OAc), solution briefly (generates a clear to faintly turbid solution)
4. Zinc Addition & Pre-cure:

o Add Zn(OAc), ethanol solution to main vessel

o Stir vigorously for 1 minute at 60°C (promotes dispersion)

o Hempoxies 56 enhancement: The ethanol phase prevents catalyst
agglomeration

o Reduce agitation to ~200 rpm; continue at 60°C for 5 minutes
5. Citric Acid Integration:
o Slowly add citric acid (36.5 g) in small portions (~0.5 g increments) while stirring

o Critical: Add slowly; citric acid is partially soluble and exothermic reaction
occurs

o After each addition, wait ~30 seconds for thermal/mixing equilibration

o Temperature may rise to 65-70°C; control with water bath if needed

o Continue until all citric acid is added (~8-10 minutes for full addition)
6. Post-addition Mixing:

o After complete citric acid addition, increase stirring to 500 rpm

o Continue at 60-65°C for 10 minutes

o Mixture becomes increasingly viscous (appearance: light brown, opaque, putty-
like consistency)

7. Degassing (Critical):



o Heat to 80°C under low vacuum (if available) or nitrogen sparge for 10 minutes

o Purpose: Remove air bubbles trapped during mixing (air pockets degrade final
properties)

o Alternative: Centrifuge at 1000 g for 2—3 minutes to settle bubbles
8. Mold Casting:

o Prepare silicone molds or aluminum molds with mold release spray (PTFE spray
ideal)

o Pour resin into molds at 80°C (temp must be maintained; resin gels at room
temperature)

o For standard test specimens: pour into 25 mL crucibles or ASTM mold templates
o Work quickly (pot life at 80°C ~15-20 minutes before gelation begins)
9. Cure Schedule (Two-Stage):
Stage 1 — Room Temperature Gelation (24-48 hours):

o Allow filled molds to cool slowly to room temperature over 2-3 hours (prevents
cracking)

o Cure at 23-25°C for 24-48 hours (network formation via esterification)
o Resin becomes rigid but still slightly tacky

Stage 2 — Heat Cure (Post-cure):
o Transfer molded parts to oven

o Ramp temperature: 50°C - 80°C - 120°C over 12 hours (slow ramp reduces
stress)

o Hold at 120°C for 4 hours (completes primary esterification)
o Cool in oven to <50°C before removal

o Optionally: Flash cure at 150°C for 30 minutes (strengthens dynamic bonds; not
essential)

10. Post-Processing:
o Demold specimens from molds

o Sand excess material with 220-400 grit sandpaper if needed



o Store samples in dry conditions at room temperature in sealed containers

Procedure B: Solvent-Assisted Synthesis (Hempoxies 56 Enhanced)

For improved homogeneity and reproducibility (especially with reinforcement fibers):

1. Preparation:

o Weigh EHSO (100 g), FGE (8.9 g), anhydrous ethanol (10 g total)
o Pre-heat in reaction vessel to 70°C
. Resin Blend:

o Mix EHSO + FGE at 70°C for 2 min (ethanol already present from subsequent
step)

. Catalyst Dissolution (Improved):

o Dissolve Zn(OAc).-2H.0 (1.0 g) in ~2 mL anhydrous ethanol in separate flask
o Gently warm to 40-50°C to enhance solubility

o Stir until fully dissolved (clear solution)

. Addition to Resin:

o Add catalyst solution dropwise to EHSO+FGE blend at 70°C

o Stir at 400 rpm for 2 minutes

. Citric Acid Addition (Ethanol-Slurried):

o Separately, suspend citric acid (36.5 g) in anhydrous ethanol (15 mL)

o Stir to create fine slurry (not fully dissolved)

o Slowly add slurry to main vessel at 70°C over 5-8 minutes while stirring
. Mixing & Gelation:

o Increase stir rate to 600 rpm after slurry addition

o Continue 8-10 minutes at 70°C

o As ethanol evaporates, mixture thickens

. Ethanol Removal (Optional):

o To accelerate ethanol evaporation: Heat to 90-100°C under low vacuum for 10—

15 minutes



o Monitor consistency; stop when mixture reaches desired viscosity (pourable but

not fluid)

8. Casting & Cure:

o Proceed with degassing and mold casting as in Procedure A

o Use identical cure schedule

Monitoring Reaction Progress:

e Gel Time: At room temperature (~25°C), mixture sets to gel (~1 mm penetrometer

resistance) in 24-36 hours

e Tack-Free Time: ~48 hours at room temperature

e Shore D Hardness: Progresses from ~55 (48 hr RT) to ~78-82 (120°C post-cure)

e FT-IR Monitoring:

o Epoxy C-O peak at 840-860 cm™ diminishes over time

o Ester C=0 peak at 1735 cm™ increases

o By 120°C post-cure: epoxy peak nearly absent, ester peak strong

IV. STAGE 3: REINFORCEMENT INTEGRATION

Hierarchical Carbon Morphology Incorporation

The Hempoxies platform can be reinforced with various carbon forms to tailor stiffness

and strength. All reinforcements are co-processed during the matrix synthesis stage.

Reinforcement Options:

M hol Volume
orpholo
P 9y Fraction
PAN-based Carbon
. 20-40%
Fiber (CF)
Native Hemp Bast
P 10-30%

Fiber

Biochar 5-15%

Aspect
Ratio

~80-150

~30-100

Application

High-strength load-
bearing

Lightweight bio-
composite

Thermal conductivity,

Density
(g/cm?)

1.60

1.48

1.2-1.3



(thermolyzed hemp) damping

Electrical

Activated Carbon 5-10% ~1-3 1.3-1.5

conductivity, sorption

Carbonized Hemp Hybrid

. 10-25% ~20-60 . ) 1.50

Fiber stiffness/weight
Graphene >1000

P 0.5-3% Ultra-high modulus 2.0
Nanosheets (G) (lateral)

. >500 Electrical/thermal
MXenes (TisC.Ty) 0.5-2% 41
(lateral) enhancement

Hemp-Derived Carbon Morphologies (Preparation):

Biochar from Hemp Hurds:

1.

2.

4.

5.

Dry hemp shives (woody core) at 105°C overnight

Pyrolyze in muffle furnace at 450-600°C for 2—4 hours under inert atmosphere (N,
flow)

Cool to room temperature in furnace
Grind to <100 mesh powder

Store in sealed container

Activated Carbon (from Biochar):

1.

2.

3.

4.

5.

Treat biochar with KOH (mass ratio 1:1) in ethanol slurry
Dry at 105°C

Activate in muffle furnace at 700-850°C for 1-2 hours (N.)
Cool, wash with dilute HCI, then distilled water

Dry at 105°C and store

Carbonized Hemp Fiber:

1.

2.

3.

Demineralize raw hemp fiber in dilute HCI, then distilled water
Dry at 105°C

Pyrolyze at 800-1000°C for 1-2 hours (N,)



4. Cool and bundle into fiber form
Reinforced Composite Synthesis:

Procedure (20 wt% PAN-CF + 5 wt% Biochar Example):
1. Fiber Pre-treatment:
o Use chopped PAN-CF (3—-6 mm length) at 20 wt% of total resin

o Pre-coat lightly with ~0.1 wt% silane coupling agent (y-
methacryloxypropyltrimethoxysilane, A-187) in ethanol

o Dry coated fibers at 80°C for 1 hour
o Add pre-treated CF to mold cavity
2. Biochar Dispersion:

o In small portion of EHSO (10 wt% of total), disperse biochar (5 wt% of final
composite) via sonication for 5 minutes

o Use probe sonicator at 50-60% amplitude
o This pre-dispersed slurry improves homogeneity
3. Resin Synthesis (Modified):
o Prepare base EHSO+FGE+Zn(OAc).+Citric acid matrix as in Stage 2
o Substitute 10 g of EHSO with biochar-loaded EHSO from step 2
o Mix thoroughly to distribute particles
4. Fiber Wetting:
o Pour resin mixture onto chopped CF in mold cavity
o Work mixture into fiber bed with spatula (3—-5 minutes) to ensure fiber wetting
o Remove air pockets by manual vibration or centrifugation
5. Cure Schedule:

o Use identical cure protocol as Stage 2 (RT 24-48 hr, then 120°C post-cure)

V. TOPOLOGY FREEZING TEMPERATURE (Tv) & DYNAMIC



PROPERTIES

Theoretical Basis

Above Tv (~150-160°C for Hempoxies), associative transesterification activates:

$$\text{R}{1}|text{-O-CO-R}2} + \text{R}{3}|text{-OH} |xleftrightarrow[|text{Zn(OAc)}
{2}1{\text{=150°C}} \text{R}{7}|text{-O-CO-R}{3} + \text{R}_{2}\text{-OH}$$

This enables:
¢ Healing: Severed bonds reform at elevated temperature
¢ Reshaping: Parts can be reheated and compression-molded into new shapes

¢ Recycling: Fully recyclable via re-heating and re-molding

Measuring Tv:

Dynamic Mechanical Analysis (DMA):
¢ Plot storage modulus (E’) vs. temperature
e Tvis where E' begins a sharp decline (typically over 50-100°C temperature window)
e For Hempoxies: E' peak around 150-160°C
Rheology (Oscillatory):
e Measure complex viscosity (n*) and phase angle (6) from 25°C - 200°C at 1 Hz

e Tv =temperature where tan(6) =1 (G' = G"’)

VIi. PROJECTED PROPERTIES (TRL 1-2)
Mechanical Properties (Unfilled Matrix)

. Target
Property Unit Notes
Value

Dynamic network; lower than

Tensile Strength MPa 35-50
thermosets

Tensile Modulus GPa 0.8-1.2 Bio-derived matrix; moderate stiffness

Elongation @ Break % 2-5 Brittle thermosetting behavior



Flexural Strength MPa 45-60 —

Flexural Modulus GPa 1.0-1.5 —

Compressive

MPa 80-120 Matrix-dominated property

Strength

Reinforced Composites (20 wt% PAN-CF)

Property Unit
Tensile Strength MPa
Tensile Modulus GPa
Density g/cm?

Thermal Properties

Property

Glass Transition (Tg, DMA)

Topology Freezing (Tv)

Decomposition Onset (TGA, 5% loss)
Coefficient of Thermal Expansion (CTE)

Thermal Conductivity

Environmental Properties

Projected Value

180-250

8-12

1.25-1.35

Unit

°C

°C

°C

ppmM/K

W/m-K

Target Value
~110-130
150-160
>280

40-60

0.15-0.25

Property Notes
Carbon . . . . .
] Projected net-negative via 100% bio-derived feedstocks
Footprint
Recyclability Infinite solid-state recycling via thermal reprocessing

Slowly degradable under soil/aqueous conditions; not fully

Biodegradability
compostable



Biocompatibility Suitable for non-medical contact applications

Vil. CURE KINETICS & OPTIMIZATION

DSC (Differential Scanning Calorimetry) Analysis

Expected DSC thermogram (25-200°C scan, 10°C/min):

1. 30-=70°C: Broad exothermic peak (esterification of epoxy + citric acid carboxyls)

2. 70-120°C: Secondary shoulders (continued esterification)

3. 150-170°C: Small endothermic upturn (Tv transition; no major reaction)

4. >170°C: Flat baseline (no further reactivity)

Integration of Area 1 & 2: Total heat of reaction = 200-350 J/g (varies with

formulation)

Activation Energy (Ea)

For epoxy-carboxylic acid reaction:

e Estimated Ea = 60-80 kJ/mol (transesterification pathway)

¢ Isothermal cure @ 120°C follows approximately first-order kinetics for early stages

Vill. TROUBLESHOOTING & COMMON ISSUES

Issue

Unreacted white
residue

Brittleness/cracking

Poor fiber wetting

Cause

Citric acid
precipitation;
incomplete
dissolution

Cure too fast or
incomplete mixing

High viscosity
prevents fiber
penetration

Solution

Increase ethanol % or pre-dissolve
citric acid in warm ethanol before
addition

Slow cure ramp (50°C/hr); increase
FGE diluent to 10-12 wt%

Increase FGE to 10-12 wt%; warm
resin to 70°C before pouring



Yellow/brown
discoloration

Low tensile strength

Poor recycling
(doesn’t reshape)

Oxidation or
excessive heating

Incomplete
crosslinking

Incomplete network
formation

Store EHSO under nitrogen; avoid
>150°C during synthesis

Extend post-cure to 120°C x 6-8
hours; check catalyst dispersion

Ensure 120°C post-cure; confirm Tv
around 150-160°C via DMA

IX. SAFETY & DISPOSAL

Hazardous Materials Handling:

Hydrogen Peroxide (H.0.): Oxidizer; causes burns. Wear nitrile gloves, eye
protection, and work in fume hood.

Formic Acid: Corrosive; causes severe burns. Use in fume hood; avoid skin contact.

Performic Acid: Extremely corrosive and unstable. Generate in situ; never store.
Immediate addition to oil is required.

Zinc Acetate: Low toxicity but respiratory irritant in powder form; use dust mask
during handling.

Furfuryl Glycidyl Ether: Skin irritant; potential sensitizer. Use nitrile gloves and
avoid prolonged contact.

Waste Disposal:

Spent lon Exchange Resin: Rinse with water; dispose as non-hazardous solid
waste or regenerate if feasible.

Aqueous Ethanol Washings (from workup): Evaporate ethanol; neutralize
remaining aqueous solution with NaOH; dispose as non-hazardous aqueous waste.

Cured Resin Scraps: Can be thermally recycled (reheated to Tv, reprocessed) or
landfilled (non-toxic).

Uncured Resin: Harden by adding excess cold water (hydrolyzes epoxy); dispose as
solid waste.

Personal Protective Equipment (PPE):

Chemical-resistant nitrile gloves (double-gloving recommended)



o Safety glasses or full face shield
e Lab coat or protective apron
e Closed-toe shoes with chemical-resistant sole

e Respiratory protection (N95 or equivalent) when handling powdered citric acid or
biochar

X.NEXT STEPS FOR VALIDATION (TRL 2-3 PATHWAY)

Critical Experiments:

1. FTIR/[NMR Spectroscopy: Confirm epoxy consumption and ester formation
2. Dynamic Mechanical Analysis (DMA): Measure Tg, Tv, and tan(6) profile

3. Tensile Testing (ASTM D638): Validate projected strength of 35-50 MPa for neat
resin

4. Recycling Trials: Thermal reprocessing of molded samples; measure property
retention

5. Environmental Footprint LCA: Quantify net carbon sequestration vs. petroleum
thermosets

6. Fiber Composite Validation: Test carbon-fiber-reinforced samples; verify 180+
MPa tensile strength

Long-Term Objectives:

¢ Pilot-scale EHSO production (kg quantities)
¢ Building component prototyping (roof tiles, panels, insulation boards)
¢ Industrial partnership with composite manufacturers

e Regulatory pathway for construction material standards (ASTM, I1SO)
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Open Science GitHub Repository: https://github.com/MLSpyShop/Hempoxies
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Disclaimer: This document represents theoretical TRL 1-2 research with projected (not
validated) performance targets. All synthesis procedures are laboratory-scale
hypothetical protocols. Practical implementation requires rigorous experimental
validation, safety testing, and regulatory approval.



