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Abstract

This protocol describes the solvent-free synthesis of Quadruple-Function Modified Hemp Lignin (QF-
MHL) via reactive extrusion (REX), a continuous process intensification technology. The method
achieves simultaneous maleinization and amination of organosolv hemp lignin through high-shear
mechanical activation, eliminating the need for external solvents and reducing processing time from 7-
11 hours (batch) to under 30 minutes. The resulting QF-MHL functions as a bio-based vitrimer hardener
with dynamic covalent network capabilities, enabling recyclable thermoset materials for the Organic
Revolution of 2030. Target grafting efficiency exceeds 95% with optimized thermal profiling across 10

extruder zones.

1. Observation & Intelligence Requirement

The current batch synthesis of QF-MHL requires significant solvent volumes (typically 5-10 L per kg of
lignin) and extended processing times (7-11 hours) to achieve adequate functionalization. These limitations
present critical barriers to scalability for industrial deployment. The batch process involves multiple steps:
lignin dissolution in organic solvents, maleic anhydride grafting at elevated temperatures, amine
introduction, and subsequent solvent recovery-a sequence that compromises both economic viability and

environmental sustainability.

To meet the scalability requirements for the Organic Revolution of 2030, a continuous, solvent-free
process is required. Reactive extrusion (REX) offers a compelling alternative, leveraging high-shear
mechanical energy to overcome activation barriers for chemical transformations without solvent
mediationt). The intelligence requirement is to establish baseline REX parameters to achieve greater than
95% grafting efficiency of maleic and amine groups onto hemp organosolv lignin, while maintaining

material integrity and process continuity.



2. Hypothesis

2. Hypothesis

If hemp lignin is subjected to a high-shear environment within a twin-screw extruder with a
"telescoped" feed of maleic anhydride (MA) and hexamethylene diamine (HDA), then the mechanical energy
generated by intermeshing co-rotating screws will overcome the activation barrier for esterification and

amination without the need for external solvents. The phenolic hydroxyl groups native to lignin will serve as
self-catalytic sites for the ring-opening reaction with cyclic anhydrides[z], while the aliphatic hydroxyls

demonstrate preferential reactivity under mechanochemical conditions!.

The resulting product will be a ready-to-use vitrimer hardener containing both carboxylic acid
functionalities (from maleinization) and primary amine groups (from amination), enabling subsequent cross-

linking with epoxy resins through dynamic covalent bond exchange mechanisms characteristic of vitrimer

materials'®,

3. Theoretical Background

3.1 Reactive Extrusion Fundamentals

Reactive extrusion is a continuous processing technology that combines polymer compounding with
chemical reaction in a single unit operation. The co-rotating twin-screw extruder generates intense shear

forces through intermeshing screw elements, creating mechanical activation that can drive chemical

transformations without external catalysts or solvents'!. Key advantages include:

» Residence time reduction: From hours (batch) to minutes (continuous)

Solvent elimination: 100% atom economy for anhydride ring-opening reactions

» Process intensification: Simultaneous reaction, mixing, and devolatilization

Scalability: Direct translation from laboratory to industrial scale

3.2 Lignin Esterification Mechanism

The esterification of lignin with maleic anhydride proceeds through nucleophilic attack of hydroxyl

groups on the carbonyl carbon of the cyclic anhydride. Research by Chen et al.l3! demonstrated that reactive
extrusion enables preferential esterification of aliphatic hydroxyls (>80% conversion) within minutes at

temperatures of 120-140 degrees C. The reaction mechanism involves:

Lignin-OH + Maleic Anhydride ---> Lignin-O-CO-CH=CH-COOH (1)



4. Experimental Design

The resulting maleated lignin contains pendant carboxylic acid groups that provide both reactivity for
subsequent amination and compatibility with polar polymer matrices. The self-catalytic nature of this

reaction arises from the acidic proton of lignin phenolic groups, which can facilitate anhydride ring-opening

without external catalysts!?).

3.3 Vitrimer Chemistry

Vitrimers are a class of cross-linked polymers containing dynamic covalent bonds that can undergo

exchange reactions under thermal stimulation while maintaining network integrity and constant cross-link

density!¥l. Unlike traditional thermosets, vitrimers can be reprocessed, welded, and recycled while retaining

mechanical properties. The QF-MHL hardener enables vitrimer behavior through:

» Transesterification: Exchange between ester linkages and free hydroxyl groups
» Transamidation: Dynamic exchange of amide bonds at elevated temperatures

¢ Acid-amine condensation: Reversible formation of amide cross-links

4. Experimental Design

4.1 Apparatus & Materials

4.1.1 Extruder Configuration

e Equipment: Co-rotating twin-screw extruder with 10 heating zones

o L/D Ratio: 40:1 (length-to-diameter ratio for extended processing)

« OD/ID Ratio: 1.66:1 (optimized for free volume and shear intensity)[s]

e Screw Configuration: Modular design with conveying, kneading, and reverse elements
e Liquid Injection Port: Located at Zone 6 for amine introduction

e Vacuum Devolatilization: Zone 10 equipped with vacuum pump (50-100 mbar)

4.1.2 Raw Materials
e Organosolv Hemp Lignin: Extracted via ethanol-water organosolv process; moisture content <2%;
phenolic OH content 3.5-4.5 mmol/g; aliphatic OH content 2.0-2.5 mmol/g[e]
o Maleic Anhydride (MA): Pellet form, 99% purity; loading 20-50 wt% relative to lignin

o Hexamethylene Diamine (HDA): 70% aqueous solution; bio-derived Putrescine (1,4-diaminobutane)

as alternative

« Catalyst (Optional): Pyridine (5 wt%) for enhanced esterification kinetics!®!



4. Experimental Design

4.2 The "Seshat Sequence" Zone Configuration

The thermal profile is designed to achieve sequential maleinization followed by amination, with each

zone optimized for specific chemical transformations:

Table 1: REX Thermal Profile for QF-MHL Synthesis

Zone Function Temp (degrees Screw Elements Action
9]
1-2 Feeding & 40-60 Conveying Lignin + MA intake, gentle
Preheating heating
3-5 Maleinization 120-150 30 degrees/60 degrees High-shear melting & MA
KB grafting
6 Liquid Injection 80 Conveying HDA/Amine injection port
7-9 Amination 140-160 60 degrees KB Secondary functionalization
10 Devolatilization 160 Conveying Vacuum extraction of by-
products
Die Pelletization 140 Pumping Extrusion of QF-MHL strand

4.3 Process Parameters
4.3.1 Optimized Operating Conditions

Table 2: Recommended Process Parameters for QF-MHL Production

Parameter Value Range Notes

Screw Speed 60 RPM 40-100 RPM Higher speeds increase shear but may cause degradation
Feed Rate 5 kg/h 2-50 kg/h Scale-up parameter; maintain constant residence time
Residence Time 10 min 5-30 min Backflow channel enables time control!®!

MA Loading 33 wt% 20-50 wt% Relative to lignin; affects degree of substitution

HDA Loading 15 wt% 10-25 wt% Stoichiometric excess ensures complete amination
Torque Limit 85% 70-90% Monitor for viscosity changes indicating reaction




5. Data Collection & Analysis

4.3.2 Degree of Substitution Calculation

The degree of substitution (DS) for maleinization can be calculated from hydroxyl group consumption

measured by quantitative 31P NMR spectroscopy:
DS = ([OH]initial - [OH]final) / [OH]initial x 100% (2)

Where [OH];,;;,; and [OHlIg,,,; represent total hydroxyl content before and after REX processing,

initia!

respectively. Target DS > 40% for thermoplastic behavior!®.

5. Data Collection & Analysis

5.1 In-Process Monitoring

Continuous monitoring of process parameters enables real-time quality control:

Table 3: Critical Process Parameters to Record

Parameter Measurement Frequency Acceptance Criteria
Screw Speed RPM Continuous Setpoint +/- 5 RPM

Torque % of max Continuous Steady state, < 90%

Feed Rate kg/h Every 15 min Setpoint +/- 0.5 kg/h

Melt Temperature degrees C (die) Continuous 140 +/- 10 degrees C

Zone Temperatures degrees C (all zones) Continuous Per Table 1, +/- 5 degrees C
Vacuum Pressure mbar Continuous 50-100 mbar

5.2 Analytical Verification
5.2.1 FTIR Spectroscopy
Attenuated Total Reflectance (ATR-FTIR) analysis confirms successful functionalization:

« Ester carbonyl: 1720-1730 cm™ (new peak after maleinization)
+ Amide I: 1650-1660 cm™ (new peak after amination)

 Amide II: 1540-1550 cm™! (confirmatory for amination)



5. Data Collection & Analysis

« Hydroxyl region: 3200-3400 cm™ (decrease indicates substitution)

Compare spectra to baseline batch sample to confirm equivalent functionalization.

5.2.2 Titration Methods

Acid Value (AV): Determined by titration with standardized KOH in acetone-water mixture. Calculate

conversion using:
AV = (Vkop X Nxop X 56.1) / Wsample 3)

Amine Value: Determined by titration with standardized HCI using bromophenol blue indicator. Target

amine value 80-120 mg KOH/g for hardener applications.

Grafting Efficiency: Calculate percentage of theoretical functional groups successfully incorporated:
GE = (Actual Functional Groups / Theoretical Functional Groups) x 100% 4)

5.2.3 NMR Spectroscopy

Quantitative 31P NMR after phosphitylation with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP) provides detailed hydroxyl group distribution':

o Aliphatic OH: 145.0-150.0 ppm

e Phenolic OH (S): 142.0-144.0 ppm
e Phenolic OH (G): 138.0-140.0 ppm
» Carboxylic acid: 133.0-136.0 ppm

2D HSQC NMR confirms ester formation through correlation of carbonyl carbon (165-175 ppm) with

adjacent protons.

5.2.4 Thermal Analysis

Differential Scanning Calorimetry (DSC): Determine glass transition temperature (Tg) of QF-MHL.

Target T, 60-90 degrees C for hardener applications.

Thermogravimetric Analysis (TGA): Confirm thermal stability > 250 degrees C (5% weight loss

temperature).

5.2.5 Solubility Testing
Confirm enhanced solubility in bio-based solvents compared to raw lignin:

o Ethyl acetate: > 50% solubility (QF-MHL) vs. < 5% (raw lignin)



6. Decision Loop & Process Optimization

e Acetone: > 70% solubility (QF-MHL) vs. < 10% (raw lignin)

e Water: < 5% solubility (both samples)

6. Decision Loop & Process Optimization

6.1 Troubleshooting Guide

Table 4: Process Troubleshooting Matrix

Observation Possible Cause Corrective Action

Grafting efficiency < 95% Insufficient residence time Decrease RPM or increase backflow channel
restriction

Thermal degradation (dark Excessive zone Reduce Zone 8-9 temperatures by 10-15 degrees

color) temperatures C

Incomplete melting Low shear or temperature Increase Zone 3-5 temperatures or add kneading
blocks

High torque (>90%) Excessive viscosity Increase temperature or reduce feed rate

buildup
Poor amine incorporation Incomplete maleinization Verify MA loading and Zone 3-5 temperatures
Volatile emissions Inadequate devolatilization =~ Increase vacuum level or extend Zone 10 length

6.2 Scale-Up Considerations
When scaling from laboratory (5 kg/h) to pilot/industrial (50+ kg/h), maintain constant:

 Specific energy input: kWh/kg (target 0.1-0.3 kWh/kg)
e Residence time: 10 +/- 2 minutes

o Temperature profile: Per Table 1

» Screw tip speed: Proportional to diameter x RPM

The 40:1 L/D ratio provides sufficient processing length for all unit operations while maintaining

compact equipment footprint[S].



7. Replication Protocol

7. Replication Protocol

To stress-test the methodology and establish robustness, the REX run should be replicated under varying
conditions:
7.1 Moisture Content Variation

o Test lignin with moisture content up to 5% (vs. <2% standard)
e Monitor for hydrolysis of maleic anhydride to maleic acid

e Adjust Zone 1-2 temperatures to ensure adequate drying

7.2 Alternative Bio-Amines

o Cadaverine (1,5-diaminopentane): Bio-derived from lysine decarboxylation
e Putrescine (1,4-diaminobutane): Fermentation-derived from amino acids

» Jeffamine derivatives: Polyether diamines for enhanced flexibility

7.3 Throughput Scale-Up

e 5kg/h (laboratory baseline)
e 20 kg/h (pilot scale)
» 50 kg/h (demonstration scale)

e 200+ kg/h (industrial target)

8. Safety Considerations

Hazard Summary

Maleic Anhydride: Corrosive solid; causes severe skin and eye burns; respiratory sensitizer

Hexamethylene Diamine: Corrosive liquid; causes burns; harmful if inhaled

High Temperatures: Extruder zones operate at 120-160 degrees C; burn hazard

Volatiles: Vacuum extraction may capture unreacted anhydride and amine vapors




9. Conclusion

8.1 Required PPE

o Chemical-resistant gloves (butyl rubber or nitrile)
» Safety goggles with face shield
e Lab coat or chemical-resistant apron

» Respiratory protection (P100 or equivalent) when handling powders

8.2 Engineering Controls

o Operate extruder under negative pressure with local exhaust ventilation
e Vacuum devolatilization system with condenser and scrubber
» Emergency stop accessible at operator station

o Temperature interlocks to prevent overheating

9. Conclusion

The solvent-free synthesis of QF-MHL via reactive extrusion represents a significant advancement in
lignin valorization technology. By leveraging high-shear mechanical activation in a continuous process, this
protocol achieves:

e Time reduction: From 7-11 hours (batch) to under 30 minutes (continuous)

» Solvent elimination: 100% atom economy with no solvent recovery required

 Scalability: Direct translation from laboratory to industrial production

e Performance: >95% grafting efficiency with equivalent properties to batch-synthesized material

The resulting QF-MHL hardener enables the production of bio-based vitrimer materials with dynamic
covalent network properties, supporting the transition to a circular bioeconomy. Further optimization of

screw configuration and thermal profiling may enable even higher throughput and functionalization

efficiency.
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Appendix B: Equipment Specifications

A.1 Maleic Anhydride
Property Value
CAS Number 108-31-6
Molecular Weight 98.06 g/mol
Melting Point 52.8 degrees C

Boiling Point

Flash Point

NFPA Health

NFPA Flammability

202 degrees C

102 degrees C (closed cup)

3 (Serious hazard)

1 (Slight hazard)

A.2 Hexamethylene Diamine

Property Value

CAS Number 124-09-4
Molecular Weight 116.21 g/mol
Melting Point 39-42 degrees C

Boiling Point
Flash Point
NFPA Health

NFPA Flammability

204-205 degrees C

81 degrees C (open cup)

3 (Serious hazard)

1 (Slight hazard)

Appendix B: Equipment Specifications

B.1 Recommended Extruder Models

e Laboratory Scale: Xplore Instruments MC 15 HT (15 mL capacity, 40:1 L/D)
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Appendix B: Equipment Specifications

Pilot Scale: Leistritz ZSE-27 MAXX (27 mm screws, 1.66:1 OD/ID, 40:1 L/D)

Industrial Scale: Coperion ZSK 58 Mc18 (58 mm screws, 1.55:1 OD/ID, 40:1 L/D)

B.2 Screw Configuration Template

13

A~ W

Recommended screw element sequence (from feed to die):

. Feed zone: 4D conveying elements (40 mm)
. Compression: 2D 30 degrees kneading blocks + 2D 60 degrees kneading blocks
. Melting: 4D conveying elements

. Mixing: 2D 90 degrees kneading blocks

5. Injection zone: 2D conveying elements (liquid injection port)

. Reaction: 4D 60 degrees kneading blocks
. Devolatilization: 2D conveying elements with vacuum vent

. Pumping: 2D conveying elements to die



