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EXECUTIVE SUMMARY

This Technical Bulletin presents eight (8) validated synthesis routes for the
production of lignin-based hardeners intended for dynamic covalent network
(vitrimer) applications. The routes are evaluated and ranked according to

established green chemistry principles and economic viability metrics.

1. INTRODUCTION
1.1 SCOPE

«  Technical specifications for eight viable lignin modification routes
+ Comparative analysis based on quantitative green chemistry metrics
*  Economic assessment for commercial viability
*  Application-specific recommendations
1.2 METHODOLOGY
Routes are ranked using a weighted scoring system:
« Green Chemistry Score (60%): Atom economy, E-factor, bio-content,
energy intensity, toxicity, solvent requirements
«  Economic Viability Score (40%): Raw material costs, processing costs,
scalability, process complexity, reaction time efficiency

Combined Score = (0.6 x Green Score) + (0.4 x Economic Score)
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2. THE 8 METHODS: RANKED AND PROFILED
ROUTE 1: ACETAL EXCHANGE (ACETAL-LIGNIN)
Rank: #1 | Combined Score: 9.08/10

Attribute Specification

Chemistry Acetalization: Lignin-CHO + Polyol
— Acetal

Reagents Bio-aldehyde (vanillin), glycerol

Catalyst Trace acid (<1 mol%)

Conditions 80°C, 4 hours, aqueous

Atom Economy 90%

E-Factor 1.8 kg waste/kg product

Bio-Content 95%

Cost $4.00/kg (lowest)

Tensile Strength 40-60 MPa

Tg 40-70°C

Advantages: Cheapest route, aqueous processing, catalyst-free possible
Limitations: Acid sensitivity, lower mechanical strength

Best For: Cost-sensitive coatings and sealants

ROUTE 2: IMINE CONDENSATION (IMINE-LIGNIN)
Rank: #2 | Combined Score: 8.88/10

Attribute Specification

Chemistry Schiff base: Lignin-CHO + Diamine
— C=N bond

Reagents Aldehyde-lignin, bio-diamine

Catalyst None required

Conditions 60°C, 2 hours, ethanol/water

Atom Economy 90%
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Attribute Specification

E-Factor 1.5 (lowest waste)
Bio-Content 98% (highest)

Cost $5.00/kg

Tensile Strength 37-109 MPa (tunable)
Tg 65-187°C (widest range)

Advantages: Catalyst-free, highest bio-content, fastest reaction
Limitations: Moisture sensitivity (imine hydrolysis)

Best For: Medical devices, food-contact materials

ROUTE 3: MALEIC ANHYDRIDE ESTERIFICATION (MA-LIGNIN)
Rank: #3 | Combined Score: 8.18/10

Attribute Specification

Chemistry Esterification with maleic anhydride
Reagents Maleic anhydride, base catalyst
Catalyst Pyridine/TEA (external)
Conditions 120°C, 6 hours, DMF

Atom Economy 95%

Bio-Content 95%

Cost $4.50/kg

Tensile Strength 70-90 MPa

Tg 50-70°C

Advantages: Industrial proven, C=C enables dual-cure (UV/thermal)
Limitations: Requires external catalyst

Best For: Industrial coatings, dual-cure applications
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ROUTE 4: QUADRUPLE-FUNCTION MODIFIED HEMP LIGNIN
(QF-MHL)

Rank: #4 | Combined Score: 8.08/10 | LANDRY INDUSTRIES PRIMARY
TECHNOLOGY

Attribute Specification

Chemistry Sequential: Maleinization —
Amination with DETA

Reagents Maleic anhydride, DETA

Catalyst None (self-catalyzed)

Conditions 80°C, 4 hours, acetone/DMF

Atom Economy 85%

Bio-Content 95% (98.2% achievable with
bio-MA)

Cost $5.50/kg

Tensile Strength 85-120 MPa

Tg 45-85°C

FOUR FUNCTIONS:

1. Polycarboxylic acid hardener

2. Internal catalyst (tertiary amine)
3. Hydrogen bond donor

4. Aromatic backbone provider

Advantages: Internal catalysis preserves conductivity (211 S/m), no external
metal contamination, multi-functionality

Limitations: Sequential process complexity, DETA cost

Best For: Automotive structural composites with resistive heating

(Hempoxies v.21)

ROUTE 5: SUCCINIC ANHYDRIDE ESTERIFICATION (SU-LIGNIN)
Rank: #5 | Combined Score: 7.88/10
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Attribute Specification

Chemistry Esterification with succinic
anhydride

Reagents Succinic anhydride, base catalyst

Catalyst External (Zn or amine)

Conditions 120°C, 6 hours, DMF

Atom Economy 95%

Bio-Content 90%

Cost $4.30/kg

Tensile Strength 60-80 MPa

Tg 40-60°C

Advantages: Lowest cost anhydride route, simple, bio-SA available
Limitations: Lower reactivity than maleic, external catalyst required

Best For: Cost-sensitive commodity applications

ROUTE 6: DISULFIDE METATHESIS (DISULFIDE-LIGNIN)
Rank: #6 | Combined Score: 6.88/10

Attribute Specification

Chemistry Thiol oxidation: 2 R-SH — R-S-S-R
Reagents Thiolated lignin, oxidant

Catalyst Base or UV

Conditions 40°C, 6 hours

Atom Economy 85%

Bio-Content 90%

Cost $5.50/kg

Exchange Room-temperature possible

Advantages: Fastest kinetics, no heat required for healing, UV-triggered

Limitations: Thiol toxicity/odor, oxidative instability
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Best For: Room-temperature self-healing materials

ROUTE 7: DIELS-ALDER CYCLOADDITION (DA-LIGNIN)
Rank: #7 | Combined Score: 6.28/10

Attribute

Chemistry

Reagents
Catalyst
Conditions
Atom Economy
Bio-Content
Cost

Tg

Specification

[4+2] Cycloaddition: Furan +

Maleimide

Furfuryl-lignin, maleimide

None (thermally reversible)

120°C, 12 hours (two-step)

100% (perfect)
95%

$7.00/kg
80-150°C

Advantages: Perfect atom economy, true reversibility (retro-DA), no catalyst

degradation

Limitations: Complex two-stream processing, highest cost

Best For: Aerospace high-temperature applications

ROUTE 8: BORONIC ESTER EXCHANGE (BORONIC-LIGNIN)
Rank: #8 | Combined Score: 5.88/10

Attribute
Chemistry
Reagents
Catalyst
Conditions
Atom Economy

Bio-Content

Specification
B-O esterification
Boronic acid, diol
None

100°C, 4 hours
80%

80%
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Attribute Specification
Cost $8.00/kg (highest)

Advantages: Unique water-triggered healing, photothermal conversion
Limitations: Boron toxicity, hydrolytic instability, highest cost

Best For: Water-responsive smart materials, biomedical devices

3. COMPARATIVE SUMMARY TABLE

Best
Metho Tensile Cataly Applic
Rank d Cost Bio-% (MPa) st ation
1 Acetal- $4.0 95% 40-60 None/ Cheap
Lignin Trace est
coating
s
2 Imine- $5.0 98% 37-109 None Medica
Lignin I/food
3 Ma-Lig $4.5 95% 70-90 Extern Dual-c
nin al ure
industri
al
4 QF-M $5.5 95% 85-120 Intern Autom
HL al otive
struct
ural
5 Su-Lig $4.3 90% 60-80 Extern Cost
nin al comm
odity
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Best

Metho Tensile Cataly Applic
Rank d Cost Bio-% (MPa) st ation
6 Disulfi $5.5 90% Unknown None/ Room-
de-Lig uv temp
nin healing
7 DA-Lig $7.0 95% 50-70 None  Aerosp
nin ace
high-te
mp
8 Boroni $8.0 80% Unknown None  Water-
c-Ligni respon
n sive

4. APPLICATION GUIDANCE

Application Primary Alternative Avoid
Automotive + QF-MHL Ma-Lignin Boronic
Resistive (moisture)
Heating
Medical/Food Imine-Lignin Acetal-Lignin QF-MHL
Contact (amine), Boronic
(toxicity)
Aerospace DA-Lignin Imine-Lignin Acetal (acid
High-Temp (rigid) sensitivity)
Cost-Sensitive  Acetal-Lignin Su-Lignin Boronic,
Commodity DA-Lignin
Room-Tempera Disulfide-Lignin  Boronic-Lignin All
ture Healing transesterificatio
n routes
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5. INTELLECTUAL PROPERTY & STATUS
Landry Industries Holdings:

*  QF-MHL composition and sequential modification process (Patent
Pending)

« Tri-Phase hemp carbon reinforcement architecture

* Resistive heating vitrimer composites

QF-MHL Status: Primary technology for Hempoxies v.21 Material Platform

6. DOCUMENT CONTROL

Attribute Details

Document Number LI-TB-2026-001

Version 1.0

Effective Date February 18, 2026

Review Date August 18, 2026

Classification Public Release

Distribution All Teams / Strategic Partners /
Public

Contact: spymaster@marielandryspyshop.com
Landry Industries
Sustainable Materials Innovation

MarieLandrySpyShop.com
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