Recyclable and Biodegradable Manufacturing and Processing of Plastics
and Polymers based on Renewable Branched Caprolactones

Paul J. Dauenhauer, University of Minnesota

Summary. A chemical process is proposed of parallel closed &
loops of renewable polymers based on alkyl-caprolactone QOH:
monomers, allowing for a broad range of materials and ~ _
applications while also providing flexibility in material end-of-life G
options without long-term waste. A ‘lignin first” approach converts ;,
lignin (derived from trees and grasses) to aromatic monomers i
using the existing MIT and NREL Reductive Catalytic S
Fractionation (RCF) process. These alkylated aromatic monomers
then undergo tandem reduction to cyclic ketones and Baeyer-
Villiger oxidation to alkyl-caprolactones for use in multiple classes v
of polymeric materials. These polymers can biodegrade to CO, and Y
H,O and are eventually converted back to lignin or other biomass Ak
via photosynthesis (loop #1). Alternatively, chemical processes
convert the polymers back to their base monomers (loop #2).
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Approach: Technology Overview: Monomers & Polymers
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Various monomers derived from
lignin (with varying alkyl chains)

susceptible to hydrolysis
& enzymatic degradation
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Approach: Caprolactone Polymer: Advanced Properties, Temperature
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Impact: Caprolactone Polymer: Advanced Properties, Strain
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Impact - Caprolactone Polymer: Chemical Recycling
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Approach: Renewable Caprolactone-based Plastic Cycles

Applications
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Metrics & Primary Targets

e Energy: 250% energy savings relative to virgin material production for upcycled plastics;
o Basis: Compare energy of recycling to entire monomer production process of biomass
production, RCF process, and hydrogenation/oxidation/purification
o Ratio = (Energy of Recycling) / (Energy of RCF, Hydrogenation, Oxidation)
o Note: This ratio will also increase if we include biomass production, harvesting, and pre-
processing
e Carbon: 275% carbon utilization from waste plastics in an upcycled product; and
o Basis: Evaluate polymer decomposition yield using extruder reactor with catalyst and recycled
monomer purification
e Economics: 22x economic incentive for upcycled products relative to today’s standard recycling.
o  Basis: Work backwards from monomer value + costs of recycling to determine feedstock
breakeven price of waste plastic
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Progress & Accomplishments

Lignin Sourcing via RCF Process

A. Overall Block Flow Diagram
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Lignin RCF »  Hydrogenation > Oxidation »  Polymerization > Recycle
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Loottle AR [Vhir

::NREL C1-BASF

NATIONAL RENEWABLE ENERGY LABORATORY

10



Progress & Accomplishments

Hydrogenation to Cyclic Ketones

OH 0
+H,, -H,0

R Pd/C R

Hydrogenation of alkyl-phenol reactant selectively
makes cyclic ketones

Experiments utilize existing Parr reactors and flow
reactors at the University of Minnesota (photograph)

Experiments aim to maximize selectivity to ketone
products without over hydrogenation

Lead: Paul Dauenhauer
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Progress & Accomplishments

Hydrogenation to Cyclic Ketones
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145" + 19 glass beads) phase parameter optimization,
C? = Freross Colecton gas — liquid — solid contacting
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HPLG pur Vent for gas
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Lignin RCF > Hydrogenation > Oxidation »  Polymerization > Recycle
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Progress & Accomplishments

Hydrogenation to Cyclic Ketones
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60 $ Identified: Supported metal catalyst that
gives >99% selectivity to cyclohexanone
9 40 o
2 20 In Progress: Reactor optimization for
2 ° activity and kinetic measurements for
o °
2 ol process model
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Progress & Accomplishments = I
Oxidation of Cyclic Ketones III
ioj\ ﬁ O + oW

Electrochemical Baeyer-Villiger oxidation converts cyclic ketones

% Mn(ll) & to alkyl-caprolactones
Hy

Mn(lV) Experiments utilize existing electrocatalytic reactors at MIT

Mn(lll)
Experiments aim to maximize selectivity to caprolactone products

without over oxidation

H Lead: Yuriy Roman, MIT
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Progress & Accomplishments I

OX|dat|on of Cycllc Ketones H,0
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Progress & Accomplishments

Oxidation of Cyclic Ketones — H,0,
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Progress & Accomplishments

Polymerization of Caprolactones

BLOCK Co-polymers

Aliphatic Polyester Polyols
for Polyurethanes

Lignin RCF

(1) Toughened Aliphatic
Polyester Plastics

. || oL

(2) Aliphatic Polyester
Thermoplastic Elastomers

ST
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A 4
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Hydrogenation Oxidation

- BASF

We create chemistry

Polymerize alkyl-caprolactones to polyurethane and

block co-polymers

Experiments utilize existing reaction equipment at
the University of Minnesota and BASF

Experiments aim to controllably tune the properties
of polymers for PU and TE applications

Leads: Jake Brutman (BASF), Marc Hillmyer (UMN)
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Progress & Accomplishments

Polymerization of Caprolactones

- BASF

We create chemistry

Oy 0
catalyst, Ar {\ \/LH/\( \/@/\ Pk/\,;\/
2n .
0 0 SEC of P4PrCL (THF, 1.0 mL/min)
4PrCL 1,4-benzened|methanol Poly(4PrCL)-diol
(1,4-BDMVM) | Sn(Oct),
4-PrCL  Cat.  Target M, Initiator Temp. : Conv. M, \wr Observed Rate £ DMP
Entry Catalyst (8 (mol%) (kg/mol) (mol%) (°C) "™ (%) (kg/mol)  Constant (K, h) s

1 (0t 30 02 50 031 150 1h 96 404 3.6+0.2 MR ELO
-------------------- n(Oct LU L

2 2 3.0 0.05 100 0.16 180 1h 95 108 3.8+0.4 15 o Zt‘_’ Vol "(’5 g 30
.................... ution voilume (Im

3 3.0 0.05 10 1.56 180 30 min 95 11.0 6.7£0.8
4 T e e 2.0 5 10 156 100  1h 96 10.1 1.8+0.4  Catalyst (kgyr:ml) (kgl\//]r:ol) D'SF(’S')'S'W

(DMP) ) ;
5 2.0 5 5 3.12 100  30min 95 5.2 7.9+0.6 S(0ct), 137 159 11
6 Diphenyl Phosphate (DPP) 2.0 1 10 1.56 100 20 min 96 10.4 9.8+3.0 DMP 11.6 13.4 12
Hydrochloric Acid in HCl i
+ inEt,0  10.8 12.1 1.1
7 Ether (HCl in Et,0) 2.0 2 10 1.56 RT 24 h 97 9.7 0.4 +£0.02
Lignin RCF »  Hydrogenation > Oxidation > Polymerization > Recycle
TEA and LCA
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Progress & Accomplishments

Polymerization of Caprolactones O - BASF

We create chemistry
o
Oy 0 TH
catalyst, Ar
2n

HO

4-PrCL Poly(4-PrCL)-diol

1,4-benzenedimethanol
(1,4-BDM) ‘

Cat. Yield Reaction Time . .
Entry Catalyst (mol%) (%) Temp(°C)  (h) The depolym.erlzatlon of P4PrCL to 4PrCL
1 1 39 250270 ~20 monomer using Sn(Oct), or ZnCl, was
---------------------- Sn(Oct), . .
2 5 91  250-270 ~20 successful. The long reaction time was
3 9 93  250-270 ~20 attributed to the reactive distillation set-up
5 Zinc Chloride (ZnCl,) 1 91  250-270 ~20
Lignin RCF »  Hydrogenation > Oxidation > Polymerization > Recycle
TEA and LCA
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Progress & Accomplishments

Polymer Chemical Recycling

Feed
Polymer
~

Feeding
Piston

Inert Gas

| % | ; (N2)
: : ./
v s

<«— Recirculation
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11
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Lignin RCF

A 4

Hydrogenation

A 4

Oxidation

Depolymerize alkyl-caprolactone polymers back to
monomers

Experiments utilize existing extruder at the
University of Minnesota (photo)

Experiments aim to selectively recover only the
monomer

Leads: Chris Ellison (UMN)
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Progress & Accomplishments

Polymer Chemical Recycling

Monitor Reaction Progress

through Torqgue Readings

Determine Extent of

Depolymerization with SEC

*Note: All samples dissolved in CHCI; and precipitated in MeOH before running

M,(gmoh| D

J

e Pellet 94,000 1.65
L zncl, | —270Neat o 270°C Neat 69,000 168
_1.2F added ! —270C + ZnCI2 ] T Tonea ’
- I ——240C + ZnCI2 ool 270°C + ZnCl, 5,300 1.86
2 T 240°C + ZnCl, 14,900 2.10
2 0.8 I
o | e
08¢ I Processing Conditions:
Eo04f I Temperature: 2702C, Screw Speed: 100 RPM
= oob I Residence Time: 15 minutes
i JJ : : : e Neat PCL allowed to mix for 1.5 minutes before
0_5' T (') ' ' 5 = ‘1'0 = '15 18 20 22 24 26 adding concentrated PCL + ZnCl, pellets, 1 mol%
Time (min) Elution Time (min) L ZnCl; (1.1 wt%)
Lignin RCF »  Hydrogenation > Oxidation »  Polymerization > Recycle
TEA and LCA
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Progress & Accomplishments

TEA and LCA

RCF Process
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Disilation » (&) 2

Polymer Process

Design in Progress

+
Recycle Process

Design In Progress
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Transforming ENERGY We create Chemistry

Combine TEA and LCA of four process elements:
(1) RCF, existing, (2) monomer production,
existing, (3) polymerization, new, (4) recycling,
new

Refine the monomer production process and
invent/optimize the polymerization and recycling
processes

Leads:

- TEA, Samantha Gee (UMN)
- LCA, Gregg Beckham (NREL)
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Progress & Accomplishments

TEA and LCA :NREL ©O-BASF

Transforming ENERGY We create Chemistry

EquipmentSizing/ Mli\:ismll::m ﬂiconomlc Assumptions: \
Process Model . 0
> Costingand Selling Price / Internal rate of return= 10%
Aspen Plus Raw Material Minimum O 30 year plant life
Accounting Co-Product * Equity/Debt = 40/60
Feedstock Composition Selling Price * Interest rate= 8%
” e e * Loanterm= 10 years
Operating Conditions ”
P 9 : Flow rates ’ \ m Cost $ $ « Income tax rate= 21%
Conversion Yields

| k_g or GG_E K Salvage value- none /

Biofuel and Products Yields

Aspen V10 with costs adjusted
to 2016 cost index.

Key LCA Metrics:

nt" plant economics is used for Life L SimaPi oS [x= i :
calculating TEA. Cycle Inventory i "' Global Warmlng Potential,
R Cumulative Energy Demand
Lignin RCF »  Hydrogenation > Oxidation > Polymerization > Recycle
TEA and LCA
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Progress & Accomplishments

TEA and LCA

Abhay Athalay at NREL is building the process section by
section for optimization in BP3

HDO Area H, Recovery

4%

::NREL LO-BASF

Transforming ENERGY We create Chemistry

~

Solvent free process using MO,C
catalyst

Near quantitative carbon yields,

| CH, .
N Alkanes stably removing methoxy groups from
,—> Alkanes and water to . q
Sistilation Boiler lignin compounds

Do Readtort B Leveraging experimental data from

N SN N . .
H, — 7 H, oH, 4 fully integrated catalytic
/ Alkanes ] — | deoxygenation process for converting
ReF ol - (2224 O 0 —— o lignin into aromatic blendstocks and
| H,0 saturated cycloalkane for sustainable

HDO aviation fuel (SAF) Y,
Lignin RCF »  Hydrogenation > Oxidation > Polymerization > Recycle
TEA and LCA
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Progress & Accomplishments

Progress toward Goals & Milestones

Task | Description | Q1] Q2] @3] 04| 05| Q6| 07| @8] Qo] Q10| Q11| Q12 e . .
Verification Ql: Met verification reqU|rementS

00-1 Verify catalytic recycling of PU / PE] using Sn(Oct),

00-2 Verify reduction of cresol as feedstock for oxidation chemistry ° D emon St rate d key C h em | St rl es Of p o Iy mer

00-3 Verify synthesis of polyester polymer from caprolactone monomer h . I . h .

Polymer Synthesis and Evaluation synthesis, recycling, and hydrogenation

01-1 Explore organocatalysts for promoting ring-opening polymerization

01-2 Develop streamlined method for polymerization kinetics/thermodynamics

02-1 Expand to industrially relevant polymerization practices . P . . .
022 | Explore PU catalysts for ROTEP Q6: Midterm verification approved for continuation
03-1 Use dynamical mechanical analysis of high molar mass polymers .

03-2 Use differential scanning calorimetry to evaluate Tg | nto B P3

03-3 Identify thermal decomposition profiles of new polycaprolactones ..

04-1 Determine which PCLs represent drop-in replacements for PU o G (o) / N O-GO : P rod uce a s Uffl cle nt amou nt Of
04-2 Explore which PCLs can be used for new applications in PU

05-1 Use sequential addition to prepare ABA copolymers 1 H
05-2 Use mechanical property testing for physical properties po Iym er to d I IOW fo ra I I re CyCI I ng an d ana Iys IS
Polymer Chemical Recycling experiments in BP3

06-1 Measure baseline Sn(Oct), catalyst performance for PU/PEI recycling

06-2 Characterize a breadth of Sn-based and non-Sn catalysts ° M a d em aJ or p rog ress | n QZ_Q6 ta S ks an d

06-3 Evaluate catalyst stability and feedstock form for accessibility

07-1 Measure batch kinetics for catalytic PU decomposition reactive distillation .

07-2 Measure PU decomposition with twin screw extrusion mi I e Sto nes
07-3 Measure polyester elastomer catalytic kinetics in screw extrusion

08-1 Evaluate performance of PU decomposition in auger-type reactor

08-2 Evaluate performance of polyester elastomer in auger-type reactor .
Overall Process Development and Techno-economic Development Com pleted Milestones
09-1 Evaluate the batch kinetics of RCF-derived lignin-monomers. . 6 1 1

09-2 Develop a continuous flow catalytic reduction reactor [

010-1 Develop electrochemical Baeyer-Villiger oxidation to avoid peroxides:

010-2 Obtain kinetic parameters governing the Baeyer-Villiger oxidation process ® 9 . 1 . 1

010-3 Investigate the mechanism of electrochemical Baeyer-Villiger oxidation

O11-1 Design the polyurethane recycle sub-process L4 1 . 1 . 1

011-2 Design the polyester elastomer recycle sub-process

012-1 Develop scenarios for combining lignin, synthesis, and polymerization L] G (0] / N O-G (0] # 2

012-2 Integrate data for fit-for-purpose simulations
012-3 Evaluate overall techno-economics of full integrated process

‘L)bottle M Illil- E::;:NREL n.BASF
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