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Outline of Presentation EHPCUSITES

ntroduction to the Problem and Chemical Recycling
Recyclabldoy-Design Approach

_igninderived Nonisocyanate Polyurethane Foams
Chemical Recycling Strategy
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Ongoing Efforts and Concluding Remarks
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Global Problems and Need for New Platforms s <

Global Warming Current Paradigms Circular Economy
A two-degree centigrade
rise In temperatures Raw materials Raw materials
would severely impact

global population and
economy \ \

_ Production Production
Resource Scarcity 1
Resources like fresh
water, oil and na_tur?l Use Use
as are increasin
b%coming scarce gnyd / /
Y costy Recyclin
& Nonrecyclable waste ycling
Human Toxicity | |
Exiraction and Cur_rent paradlgms are ill Is circular economy
processing of fossil equipped to tackle these enough to address these
fuels pollute the complicated and challenges ?

environment multifaceted challenges
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Rationale GGl CSITES &

Cumulative Global Plastic Waste

Global Plastic

Production . Year Tons (billions)
M tOnS Building a!nd
construction 1950 2
O:-:er Pacl::;ing 20 15 8 . 4
2050 34

65
Textiles

46 3
Consumer Industrial
products machinery
19
30 Electrical
Transportation

PIaStiC WaSte iS a GIObaI EnVIrOnmental Cr Recycled Landfill/Environment Incinerated

Half of all plastic waste is from otteene use products 600 Mt (9%) 4900 Mt (78%) 800 Mt (12%)
Only 10% of all plastics have every been recycled

Plastic waste disrupts the food chain, and leaches

harmful chemicals to the environment
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Solution: Two Paradigms of Recycling (PSS s
$$$$

Chemical Plastic waste
: R led chemical recycled to high
Recycling ecycled c em'caS’ ' value precursors

Plastic waste becomes re-enter commercial
feedstock for valuable value stream

[ 4
ﬂ chemicals % "

Requires near pure,
single origin plastic

PhyS|CaI waste “ Limited second use $
I applications
Recycling PP 4 Plastic waste Recycle
to lower value materia

)
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CLEMSON

Chemical Recycling Techniques POSIES 48

Chemical depolymerization of existing plastic waste to usable chemicals

Bioenabled
rPET-FRPs

Unsaturated
Polyester (UPE)

rPET/Waste Glycolyzed PET

o
q o h
o~
«J

Vinyl Este.
Synthesis| . §

YLO- R,
Ry

Hydrolysis, glycolys@minolysigan be used to revert
waste plastic (i.e. PET from plastic bottles) to usable
precursors to synthesize new high value products

Bioenabled
rPET-FRPs

Deconstruction

Rorrer N. A, et al. Joule, 3: 160627 (2019).

Prices as of August 2018

A B
——200°-250'C—— Melt hydroconversion E
Pt/WO3/ZrO: + HY zeolite p
et Hydrogenolysis s Pyrolysis can be used for more aggressive
— Pt/SrTiOs astic . . .
1 ﬁﬁ depolymerization to transform waste plastic to usable
i : f i —
400°'C —» Pyrolysis — Hydrc;n;%&rmmg fuels
Plastic Waste '
Wsle —500"-600'C— High-temperature pyrolysis to fuel S
Thermal, catalytic Fuel

Vlachos, S. L., et &ci Adv7; 17 (2021).
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Chemical Recycling Technigues

CLEMSON

Polymers Can Be Synthesized to be Recyclable by Design

(a) Associative chemistries
Imine exchange

T~130-170 °C

R
NS 2
l{‘/\N/ + HN—R;

Transesterification
T~150°C (o]

o
‘RL)J\O/R' + HO—R, “‘u/lk

Disulfide exchange

R__.-S< /LLLL, R\ - //ZLL.
"-{ §FNR RT<T <~230°C 5{ S e
N o

B —

A
g B A%
AR By,
< @

Transcarbamoylation
o T~110-160 °C

;\N)J\O’R“ + HO—R,

H

R3
RN 4 HN—R,

_R, + HO—R,
o

z(y/R\s/s\R/s'v,

[e]
e’e\NJJ\O/Rz + HO—R,
H

(b) Dissociative chemistries
Diels-Alder reaction

Ry le) R, o
= RT<T<~80°C
o+ [ N-R
2
T ~110-130°C
Ry (o}

Ry

Cyclic carbonate aminolysis
o

OH  T-110-160°C )
_N__o == R—NH, + ¢ ©
RO Re N
RT < T <~160°C

o

N_R3
o

Ry
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Mahajanet al. ACS Sustainable Chem. R920, 8, 40, 150%2A5096

—— New chemical linkages can enable thg@mecessing of thermoplastics
and thermosets typically resistant to depolymerization

a o PE-18,18
W Biorefining ? 9 [Ti(O"Bu),] 0 0
- > w O e OH
7 g R T o 14 9 0 16 © 15
Oleate o n/2
R LYY e #Reduction
R Yield > 95% With
HO/WOH _ in-chain groups

0
B ——
i -
Yield > 90% RlEHC] o/\(v)%\o o7
n

PC-18

Polyolefinlife materials with a low density of ester
groups to enable efficient chemical recycling

7/12/2021
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Mecking M. H., et al. (2021). Nature 590(7846): 423.

8



Enabling a Renewable Cycle il ST

How can renewable
sources be used to
replace petroleum

derived monomers?

Biobased

Feedstocks

How can polymers be
designed with their
end-of-life in view?

How can reactive
precursors be designed
from inherently safter

chemicals?

Chemical Non-Toxic

Recycling Protocol

©Clemson Composites Center, 2021
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Ligninbased Polymer Structurgs
designed for Chemical Recycling

Biobased Content, Ndaxicity, and Chemical Circularit
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Molecular Zipperg Designed for Recycling CiiPCIES

[Kraft Lignin] [Molecular Zippers] \
Lignin Structure 5
OCHs /—\ o OCH3 5 o
Cianin OHK’O)I\O B Lignin 7 | 0)]\0 /w/\oH ) Lignin i |Z\O(\
OH X oH OCHjs
HO ocre \_k/ oer [Carbonate HO [Ether

? Glycerol Carbonate " 0 Linkage] ? o Linkage]

Reaction of lignin with benign organic carbonates
such as glycerol carbonate incorporates labHe C
@, nnnnnn bonds utilized in later chemical recycling steps.

Pathway for recycling is interwoven in
molecular design from the first stages of

aAYAO yl (dz2NBQa 26y &0 NUzOG dzNB  synthesis
through the incorporation of
labile GO bonds

©Clemson Composites Center, 2021 7112/2021 11



Full Reaction Sequence

[Kraft Lignin]

OCH3

Lignin \’
OCH,
Glycerol Carbonate

C P =

©Clemson Composites Center, 2021

Lignin

[Oxyalkylated Lignin]

OCH3 0

OH\-f
Lignin \

j\/ OCH3
HO

Dimethyl Carbonate

OCH,

[Lignin -NIPU]

OCH,

OJLOTH\R/"’TOJHVO

CHs
OCHj

[Cyclocarbonated Lignin]

OCH O

Lignin
:<<O:L\/ OCHj
O
OCH,
H,CO
Lignin
Ouw.,
H5;C
OCH,4

H,

N

Dimer Diamine

CSITES

7/12/2021
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Biobased Content of NIPU Foams SHiPCSTES 4o

ASTM 6866: Determination of the Biobased Content of a Polymer Sample Using
Radiocarbon Analysis

- Compares thé*C / G?ratio of sample to NIST standard
-wSadzZ G Aa I @l fdzS FEMNIEdt SNOSYd azRS

ResultNIPU Foam contains 10@6content
(99.82+0.28pMQ

Biobased Precursors
Kraft Lignin
Organic Carbonates
Fatty-acid dimer diamine

©Clemson Composites Center, 2021 7112/2021 13



Tensile Properties of NIPU

——NIPU 1:2 (Mod.)
——NIPU1:15
——NIPU 1:1

-

Stress (MPa)

0.0 0.1 0.2 0.3 0.4
Strain (mm/mm)

Ultimate Tensile

COMPCSITES &%

Tunable properties with reaction
stoichiometry

Highest tensile strength recorded for a
ligninderived NIP.

Tensile Modulus

NIPU Strength MP3) Ultimate Strain (%) (MPa)
1:1 20.9+ 3.6 10.7+ 2.8 400.6+ 86.0
1:1.5 15.8+2.2 13.0+£4.0 307.7+45.3
1:2 rigid 14.5+ 1.8 14.2+ 4.5 294+5.9
1:2 modified 12.2+0.54 38.9+7.5 137.3+ 23.8

©Clemson Composites Center, 2021
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Enabling a NIPU Foam

Modulus (Pa)

1000

800

600 +

400 +

200

Without
Catalyst

m— Storage E
Loss E

I
800

I I
400 600 1000

Time (s)

I
200

Modulus (Pa)

Gel time of reaction mixture:

With Catalyst: ~ 3 minutes
Without Catalyst: ~ 8 minutes

200

150 4
100

50

N
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CLEMSON

MPCSITES
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With

Catalyst

Storage E
Loss E

Fast getimes are important
to cure reaction the mixture
on the same timescale as
the foaming reaction

25 50 75 100
Time (s)
HoN
CHy | CHy  |CHs
CH; | CH CH [ . .
Hc—sl—so é‘3—o é'—BCH + N 7 — H3C_Si_o_sll_o Py Hy
€SI ! . 3 CH; |HN CHs
CH; |H CH,

NH,

Foaming Reaction with PHMS and Diamine

7/12/2021 15



Results: NIPU Foams P CSITES &

L-NIPlOJ / Foam Density Porosity. Volume (;omgressivg Compressive

Yo (kg/n) Expansion { UNBY 33Uk Modules E
1:1 / 3% 241F 34 0.7650.03 4.3250.60 131.8537.9kPa 1.4250.22 MPa
1:1/1.5% 337K 57 0.6750.06 3.1150.48 170.0p18.6 kPa 1.64F0.32 MPa
1:2 / 3% 2415 45 0.76F 0.04 4.4050.96  79.2518.5kPa 1.3450.25 MPa
1:2 / 1.5% 331F 39 0.6850.02 3.1250.26  111.9528 kPa 1.1951.02 MPa

|

-

The First Noimsocyanate Polyurethane Fo
from Lignin

1:1/ 3%

QD |

©Clemson Composites Center, 2021 7112/2021 16



Property Comparison thilbCSTES o

Property Commercial PU LigninNIPU (this study)
Density (kg/m) 30¢ 700 200
Compression Strength (kPa) ~ 100 130
TenS|IneO&r;,;r§rnogl|Jt: (MPa) 20-40 21
Thermal Stability ¢l) ~ 300 300
Biocontent(%o) 30 (foodbased) 100 (nonedible)
Recyclability (%) n/a 90

Federation of European Rigid Polyurethane Foam Associafitvesmal insulation materials made of rigid
polyurethane foam (PUR/PIR) Propertidanufacture http://highperformanceinsulation.eu/wp
content/uploads/2016/08/Thermal_insulation_materials_made_of _rigid_polyurethane_foam.pdf

©Clemson Composites Center, 2021 7112/2021 17



2021 Presidential
Green Chemistry
Challenge Award
Winner!

The first lignirderived nonisocyanate
polyurethane foam

Nontoxicity, recyclability, 100%
biobased, commercially relevant
properties
7/12/2021

C&CT) oecs-  MAGAZNE-  COUFCTIONS-  VIDEDS JOBS Q

sRGRER TO REDUCE GREENHOUSE GASES
— DOWNLOAD

EPA Green Chemistry Challenge Awards
announced

Winners recognized for developing greener products and processes

by Sam Lemonick

Nobel laureate Ei-ichi N

LGBTQ+ ¢

about

Nobel laureate Richard

87

EPA Gre y C

announc

Black ch u sho
- ry Mull es at age



Chemical Recycling

. | o R - N

Recovery of Precursors and Resynthesis
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Chemical Recycling Process i

100% Biobased LigadiPU Foam

/\Zrushing

Curing

[Kraft Lignin] [Molecular Zippers]

o}

OCH3 /\ [e} OCH;
A V&N
o o H H

Lignin —————»  Lignin |
& M%OH ~ OCH; o N
[Carbonate .
Ho . o . . Linkage]
Glycerol Carbonate Linkage] :/ oo,
; OCH; OCHy

+
. £
o 09
=8
=1
}é%
Oﬁ\
E2
%)
= ¢
&

Waste I\iIPU Foam

Functionalization:
Molecular Zippers

High Pressure

Hydrolysis
Precipitation,

washing
Lignin Diamine, Depolymerized /
©Clemson Composites Centg021 Recovery anmlng agent SOIUbilized Foam



Greatest Challenge? CoiiPCSIES
ey
LK [ AYAYQa 29Y
J) 5 " e - Radical initiated condensation at higher
oA o (AT oo ?i 4’/) temperature
? @. @ @ OH
Ao AR - Cleavage of ether bonds to form
_ & . T s 83 reamersion— iNtractable @C bonds
H 9 e Repolymerisatio A
S T e s Resultinsoluble, lower functionality lignin
o ‘, ; - ;y é( precursors incapable of upcycling to higher

value chemicals or polymers

) 1" fi
SchutyserW. et al.. Chem. Soc. Rev. 47,818 (2018) Episulide

Solution?
A Optimize recycling parameters to minimize harshness of technique
A Use stabilization agent to prevent lignin condensation and increase
solubility of recycled precursors

©Clemson Composites Cent2021 7112/2021 21



Efficiency of Chemical Recycling

100

90

80

70

60

50

40 -

30

Percent Lignin Recovery

20

10 H

Hydr. 3 hr. Hydr. 6 hr.

10% EG 0.1 KOH 10% EG 0.2 KOH  Glyc. 3 hr.

Insoluble
[ ] Soluble 8 vm

Il Soluble 0.45 vm

Recycling Technique

o
=
e
=3
=

O

M

P

Recveling Techniqu Lignin Total NIPU Solubility in
yeing . Recovered (%)| Recycled (%) DMSO

Hydrolysis, 3 hr. 71.3+12.8 69.5+ 6.6 59%
Hydrolysis, 6 hr. 72.5+15.9 64.2+ 8.2 54%

Hydroglycolysis, 109 0
EG. 0.1 KOH 3 hr. 79.1+7.1 78.7+4.8 92%

Hydroglycolysis, 109 0
EG. 0.2 KOH 3 hr. 92.7+£12.3 88.4 £8.7 79%
Glycolysis 3 hr. 18.1+4.1 38.1+2.1 Soluble
Glycolysis 6 hr. 13.7+4.8 27.7£2.2 Soluble

Glyc. 6 hr.

80-90% of lignin can be recovered from waste NIPU foams using an ethylene glycol (EG)

assisted technique

The E@Gassisted process enables up to 92% solubility of the recycled lignin

©Clemson Composites Centg021
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~_ Aliphatic
Recycled Lignin

\

[Kraft Lignin]

OCH,

] Q o
o /—\J\ C)J\G/\/\\O" Lignin O/E/\ -
o Q . . H
Lienin ————» Lignin | + ]
& ON’\_Q/OH OCH; [ a;lH)onate octs [ Ether
vo . HO o 0 Linkage|

Glycerol Carbonate

Hydroxyls

Hydrolysis | |

Recycled Lignin
Hydroglycolysis

10% EG

Cyclocarbonated
Lignin (prepolymer)

W_/%J

[Molecular Zippers]

e o COMPCSITES

&,
&

Linkage] '

Aromatic Hydroxyls

<

Ethylene Glyco
Addition

A
L‘L—WM/\\—‘\‘AL‘“/VLA‘

Chemical recycling regenerates aliphatic content
through the dissociation of molecular zippers

WJWLW

Mt

Functionalization converts all aromatic
to aliphatic hydroxyl groups

b

G-Lignin
Kraft Lignin . I : :
M Condensed Lignin H-Lignin Carboxylic Acid
s L ""—MMWM
I 1:i5 1:£-3 r , r r 13r5 | [ppm

c 150



Hydroxyl Content and Curing Study il ST

U Curng Terperaureq) | WU Ceen mol0) o o (e
Kraft Lignin (Control) 4.8 5.3
80 3.1 1.7
120 2.1 2.1
150 2.6 3.7

Initial Hydroxyl Content of Kraft Lignin = 6.1 mmol/g

Recycled lignin at typical curing temperature (C5&how$1%o0f original hydroxyl content using E&Ssisted
technique versug3%using hydrolysis alone

Other curing temperatures do not increase the hydroxyl content of recycled precucsoiisg temperature is
not the main degradation pathway for lignin.

©Clemson Composites Centgf21 7/12/2021
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2D HSQC NMR

Aromatic Region Aliphatic Region

Guaiacyl : .
aromatic unit
. \ Methoxy group ‘ |

Kraft Lignin Ether linkage

el

B
Control MSc = : e
Experiment
{1 | y-oHin p-5
Hydrolysis — Kraft Lignin * |E| BB
¥

C |

S

Hydrolysis — Recycled Lignin
D ——

C-H in EG addition

Hydroglycolysis — Recycled Lignin .

r2eel

| E ol

C-H in EG addition D

rrrrr

©Clemson Composites Centgf21

PTSITES

OH )
Lignin
o /
o’ 6] 0 ~ / \O
Lignin a 0 O o]
° Ligni B =¢
5 O— ignin o -
\ i NG N S S
OH OH HO™ v
Guaiacyl Unit [-0-4 Linkage p—P Linkage B—5 Linkage
Ligmin
—
o ,lef W,
Ligrin #,{'.h “/LL_:T
k[l HL T Qe
e
Ll

EG Addition to Ether Stractures

EGassisted technique shows the best preservation of
peaks in the aliphatic and aromatic region.

2D NMR confirms addition of EG to recycled lignin
structure

7/12/2021 25



Mechanism for EGtabilization EOiPCSITES

— » Condensation

Use of EG ihydroglycolysis
stabilizes the lignin structure
increasing solubility and
hydroxyl content

Non-phenolic unit

Alkaline Treatment

/0
-O-R
) .
| CE\\
HO, | I
e Quinone mthide | - :@ Condensgthn occurs when
Softwood Lignin enotie il ~ : reactive lignin fragments

> O are not stabilized
0/

Condensed structure - lowered functionality

©Clemson Composites Centg021 7112/2021
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Resynthesis of NIPUs il STES

0.9

- Uret.hane R-NIPU
- 0.8 Cyclocarbonate
Resynthesis of NIPU foams . )
: : .. 06+ : :
1. FTIR confirms conversion of recycled ligni - ;

0.5 -

to polyurethane 5 R-CC Lignin
< 044
. 0.3 -
2. Complete conversion @yclocarbonate ]

0.2 1 N
groups to urethane bonds fof® - CC Lignin
generation NIPUs .

0.0

2000 | 1 8|00 | 1 6|00 | 1 4|00

Wavenumber

©Clemson Composites Cent2021 7112/2021 27



Resynthesis of NIPU Foams toilbCsiEs s

Compressive

Density Compressive
: NIPU Strength
Hydroglycolysis kg/m?) | (10%, kpa) | Modulus (MPa)
Recycled Virgin 241+ 34 131.8+£37.9 1.42+0.22
Recycled 100% | 551 4 160 126+ 53 1.51+.80

1st Generation Y

2nd Generation

©Clemson Composites Cent2021 7112/2021 28



NIPU Reynthesis SHilPCSTES 48

—— NIPU - NIPU UTS Ultimate Strain
15+ N Hydroglycolysis
——— R-NIPU-2 Recycled Virgin 158+ 22 13.0£4.0
RANIPL- 10% EG Recycled, | 105+ 18 85+ 4.0

T 100% PE L St 4.

S

2 /

o .

s 5. i Recycled NIPU shows more brittle character and lowered
ultimate tensile strength due to lowered hydroxyl content
after chemical recycling

0_ - S
0.00 | 0.65 | 0.|10 | 0.|15 | 0.|20 | 0.25

| , A . S T he—
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Summary

COMPCUSITES

Lignin as an industrial byproduct is upcycled with renewable

reagents to create a 100% biobased NIP

J foam

Biobased materials with their own degrac
enhanced with a molecular zipper design
retrieval of recycled precursors

An effective stabilization technigue was e
ignin with minimal structural alteration

This study has paved a way toward using lignin in

©Clemson Composites Centg021

ation pathways are
to enable high

nabled to recycle

Recycled NIPU foams synthesized from 100% recycled lignin

a circular polymer platf

7/12/2021 30



Ongoing Work thilib sITES

Innovative Extraction Techniques to Obtain Biobased Aromatics
for High Molecular Weight Recyclable Polymers

o L o} —o L ]o}
@ o

Feedstock Processing Solvent Extraction Product Yield
A Hardwood Trees: A Catalyst: Pb/C, Cyclohexanol, Acetone, Propyl and Hydroxy
Popular, Birch Ru/C, RNi Dioxane PropylSyringol Gaiacol

A Industrial Lignin: Kraft, A High Pressure H
Lignosulfonate

©Clemson Composites Center, 2021 7112/2021
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Ongoing Work i CsITES

bS¢é a2f SOdzA I NJ A ¢NAIISNEE (2
Polymerization Reactions

/, OH OH <|3
Pd/C, e of —o o} Functionalization
= Ij > + > HO\/\/Q*O
Water/ Dioxane Polymerization

Propyl and Hydroxy Propyl
Syringol Gaiacol

Chemical Recycling
A Hydrolysis, glycolysis
A Thermolysis
A lonic Liquids
A Associative Bond
exchange

©Clemson Composites Center, 2021 7112/2021 32



Ongoing Work SBilPCISTES &8s

Using Reclaimed Plastic to Generate Feedstocks for New Polymers

= " P
) — ‘) \\\\“ .
USArmy@ 51 USArmy USArmy ‘s 51 Case Material
Integrated Head Helmet Pads ACU for Caliber
Protection

System

3M Welding

Sonoco Football Helmet  3M Facepiece 3M Roloc
Helmet

ThermoSafe Qushion pads Respirator Button

©Clemson Composites Center, 2021 7112/2021 33



Translational Innovation

©Clemson Composites Center, 2021

Fundamental Discoveries
New pathways for utilizing
lignin for a circular economy:
enabling the biorefinery!

Scientific Contributions
Studies probing the stability
of aromatics from ligninin a
continually recyclable
polymer

Translational Research
Demonstrating the ability to
replace persistent plastics

with a circular design.

CLEMSON

MPCSITES

7/12/2021
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