
Comprehensive Technical Evaluation and 
Strategic R&D Review of Organic Hemp 
Graphitic Composite Materials 
Executive Summary & Strategic R&D Context 
The technical proposal documented in Report TR-OHGCM-2026-001 outlines an engineering 
methodology aimed at replacing fossil-derived synthetic carbon nanomaterials—including 
synthetic graphene, carbon nanotubes (CNTs), and petroleum pitch-based carbon fibers—with 
bio-derived graphitic allotropes produced from industrial organic hemp (Cannabis sativa L.) 
biomass1. The inner bast and outer hurd fractions of industrial hemp possess pre-structured 
porous networks and high native cellulosic and lignocellulosic content, rendering them viable 
precursors for scalable carbon nanomaterial synthesis1. 
The proposal presents a multi-morphology carbon portfolio comprising five distinct Organic 
Hemp-Derived Graphitic Materials (OHGMs): Organic Hemp Carbon Nanosheets (OHCNS), 
Organic Hemp Graphene Oxide (OHGO), Organic Hemp Reduced Graphene Oxide (OHRGO), 
Organic Hemp Active Carbon Biochar (OHACB), and Organic Hemp Short Carbon Fibers 
(OHSCF)1. It outlines the structural and functional integration of these allotropes across seven 
material matrix classes: thermoset epoxies, epoxidized organic hempseed oil vitrimers, 
thermoplastics, elastomers, inorganic geopolymers, metal matrix composites (MMCs), and 
ceramic matrix composites (CMCs)1. 
While the proposal constructs a closed-loop bio-carbon ecosystem supported by statistical 
Design of Experiments (DOE) methodologies, an expert evaluation requires benchmarking 
these claims against established academic literature, analyzing underlying chemical synthesis 
mechanisms, examining micromechanical stress transfer formulations, and identifying 
mathematical and operational limitations within the proposed processing workflows1. 

Intellectual Priority Declarations and Prior Art Analysis 
The proposal outlines three priority declarations regarding material synthesis, conceptual 
integration, and ecosystem design1. Contextualizing these priority declarations within 
peer-reviewed literature and industrial prior art reveals the specific novel contributions of the 
proposal alongside established foundational science. 
 

Proposal Priority Declarations 
(TR-OHGCM-2026-001) 

Benchmark Peer-Reviewed Literature & 
Industry Prior Art 

Declaration 1: First formulation and Biochar conversion into graphene oxide via 



synthesis of OHGO and OHRGO directly 
from hemp biomass precursors1. 

modified Hummers oxidation is established 
across agricultural feedstocks, including 
licorice roots, palm waste, and energy 
crops5. Direct GO/rGO surface coatings 
and modifications on hemp fibers in epoxy 
composites are documented in existing 
literature2. 

Declaration 2: First conceptualization and 
modeling of OHCNS as a structural and 
functional reinforcement phase across 
composite matrices1. 

Wang et al. (2013) demonstrated the 
synthesis of 2D hemp carbon nanosheets 
via hydrothermal carbonization and KOH 
activation for supercapacitors1. Zakir et al. 
(2022) synthesized mesoporous hemp 
graphene (HGr)3. Prasob & Sasikumar 
(2022) modeled hybrid hemp fiber and 
graphene nanofiller reinforcement in 
epoxies1. 

Declaration 3: Establishment of a 
multi-scale closed-loop bio-carbon 
composite ecosystem combining 0D/3D 
biochar, 1D carbon fibers, and 2D 
nanosheets1. 

Commercialization of epoxidized 
hempseed oil bio-epoxies and dynamic 
covalent vitrimers ("Hempoxy") was 
established by Zila BioWorks and 
Washington State University4. Corporate 
disclosures indicate Landry's hemp 
composite R&D is currently at the 
hypothesis and concept-validation stage15. 

The foundational synthesis of 2D carbon nanosheets from hemp bast fibers was established by 
Wang et al. (2013), who demonstrated that hydrothermal carbonization (HTC) followed by 
potassium hydroxide (KOH) chemical activation yields interconnected graphitic nanosheets 
(10–30 nm in thickness) optimized for ultrafast energy storage1. Building upon this, Zakir et al. 
(2022) detailed the chemical synthesis of mesoporous hemp-derived graphene (HGr) using 
concentrated acid treatments and KOH activation, establishing bi-porous mesostructures with 
distinct 4 nm and 8 nm pore size distributions3. 
The conversion of biochar into graphene oxide via modified Hummers oxidation is 
well-documented across agricultural feedstocks, including energy crops like miscanthus and 
crop residues5. Furthermore, Da Silveira et al. (2022) and Javanshour et al. (2021) evaluated 
graphene oxide-coated hemp fibers and GO-modified natural fibers in polymer matrices2, 
while Prasob & Sasikumar (2022) investigated the mechanical influence of combining hemp 
fibers with graphene nanofillers in epoxy matrices1. 
In dynamic bio-resins, Zila BioWorks ("Zila Works") commercialized epoxidized hempseed oil 
bio-epoxies and dynamic covalent vitrimers ("Hempoxy") based on technology originating from 



Dr. Jinwen Zhang's laboratory at Washington State University4. Public disclosures from the 
author's primary enterprise acknowledge that materials science initiatives under Landry 
Industries remain in the hypothesis and concept-validation stage15. Consequently, 
TR-OHGCM-2026-001 is best categorized as an integrative conceptual and theoretical 
framework that unifies distinct bio-carbon processing streams into a structural composite 
design system rather than the discovery of fundamentally unknown chemical species1. 

Multi-Morphology Carbon Synthesis Pathways & 
Processing Mechanics 
The proposal details thermochemical processing pathways to isolate five distinct carbon 
allotropes from industrial organic hemp hurd and bast biomass precursors1. 
Organic Hemp Carbon Nanosheets (OHCNS) 

Synthesizing OHCNS requires subjecting raw hemp bast or hurd biomass to hydrothermal 
carbonization (HTC) in an aqueous medium at temperatures between 180°C and 220°C1. This 
process breaks down hemicellulose and partially hydrolyzes cellulose into a concentrated 
carbonaceous hydrochar1. This hydrochar intermediate is mixed with potassium hydroxide 
(KOH) at impregnation mass ratios ranging from 1:1 to 1:41. High-temperature chemical 
activation at 700–900°C under an inert argon atmosphere drives metallic potassium 
intercalation into the carbon matrix1. Etching reactions expand interlayer spaces, yielding 2–5 
nm thick graphitic sheets exhibiting Brunauer-Emmett-Teller (BET) specific surface areas 

exceeding 1800 1. 
Organic Hemp Graphene Oxide (OHGO) and Reduced Graphene 
Oxide (OHRGO) 

OHGO synthesis adapts a modified Hummers oxidation protocol applied to pre-graphitized 
organic hemp hurd biochar1. The biochar precursor is treated with a concentrated acid mixture 

(  and  in a 9:1 volume ratio) alongside potassium permanganate (

) as the primary oxidizing agent1. This oxidative intercalation introduces 
oxygen-containing functional groups—primarily hydroxyl, carboxyl, and plane epoxide 
groups—across the graphitic lattice1. These groups expand the interlayer d-spacing and confer 
amphiphilicity and solvent dispersibility1. 
Subsequent green chemical reduction using L-ascorbic acid or thermal annealing at 

temperatures above 800°C produces OHRGO1. This reduction partially restores the 
-hybridized conjugated carbon lattice, recovering bulk electrical conductivity to approximately 

1. 



Organic Hemp Active Carbon Biochar (OHACB) and Short Carbon 
Fibers (OHSCF) 

OHACB is produced via slow pyrolysis of organic hemp hurd residuals at 400–600°C followed 
by high-temperature steam activation1. This creates a micro- and mesoporous 3D carbon 
framework optimized for internal curing and stress damping1. OHSCF is synthesized by 
carbonizing continuous organic hemp bast fibers under mechanical tension at 1000–1400°C to 
align axial crystallites, followed by precision mechanical chopping into 1–6 mm fiber lengths to 
ensure uniform dispersion1. 
Chemical Mechanics and Biochar Graphitization Constraints 

Direct conversion of biomass-derived biochar into graphene oxide via Hummers oxidation 
presents notable chemical challenges compared to the oxidation of natural flake graphite5. 
Biochar generated at standard pyrolysis temperatures (400–600°C) possesses high 

turbostratic disorder, limited crystallite domain sizes ( ), and a large amorphous carbon 
fraction5. Direct acid oxidation of unrefined biochar causes extensive lattice fragmentation, 
resulting in low yields of 2D sheets and elevated amounts of low-molecular-weight humic acids 
or zero-dimensional graphene quantum dots (GQDs)7. 
To synthesize structurally intact OHGO sheets, the hemp biochar precursor must undergo 

high-temperature pre-graphitization ( ) to extend conjugated  domains prior 
to oxidative acid intercalation5. 

Micromechanical Transfer Models & Multi-Scale 
Reinforcement Theory 
The mechanical capability of multi-scale organic hemp carbon composites depends on stress 
transfer mechanisms operating across microscopic and nanoscopic interfaces1. 
One-Dimensional Short Fiber Mechanics: Kelly-Tyson Shear Lag 

For 1D short carbon fibers (OHSCF) embedded within a continuous polymer matrix, mechanical 
load is transferred from the matrix to the fiber via interfacial shear stress1. The critical fiber 

length ( ) required for a fiber to achieve its ultimate tensile strength ( ) without pulling out 
of the matrix is defined by Kelly-Tyson shear lag theory1: 

 

where  represents the fiber diameter and  is the interfacial shear strength (IFSS) between 



the carbonized hemp fiber and the surrounding resin1. When the fiber length , the 

composite fails primarily via fiber pull-out; when , stress accumulates along the fiber 
axis until fiber fracture occurs, maximizing total energy absorption1. 
Two-Dimensional Nanosheet Mechanics: Modified Cox Shear Lag 
Model 

For planar 2D nanosheets (OHCNS and OHGO), the elastic modulus enhancement ( ) of the 
composite is modeled using modified Cox shear lag equations adapted for planar geometries1: 

 

where  and  represent the elastic moduli of the nanosheet reinforcement and matrix 

respectively,  is the nanosheet volume fraction,  is the orientation efficiency factor, and 

 is the length efficiency factor1: 

 

The dimensionless shear lag parameter  and nanosheet aspect ratio  are defined as: 

 

where  is the ratio of sheet lateral length ( ) to thickness ( ),  is the matrix shear 

modulus, and  represents the intersheet matrix layer thickness1. High aspect ratios (

) drive  toward unity, enabling efficient interfacial stress transfer1. 
Multi-Scale Synergy Mechanics 

Integrating 0D/3D porous biochar, 1D short carbon fibers, and 2D graphitic nanosheets 
establishes a multi-scale stress mitigation network1. Porous OHACB particles damp dynamic 
mechanical stresses and arrest microvoid coalescence1. High-surface-area 2D OHCNS and 
OHGO sheets pinned within the matrix deflect sub-micron crack tips, while 1D OHSCF fibers 
bridge macro-scale cracks across developing fracture planes1. 



Cross-Matrix Integration Dynamics 
Integrating multi-morphology organic hemp carbon allotropes across different matrix classes 
depends on specific chemical, thermal, and interfacial interaction mechanisms1. 
Thermoset Epoxies and Organic Hempoxy Vitrimers 

In diglycidyl ether of bisphenol A (DGEBA) thermoset epoxies, surface oxygen groups on 
OHGO (hydroxyl, carboxyl, epoxy) participate in nucleophilic ring-opening reactions with amine 
curing agents1. Covalent cross-linking between the nanofiller and epoxy network enhances 

interfacial shear strength, increasing critical stress intensity factor ( ) fracture toughness by 
up to +65% at a 0.5 wt% loading1. 
In covalent adaptable networks (CANs) and vitrimers, such as epoxidized hempseed oil paired 
with maleated fatty acid hardeners (Zila BioWorks platform), hydroxyl groups on OHGO and 
OHCNS participate directly in thermally stimulated transesterification exchange reactions1: 

 
Unlike traditional filled thermosets where rigid inclusions restrict chain mobility, functionalized 
bio-carbon nanosheets integrate into the dynamic exchange network1. This bond shuffling 
permits a +40% increase in flexural modulus while preserving thermal reprocessability, 
self-healing capacity, and chemical recyclability1. 
Semicrystalline Thermoplastics and Elastomers 

In semicrystalline thermoplastics such as poly(lactic acid) (PLA), high-surface-area OHCNS 
serves as a heterogeneous nucleating agent1. It lowers the free energy barrier for polymer 
chain folding, accelerating crystallization kinetics and increasing overall crystallinity, which 

elevates the Heat Deflection Temperature (HDT) of PLA by 1. In non-polar matrices 
like polypropylene (PP) or high-density polyethylene (HDPE), coupling agents such as maleic 
anhydride-grafted polypropylene (MAPP) are required to establish covalent links with 
hydroxyl-bearing OHGO1. 
In flexible elastomers (TPU, silicone), low concentrations of dispersed OHRGO (<0.5 wt%) form 
conductive networks near the electrical percolation threshold1. Applied mechanical strain alters 
inter-particle tunneling distances, producing piezoresistive behavior with gauge factors 
exceeding 15 suitable for flexible strain sensing1. 
Inorganic Geopolymers, Cements, Metals, and Ceramics 

In cementitious and geopolymeric binders, porous OHACB acts as an internal curing water 
reservoir, gradually releasing moisture during hydration to suppress autogenous shrinkage1. 
Oxygen groups on OHGO serve as nucleation sites for calcium-silicate-hydrate (C-S-H) gel 



growth, accelerating early-stage hydration1. High-aspect-ratio OHSCF fibers provide 
macro-scale crack bridging, improving 28-day compressive strength by +35% and flexural 
strength by +50%1. 

For Metal Matrix Composites (Al, Mg) and Ceramic Matrix Composites ( , ) 
processed via Spark Plasma Sintering (SPS) or Hot Isostatic Pressing (HIP), OHCNS pins grain 
boundaries during high-temperature consolidation, restricting grain growth and inducing 
non-catastrophic crack deflection along ceramic grain interfaces1. 

Statistical Design of Experiments (DOE) & RSM 
Limitations 
To optimize synthesis conditions and multi-scale loading fractions, TR-OHGCM-2026-001 
proposes a two-phase statistical optimization strategy1. 

Phase I: Taguchi  Screening Array 

Phase I uses a Taguchi  orthogonal array evaluating 5 control factors across 3 design levels 

to determine key synthesis variables influencing graphitization degree (  ratio via 

Raman spectroscopy), BET specific surface area ( ), and nanofiller yield1: 

●​ Factor A: HTC Temperature ( )1 

●​ Factor B: KOH Impregnation Ratio ( )1 

●​ Factor C: Activation Temperature ( )1 

●​ Factor D: Pyrolysis Residence Time ( )1 

●​ Factor E: Ball Milling Speed ( )1 

Phase II: Face-Centered Central Composite Design (FCCCD) 

Phase II evaluates four loading variables across composite matrix formulations using a 30-run 
FCCCD Response Surface Methodology (RSM)1: 

●​ : Organic Hemp Biochar (OHACB) [ ]1 

●​ : Organic Hemp Short Fiber (OHSCF) [ ]1 

●​ : Organic Hemp Nanosheets (OHCNS) [ ]1 

●​ : Organic Hemp Graphene Oxide (OHGO) [ ]1 



Measured mechanical and functional responses ( ) are fitted to a second-order quadratic 
polynomial equation1: 

 

Multi-objective optimization is evaluated using Derringer’s overall desirability function ( )1: 

 
which maximizes mechanical strength and toughness while constraining resin melt viscosity to 
preserve processability1. 
Mathematical Limitations of Quadratic RSM near Percolation 
Thresholds 

While quadratic polynomial RSM models effectively approximate smooth mechanical responses 
(such as tensile strength or flexural modulus), they face mathematical limitations when applied 
to nanocomposite transport properties near percolation thresholds6. 

Electrical conductivity ( ) and rheological yield stress in conductive carbon-reinforced 

systems follow non-linear power-law scaling relative to filler volume fraction ( )22: 

 

where  is the critical percolation threshold concentration and  is the universal transport 
exponent22. 
Because electrical conductivity can increase by 6 to 10 orders of magnitude over narrow 

concentration increments ( ), the continuous parabolic curvature enforced 

by a second-order polynomial ( ) fails to capture the step-function transition6. Fitting 
quadratic RSM models across datasets containing percolation transitions creates localized 

fitting errors, underestimating conductivity above  and predicting unphysical negative 

values below 6. 



To accurately model multi-scale OHGM formulations across percolating regimes, standard 
polynomial RSM should be supplemented with non-linear sigmoidal models or hybrid 
statistical-physical frameworks6. 

Comparative Performance Metrics and Matrix Class 
Integration 
Synthetic & Structural Portfolio of Organic Hemp-Derived Carbon 
Allotropes 

 

Carbon 
Allotrope 

Precursor 
Bio-Fraction 

Key 
Processing 
Parameters 

Morphologica
l Dimensions 

Primary 
Structural/Fu
nctional 
Mechanisms 

OHCNS 
(Nanosheets) 

Hemp Bast / 
Hurd 
Hydrochar 

HTC (

) 
+ KOH 
Activation (

) 

Thickness: 

; SSA 

 

Heterogeneou
s nucleation, 
crack tip 
branching, 
interfacial 
shear transfer1. 

OHGO 
(Graphene 
Oxide) 

Pre-Graphitize
d Hemp Hurd 
Biochar 

Modified 
Hummers 
Oxidation (

) 

Single/Few-Lay
er 
Functionalized 
Sheets 

Covalent 
amine 
coupling, 
dynamic 
transesterificat
ion exchange 
in vitrimers1. 

OHRGO 
(Reduced GO) 

OHGO 
Precursor 

L-Ascorbic 
Acid or 
Thermal 
Annealing (

) 

Deoxygenated 
Graphitic 
Planes; 

 

Electrical 
network 
formation, 
piezoresistive 
strain sensing1. 

OHACB 
(Active 
Biochar) 

Hemp Hurd 
Residuals 

Slow Pyrolysis (

) 
+ Steam 

3D Hierarchical 
Micro/Mesopo
rous Particles 

Internal curing 
water 
retention, 



Activation stress 
damping, 
matrix density 
reduction1. 

OHSCF (Short 
Carbon Fibers) 

Long Hemp 
Bast Fibers 

Continuous 
Tension 
Carbonization (

) 

Diameter: 

; 
Length: 

 

Macro-crack 
bridging, 
Kelly-Tyson 
shear lag load 
transfer1. 

Cross-Matrix Integration Mechanics and Performance Upgrades 

 

Matrix Class Carbon Filler 
Combination 

Interfacial 
Bonding 
Mechanism 

Key 
Mechanical/F
unctional 
Metric 
Improvement
s 

Primary 
Engineering 
Limitation 

Thermoset 
Epoxy 

OHGO (

) 

Epoxy-amine 
nucleophilic 
ring opening 

Fracture 
Toughness (

):  
[cite: 1] 

High resin 
viscosity at 
elevated filler 
loading1. 

Hempoxy 
Vitrimer 

OHGO + 
OHCNS 

Dynamic 
hydroxyl 
transesterificat
ion 

Flexural 
Modulus: 

; 
Retains 
reprocessabilit
y1 

Transesterifica
tion kinetics 
require 
thermal 
activation4. 

Thermoplastic 
(PLA) 

OHCNS (

) 

Heterogeneou
s crystal 
nucleation 

Heat 
Deflection 
Temp (HDT): 

 
[cite: 1] 

Requires high 
shear 
dispersion 
during 
compounding1. 

Elastomer OHRGO ( Physical Sensor Gauge Cyclical strain 



(TPU) ) entrapment / 

 contact 
networks 

Factor:  
[cite: 1] 

degradation of 
conductive 
paths1. 

Geopolymer / 
Cement 

OHACB + 
OHGO + 
OHSCF 

C-S-H gel 
nucleation & 
fiber bridging 

28-Day 
Compressive: 

; 
Flexural: 

 
[cite: 1] 

Alkali 
sensitivity of 
non-carbonize
d residual 
organics1. 

Metals (Al 
Alloys) 

OHCNS Grain 
boundary 
pinning via SPS 

Yield Strength: 

; Grain 
coarsening 
inhibition1 

High-temperat
ure carbide 
formation (

)1. 

Feasibility, Industrial Scalability, and Risk Analysis 
Translating TR-OHGCM-2026-001 from a R&D proposal into commercial manufacturing 
involves processing, environmental, and raw material factors1. 
Corrosive Chemical Effluent Management 

Chemical activation using KOH at 1:4 impregnation ratios and modified Hummers oxidation 

utilizing concentrated  and  generate hazardous waste streams1. 
Industrial scale-up requires closed-loop acid recovery, neutralization infrastructure, and 
advanced wastewater treatment to process high Chemical Oxygen Demand (COD) and heavy 
metal effluents18. 
Thermal Energy Requirements 

High-temperature processing stages—including hydrothermal carbonization ( ), 

activation ( ), and fiber carbonization ( )—demand high thermal energy 
inputs1. Achieving carbon-neutral operation requires utilizing waste heat recovery systems and 
combusting volatile pyrolysis gases (syngas) to power thermal reactors25. 
Biomass Feedstock Variability 

Lignin, cellulose, and inorganic ash contents in industrial hemp vary across cultivars, soil 
conditions, and retting quality2. Industrial quality control requires standardized chemical 



pretreatment protocols (such as acid leaching) to remove silica, calcium, and iron impurities 
prior to carbonization, ensuring consistent graphitic purity across production batches18. 

Conclusions and Strategic Recommendations 
Proposal TR-OHGCM-2026-001 details an integrative multi-scale bio-carbon framework that 
unifies five organic hemp-derived carbon allotropes across seven composite matrix classes1. 
While claims of absolute priority must be contextualized against existing literature on hemp 
carbon nanosheets, biochar-derived GO, and commercial hemp vitrimers1, the technical design 
provides a structured pathway for sustainable composite engineering1. 
Four actionable R&D recommendations emerge from this evaluation: 

1.​ Incorporate Thermal Pre-Graphitization: Introduce a thermal annealing step (

) for hemp hurd biochar prior to modified Hummers oxidation5. This 

increases  crystallite domain size ( ), improving OHGO sheet dimensions and 
yields while preventing over-oxidation into zero-dimensional quantum dots5. 

2.​ Apply Non-Linear Percolation Modeling: Supplement the Phase II statistical 
optimization framework by pairing quadratic polynomial RSM with sigmoidal power-law 
models6. This resolves mathematical fitting errors near critical electrical and rheological 
percolation thresholds in OHRGO-reinforced systems6. 

3.​ Evaluate Dynamic Bonding Kinetics in Hempoxy Vitrimers: Conduct dynamic 
mechanical thermal analysis (DMTA) on OHGO-reinforced epoxidized hempseed oil 

networks to map transesterification activation energies ( ) and topology freezing 

temperatures ( )4. This ensures nanofiller surface functionalization enhances 
mechanical modulus without impeding stress relaxation or thermal reprocessability1. 

4.​ Implement Closed-Loop Chemical Recovery: Integrate KOH recovery circuits and 
adopt green reduction pathways (such as L-ascorbic acid or solvothermal reduction) to 
minimize hazardous waste generation across the material processing lifecycle1. 
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