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( Compatibility between degradability and durability

" Uncollected plastics, tire wear powder, textile waste, and fishing gear are serious problems for
global environment.

Problems

Durabilit

Multi-lock type : Requiring multiple
conditions for degradation achieves
switching function.

Difficult of
compatibility between
degradability and

CUEabUILY Degradability
—
: Multi-lock biopolymers realizing
Theenwf::;':zao‘: jl> compatibility between degradability
e I and toughness are durable when
gyet been fully Clean used, and when thrown away,
understood. Ccs)lol finally break to water and CO,.

Earth Non-food biomass-based polymers!

We need academic experts of biosynthesis and polymerization, biodegradation and polymer process, structural analysis and
mechanical properties, simulation, marine engineering and biodegradability evaluation. And companies challenging to create
innovative polymers should be involved to achieve the target.



R&D Organization (Matrix Management)

A: Plastic B: Tire C: Textile D: Fishing Gear E: Common
Mitsubishi Bridgestone Teijin Kureha Issues
Chemical TL: Satoshi TL: Tomoyoshi TL: Takashi

TL: Atsushi Kusuno Hamatani Yamamoto Masaki TL: Kohzo Ito

- A~D are competitive while E is corporation one.
- One company conducts joint research with many academia at the same time (synergistic effects)
- Flexible combination of companies and academia depending on the development stage.




| Switch Functions ‘

-

3

mNEDO Policy
- Cool Earth's research agenda

Should functions that are currently unrealized (functions to control
the timing of biodegradation, function to decompose appropriately
in diverse marine environments, safety for living organisms
including intermediate products from degradation, etc.)

- Examples of switch functions (still in the research stage,

no examples of social implementation)

Multi-lock type : Requiring
multiple conditions for

function.

degradation achieves switching

(Does not decompose under actual
conditions of use, but decomposes
quickly in the sea or on the seafloor)
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= Copolymer + additives, water, marine microorganisms, others
Introduction of degradation unit (Companies, Nagoya Univ,
Tokyo Tech Univ, Shinshu Univ, Osaka City Univ)

= Enzyme + marine environment

Enzvme (Companies, RITE, Nagaoka Univ Tech)

Timing Control

Speed Control

- Additives + light, salt, marine microorganisms
Cluster catalyst (Univ Tokyo), Polyrotaxane (Univ Tokyo)

* Dynamic cross-linking + water, marine microorganisms
Hydrogen bonding (Companies, Univ Tokyo)



Organization

Subject

Progress of Each Team

Mitsubishi Chemical
Plastic

Bridgestone
Tire Wear Powder

Teijin
Fiber Scraps

kureha
Fishing Gear

Academia
Multi-lock

Technology
Issues

Target
2029

Outcome
TOPICS

R&D of marine degradable multi-
loc biopolymers from inedible
biomass

Demonstrate at the bench or
larger scale prototype level that
an aliphatic polyester produced
from inedible resources has a
40% degree of degradation at 30
days in a BOD test (25°C) and
10 times greater toughness than
existing biopolymers.

In the PBS system, we
confirmed that the kneading of
additives greatly accelerates
degradability. Speed control was
successfully achieved. The
addition of polyrotaxane
increased tearing strength by a
factor of 2.

Development of a tire that
combines toughness and
degradability from inedible
biomass

Develop a multi-loc bio-
tough polymer with
polymers made from
inedible biomass and
produce tires with tread
application at the pilot level.
Confirm that the wear
resistance and degradation
rate balance in the lab
degradation test are
improved by more than 10
times.

Succeeded in synthesizing
a rubber that introduces a
degradable unit. Achieved
more than 10-fold
improvement in
biodegradability.
Succeeded in achieving
both a 2-fold increase in
fracture strength and a 10-
fold increase in degradation
speed.

Biodegradable, toughened,
and bio-engineered non-
degradable polymers (PET)

The production technology
for polyester-based multi-
loc bio-tough polymers and
their fibers, which are highly
degradable under certain
stimuli, will be developed.
And a monomer synthesis
facility derived from inedible
biomass will be comducted.
The current marine
degradability index is the
target.

PET-based fibers with
marine biodegradability and
practically usable strength
were successfully
developed. Seven species
of PET oligomer-degrading
bacteria were identified.

Development of fishing
gear using biopolymers
based on polyamide 4 and
polyglycolic acid, which are
biodegradable resins

Achieve both of physical
properties and marine
biodegradation by
introducing a multi-lock
degradation mechanism.
And we will confirm the cost
level of commercial
production on a pilot scale,
including biomass
conversion technology and
the various properties
required for practical use.

We have succeeded in
developing a fishing line
that has the same degree
of nodal elongation as non-
marine biodegradable
fishing line and exhibits
marine biodegradability.
The degradation of fishing
line is accelerated when it
sinks to the seafloor after
abandonment.

Development of a multi-
locking mechanism that is
both durable and
degradable

More than 10-fold
difference in degradation
speed before and after
unlocking multilock, more
than 10-fold durability of the
current product, more than
10-fold improvement in
activity of degradation
enzymes, and more than
10-fold faster degradation
speed in actual sea
conditions

Successfully achieved both
toughness and improved
degradability using
polyrotaxane. Achieved a
multi-lock mechanism using
metal oxide cluster
catalysts, which
significantly improved the
activity and production of
PET degradative enzymes.



Roadmap (Average Image)

Mitsubishi Chemical
Bridgestone
Teijin
Kureha

Academia

Mitsubishi Chemical
Bridgestone
Teijin
Kureha

Academia
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PM Management System

Management Support Team

Advisors
IP Steering Committee

——

m Plenary Meeting(PM, Teams, AD) once a year

R&D Management Officer: 1
Assistant: 1

Information sharing about the project

B Group Meeting (Academia) twice a year

Discussing common issues

® Public Symposium

B Team progress meeting

(PM, TL, Team member) Every 2 to 3 months

(including site-visit)

Companies participate as observers

m Advisor Meeting (PM, AD) once a yea
Evaluation of all teams (reflected in budget)

m IP Steering Committee

B Team Meeting (Related teams) at any time
Discuss specific and common issues for
corporate teams

B Young Researcher’s Meeting at any time

(Related teams, experts) at any time

Discuss IP strategies and operations

B Invention Briefing at any time
Make use of Academia Inventions

m Monthly report for companies, Quarterly

report for academia

® PM Monthly report
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“Research and development of marine degradable
multi-lock biopolymers from inedible biomass”

1. Concept and objectives 2. Targets

[Objectivs] The purpose is to develop a bioplastic that incorporates a
multi-locking mechanism in aliphatic polyesters produced from inedible
resources and that quickly biodegrades in seawater after being unlocked by
multiple external stimuli. We also aim to toughen biodegradable plastics
while maintaining good biodegradability by introducing dynamic cross-
linking or supramolecules and optimizing of higher-order structures.

- FY2022 Intermediate Target: Proof of the multi-locking concept
- Degradation rate is more than 3 times higher for multiple external stimuli
than for a single external stimulus.

* FY2024 Intermediate Target : Achieve both high toughness and multi-locking mechanisms

In this work, we will investigate the introduction of multi-locking - Degradatioh rate is more thgn 10 times higher for multiple external stimuli
Qechanism and toughening of PBS (polybutylene succinate)resin. j than for a single external stimulus.
- 5 times higher tear strength than existing aliphatic polyesters
/[Concept] Moonshot program led by the Cabinet Office \ * FY2027 Intermediate Target : Demonstration of the Bench-scale production
Achieve both high toughness and high biodegradability - Can be manufactured in scales of 20 kg or more
A .
o mg’ti";‘:al r;r;-&léﬂlsenough to use without * FY2029 Final Target: Achieve the followings with scaled-up products
0 O‘ - B i 2D £ - Marlne _blodegradatlon after unlocked :40% biodegradability in sea water
=) CO2 in natural environments (25°C) in 30 days.
é ), Overwhelming material development - Tear strength: More than 10 times that of existing biopolymers
- Capabilities by the industry-academia- - Polymer production on a scale larger than bench scale
] b government collaboration
Biodegradability
Problems
* Tough polymers are hard to decompose=>environmental issues

/

* Physical properties of biodegradable polymers are insufficient /

Copyright © MOONSHOT Ito Project 2021 All Right Reserved.
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Mitsubishi Chemical Corporation

Topics MS Ito PJ

OEvaluation method of marine degradability OAdditives were investigated to improve marine biodegradability of

copolymerized polyesters.
BOD: Biochemical Oxygen Demand[mg/L] Biodegradability was

Biodegradation : consume O,, produce CO,
BOD test : measuring O, consumption (NaOH absorbs CO.)
— calculate degree of biodegradability

greatly accelerated by
kneading additive D

Marine biodegradability evaluation by BOD test

100
oubat FE, 80 - Knead polyester C I
Incupato . Py
— E 60 with additive Speed
- | E 8 4 Control
Xl 10
Pressure sepnsor \ 8 Cellulose l}
25°C g = | 8 20
NaOH 30~90days - e b . NESHENeR Point Control
E Tokyo bay an | | +
Sea water = p 0 20 40 daYS .
(with mineral R’ Toughening
added) ) G //, - -e~:

— T Sagami bay A - Coexistence of "certain additives" with marine
i 7
(Enoshima) . . .
measurement samples ,I,rl Sesg. blodegradable resins

(powder) — Improved marine biodegradability
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Bridgestone Corporation & MOONSHOT {{nEDo

Development of Non-Food Biomasses Based Biodegrade Rubber Compound in Wear
. . MS Ito PJ
Particle for Tire

. 4 )
In recent years, there has been growing concern about —Biodegradation cycle of tire wear particle—

the influence of tire wear particle on marine as
microplastics. While its substantial contribution to the
environment is still debatable, technological development d Muliple stimuli
is desired from a view of environmental pollution/ X
circulation of resources. In this study, we aim to solve
these issues by developing non-food biomasses based
multi-lock tough polymer which can be decomposed by i
multiple stimuli. Combined with the toughness T e Degradable bond

technology by energy dissipation proposed in IMPACT i —is— @

project (2014-2019), the developed tough polymer is Necoduced it plymer ~Toughness by energy dissipation—
applied to tire tread, and it demonstrates toughness by (2
effective energy dissipation in use and quickly
decomposes by multiple stimuli (microorganism and
combination of light, heat, oxygen, etc.) after use in the
state of wear particle.

(1) development of non-food biomasses based
biopolymer synthesis

(2) development of multi-lock degradability
technology

(3) development of degradability evaluation
method/degradability

(4) compound design for highly balancing
degradability and toughness by energy dissipatio

Energy dissipation

\_-__ ’%%
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\
N
\ J

)

7 RIDGESTONE
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Biodegradation technology by introducing degradable unit

MS Ito PJ

Biomass-derived degradable unit was
introduced to diene rubber copolymer
cooperating with academia.

—Marine biodegradation test result —

A

Biodegradation index

low molecular weight polymer

Biomass-derived Unit

Biodegradable Unit

¢ Normal diene rubber(low MW)
» °

@ Developed diene copolymer(a) ...'

*9
0
I ® L ]
.. [
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Very effective for hTéfHemoIecuIar weight

polymer

Biodegradation index

Diene Monomer

Polymer Design:

high molecular weight polymer

& Normal diene rubber(high MW)
Developed diene copolymer(b)

| ® Developed diene copolymer(c)

Better
biodegradability o

Improved biodegradgtmﬁy compared with the
same molecular weight

Biodegradability improved by more than 10 times

with degradable unit introduction rubber.

High Toughness Degradable
o . - o Main chain
(o) —=, ,\E/Ilglset SL:T aer”g ebs?sr? d functionalization
9 Biodegradable
segments



Technology for balancing biodegradation and toughness by
reversible cross-link

MS Ito PJ

Crosslinked Polymer
Design:

High Toughness

.":.-:.. Ad% * Energy dissipation
- .‘\&
KX

With extending reversible bond technology that
strengthen rubber by effective energy dissipation, we
newly designed degradable cross link system
cooperating with academia.

Degradable

_-___ Alternative crosslink

* Reversible crosslink
* Degradable crosslink

» Easily decrosslinked

~—Physical property test result— —Marine biodedradation test result —
A
® Developed reversible crosslinked rubber .o.
| ® Normal crosslinked rubber '.
x Dramatically § e
2 Improved < oo
< c S
] -g B o®
— © "
4-?' g ‘.
2 ks Lot
@ @ «  Better
- .. . ofe
- biodegradability
L
DOOCOOLOOSOO0000000L000000000b 00000000
Normal crosslinked Developed reversible .
rubber crosslinked rubber Time

Both toughness and biodeqgradation are both significantly increased
by introducing reversible and degradable cross-links




Teijin Limited / Teijin Frontier Co.,Ltd.

Development of highly degradable polyester-based multi-lock type bio-tough polymer

and its fibers

& MOONSHOT ’f:;:_;" EDO

MS Ito PJ

We are developing new aromatic polyester resin & fibers that
hydrolyze/biodegrade in seawater with specific stimuli while
having practical stability during ordinary use as follows,
i. Easily degrading components into polymer chain and
addition of decomposition accelerators
ii. Processing technology that promote decomposition
Clarifying of decomposition mechanism
Safety confirmation of oligomers

The main achievements up to FY2022 are as follows.
* New crystalline co-PET fiber that is hydrolyzed in seawater.
This fiber has practical mechanical properties and durability
This fiber has biodegradability at low molecular weight.
The time required for complete decomposition in ocean at
30°C is estimated to be 576 years.
We will proceed with detailed structural analysis of co-PET
fibers, as well as the development of fibers with point control
(switch) functions that improve marine biodegradability.
the same time, biobased monomers will be considered.

Mn retention%

(orormer ) %

Hydrolysis
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Hydrolysis in Seawater @30°C
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Marine Biodegradable “New Aromatic Polyester” fiber

Hydrolysis in Seawater @30°C
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PET oligomer were identified
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KUREHA CORPORATION
Development of strong and degradable biopolymers for fishing nets
4 )
Biodegradation in sea water (ISO19679)
Application of biodegradable polymers towards marine 100 _
plastic pollution have been investigated. However, there are still 2 g B'Odeglffﬂb.l.e.%.".,
remain many problems, for example, the degradation of one of :; - /’. .,-‘° ‘f
the polymers are quite low in the ocean. § o . i
Biodegradable polyamide (PA) and polyglycolic acid (PGA) %J 40 ¢ .o'c.)ellulose ‘
degrade in sea water and they have extensive high mechanical 3 20 o 4
. . . . . @ ° PGA e
strength associated with high concentration of amide group or 0 csecesces o
ester group. 0 50 100 150
Test duration (day)
Degradation product of biodegradable PA is amino acid (AA) Degradation of PGA ball
and that of PGA is glycolic acid (GA). AA and GA exist in natural
environments so the impact of them to marine environment is
assumed very small. In this project, we develop strong and
degradable biopolymers based on PA and PGA for fishing gears. \_ y,
7 KUREHA

/7
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Development of strong and degradable biopolymers for fishing nets

Knot Strength (MPa)

<Comparison of Knot Strength and Elongation>

Non-Degradable
Fishing Lines
(ex. Nylon6, PET)

Degradable
Fishing Lines
(ex. Polyester)

— [
£X) Knot Strength Test
1000 —
PR TR N
750 [ o "o :p
\ V4 (& /
P L7
500 ’ 7_
V4
'\ ® _211%4
250 i < ®
Developed Fiber = =
0
0 10 20 30

Elongation at Break (%)

The strength and elongation of developed fiber is

equivalent to commercial non-degradable fishing lines.

MS Ito PJ

<Degradation Test of the Developed Fiber in Laboratory >
Seawater and sediment were collected from the Pacific Ocean (Fukushima pref.).

_. 100
N
« 75
=)
=
o 50
D
(24
£ 25
whd
o
c
o
whd
7))

Pure Water

Seawater

Seawater/Sediment
Interface

2

4 6

Time (Month)
v' In pure water, there was almost no reduction in strength.

v At seawater/sediment interface, degradation was faster

than in seawater.

Nikkei newspaper Dec. 19t, 2022

KUREHA
/7
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Cundamenatal Commmon Isues

El+

E3

E2

E3-1

E3-2

E4

ES

Multi-lock degradation
mechanism (switch
function)

Elucidation of
environmental degradation

mechanisms, including
marine

Development of polymers
from inedible biomass

Improved durability and
toughness of
environmentally degradable
polymers

Assessment of
environmental

degradability, including
marine

Marine biodegradability and
safety of oligomers

Develop a multi-locked degradation mechanism for model resins and
elastomers, utilizing copolymers, dynamic cross-linking, catalysts, and
enzymes, which can be degraded on demand by multiple stimuli
expected in the marine environment.

Elucidate the degradation mechanisms of model resins and elastomers
in natural environments, including the ocean.

Monomers from inedible biomass will be synthesized using enzymes
and organic synthesis, as well as polymerization methods.

The use of molding and processing techniques, dynamic cross-linking,
copolymers, and supramolecules will be investigated to improve the
durability and toughness of environmentally degradable polymers,
including marine, as well as to study self-healing properties.

Analyze the dynamics of plastic trash, fiber waste, fishing nets, and tire
wear powder in the ocean, evaluate their degradation in the ocean, and
study the development of a fast degradation evaluation method.

Synthesize oligomers equivalent to polymers developed by each
company and evaluate marine degradability and safety

Univ Tokyo, Nagoya Univ,
RITE, Tokyo Tech, AIST,
Osaka City Univ, Shinshu
Univ, Nagaoka Univ Tech

Kyushu Univ, Kyoto Inst
Tech, Kobe Univ, AIST, CERI

Nagoya Univ, RITE, Tokyo
Tech, Shinshu Univ

Yamagata Univ, Kyushu
Univ, Univ Tokyo, Nagoya
Univ, AIST

Ehime Univ, CERI

Kyushu Univ, Nagoya Uniyv,
Tokyo Tech, Shinshu Uniyv,
CERI



Research and Development of Degradable A & MoonsHOT CrEpo

Supramolecular Polymers with Both Multi-lock University of Tokyo ., = VIS Ito P)
Mechanism and TouEhness ITO, Kohzo “
_,.-°~c’C”H23 PCL o

H OH A g\n\g MW : 1 kg/ mo
TOWm + o """bﬁ\c\CﬂHz + i) /\/\/\,ﬁ “/-/ / 0 é \f /\/\/\rPE \/\/\)L
BOD test

MW : 80 kg/mol Catalyst :
Dibutyltin dilaurate(DBTDL)

100
The transesterification -©- Cellulose

—e— PCL
between PR and PCL —e— PCL+PR5%
increased the —8— PCL+PR5%+cat0.1%
elongation at break by

more than 5 times.

S-S curves

Stress (MPa)

Biodegradation by BOD (%)

= . I | — pelpr5%cat.0.1%

| | |= = pelpr5%cat.0.5%
10 I pclprd%eat.1% L .

| | — pclpr10%cat0.1% The transesterification
7 i |= = pclpr10%cat.0.5%
| = belpr10%cat 1 between PR and é

9 ' T — T T T polyester has greatly 0 5 10 15 20 25 30

0 100 200 300 400 500 . . .

Strain (%) |mproved seawater Incubation time (day)

biodegradability.
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Realizing muti-lock degradability and toughness

using dynamic bonds

& MOONSHOT “’@ EDO

MS Ito PJ

University of Tokyo
YOSHIE, Naoko

Theme 1 : Development of multi-lock meechanism

1 : “Slow degradability” for complete degradation

We aim to develop polymers that are stable during use but can
quickly degrade after oligomerization by unlocking.

2 : “Muti-lock” degradation mechanism

We aim to introduce degradable bonds that are activated by more
than one external stimuli to accelerate degradability of polymer in
marine environment.

3 : "Toughening” for practical use
We aim to introduce dynamic bonds and/or to control higher order

Slow

_____ v

: Strong stimuII* i
in ocean :

Theme 2 : Toughning by physical crosslinks

— Crosslinks for biodegradability

1 : 7"Physical crosslinks” to combine good elastic
properties, recyclability, and degradability

We aim to expand the concept of entropy driven multidentate
hydrogen bonds proposed by our group to realize good elastic
properties without chemical crosslinks.

2 : Multi-lock degradability

We aim to develop the multi-lock mechanism suitable for elastic
materials.

Good elasticity

-—w
i
' ?
3 -
I

Rapid self-healing

Strong entropy-driven H-bonds

Copyright © MOONSHOT Ito Project 2021 All Right Reserved.



Theme 2 :

Topic 2 : Evaluation of entropy-driven dynamic bonds MS Ito P
icinal diol (VDO o /"
Vicinal diol (VDO) Urazole (U) \>_N/
M\/Hﬂw VS. S 4 v n Comparison of the mechanical
" OH " i, properties of the two polymers
17 '%‘ .j‘” R ol o g Evaluate the characteristics
29
v of the bonds
“Soft” entropy-driven H-bonds ”Rigid” enthalpy-driven H-bonds
. . . ) ) 1%t extention
Uniaxial tensile test Cyclic tensile =t wed rs _ _
test | 2 e"‘e“t'°")1hlm Physical crosslinks
CY p—r - | 3extention between VDOs are weak
=rsh VDO 20% ‘
veores VD0 20% 14 = but easy to reform

eers2nd

‘|
o A N

I

300 0

(@]
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Stress
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Characteristics of
“soft” entropy-driven
H-bonds are identified.

N

300

0 1
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o

0 100 200 300
0 Strain 0 0 Recovery = 76% 96%
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Research and development of multi-scale analysis 2 & moonsHoT o

T e ]

methods for marine degradable polymers froma  aist MS Ito P
hierarchical point of view MORITA, Hiroshi = Y&

f‘l . Modeling of two types of dynamic bond elastomers \ / 2. Association-dissociation process of two types of \
dynamic bond elastomers
. N * Enthalpy driven * Entropy driven
8L \0\ M (reactive beads10%) (reactive beads 20%)
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- ; L i el
Enthalpy driven — K Laree ! EEERR N s Disspaatlo 3
© K... al’g{,e: AU, |— Fene-LJ /_(,}\(: .\f\ < 3 =
= i /1 F20e meymms " Ao ,/ ag -,E‘ N
2 ! P AUy=10¢ \
- :’g 10- ' ‘ : = K=100£1‘U:
Entropy driven . ek * By the bond dISSOCIatIOH., s.tre.ss by elongated bond is
5 : : k=100 e released, and bond length is limited.
- 2 . . .
N TF10e 1o K=10clo - Network remains by the bond association.
i 2 3 4 5 >|n the type of enthalpy driven type, many associations-

\ rio] / Qissociations occurs.
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Development of Multi-lock Polymers
University of Tokyo

Using Metal Oxide Cluster Catalysts SUZUKI, Kosuke |\'

Introduction of multi-lock degradable mechanism:

psage Decomposition under multiple stimuli assuming ocean
environment
e.g., o £
_ Light +salt Catalyst E
\ light + water Blodegradatlon 5
! light + heat B AC‘ o 2
]
— o~ § Pl — 2 =
\\\LJ )’/,’ Hzo I
. . .. Before w/o Br- I-
Degradation, No Degrada‘il(on activity, enction additive
es

Switch function

b=
20
. . 9]
D ; Light Stimuli 1 s
\ . - L; . o ] [H—
: : S ig | _ ~ Sea water
Cluster ] , Active species 0 24 48 72 96
Catalyst Catalyst A Catalyst B Time (h)
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Structure and Properties of Multi-lock Biopolymer

. ] ) Kyushu University ' =
during the Environmental Degradation TAKAHARA, Atsushi /o

Photo-oxidation and biodegradation behaviors of polyolefins containing oxo-biodegradable additives
The effects of the commercially available pro-oxidants of the oxo-biodegradable type (P-Life Japan Inc.) on the photo-oxidation
and biodegradation of polyolefin (HDPE, LDPE, LLDPE, and itPP) films were investigated

FT-IR spectra of itPP with the oxo-biodegradable additives The overall degradation rate of the additive-containing polymers was in
T T itPP with oxo-biodegradable the order of itPP > LDPE = LLDPE >> HDPE.
Lass UV EXPOSUITE additives ROOH +M* —» RO’ +M®* + OH-
~ —1512 (MJ/mZ) c0
= +1)+ * n+ +
S - 108 ROOH +M@*h — ROO +M™+H (polymer chain)
8 —324
5 | s A
S 1, (RCOO); M** — (RCOO),M?* + RCOO" — R
2
= 4 on RH l
E 0 OOH 00" o
PN Norish VIl <« )k/\ <+ A/\ <+ M 41 /.\/\
3500 3250 2000 1750 1500 1250 1000 750 Mechanism of oxo-biodegradable additive catalyzed abiotic oxidation of

Wavenumber (cm!) polyolefins
As the photo-aging proceeded, new IR absorption band (C=0 . ) ) .
P ging p P ( ) Biodegradation of UV exposed LDPE & LLDPE with additive

developed.and increased in proportion to UV irradiance [ —e—Cellulose
200 + 1 w/o additives | w/additives [ —=-LDPE_P-LIFE_weathering (108 MJ/m2)
——HDPE Total UV S 40 [-+LLDPE_P-LIFE_weathering (54 MJ/m2) ) -
- =<-LDPE irradiance was up S Biodegradability of UV exposed
300 b 3 5 . .- .
< P i ’ 2 % Cellulose LDPE LLDPE with additive is
4 ~ipp to ca. 300 MJ/m?, 3 :
2200 | o poor due to UV degradation of
2 equal to 1 year & 20 ) .
T 2 . T the oxo-biodegradable additive.
o100 | UV exposure in 3 ;
- 1 Choshi. J 10 LLDPE_P-LIFE (54 MJ/m?)
0 e . oshi, Japan LDPE_P-LIFE (108 MJ/m?)
0 100 200 300 0 100 200 300 0
UV irradiation (MJ/m?) UV irradiation (MJ/m?) 0 7 14 21 28
C=0 index increased with UV exposure, photooxidation was promoted by additive. Days
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Analysis of degradation behaviors of bio-related

polymers in underwater environments and development Kyushu University
of their control methods MATSUNO, Sumio

& MOONSHOT {{rEDO

Y- MS Ito PJ
I

Effect of crystalline lamellae structures of polymer thin films on biodegradability

xd ‘“
I

o

(0]
/%\/\)l\oj;
Poly(e-caprolactone)

& PCL/toluene
-
/A

v
Spin-coat

Edge-on
lamella

A AR Flat-on
T lamella

6 PCL thin

film
Thermal annealing (24 h)

!

Crystalline sample 200 nm

W

In the edge-on lamella-rich region of the PCL thin film, degradation progressed quickly along the film thickness direction,
whereas in the flat-on lamella-rich region, degradation progressed slowly and in the plane direction of the thin film.
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Control of Higher-Order Structure and Toughness of Marine Yamagata N &L meensHoT nEpo

Bio-degradable Polymers through Polymer Processing University & MS Ito PJ
ITOH, Hiroshigl 'S B

1. Achievement in the PJ

(1) Academic target
Improving durability and toughness of marine-degradable polymers (Control crystal morphology for the marine degradation)
- Propose toughening method through mechanical tests

PLA  PGA PMMA PA6 PS PC PET PBS PCL HDPE PP

Tg (°C) 60 40 100 50 90 145 70 -35 -65 -110 0

Max. load (N) 33 25 203 14 143 247 15 15 8 9 13
Max. displacement (mm) 2 4 02 735 014 124 7 6 >16 16 10.5
Apparent modulus (MPa) 3510 4040 3370 890 3000 2660 2170 745 452 1030 1460

g Tearing tip 1o [ D
[ %% ——a——+* \ A
£ o
_i ézgalfdation 1 500 ‘;E l"'"-.,_
5 A%
o o™
0 ' . 0
00 | @ 0 LEO 40 . i A A
' Displacement of PET Position (pixcl) 1pixcel = 0.05 mm LA a : '
0.5 mm
Optical observation shows that polymers with low tearability have a locally reduced film
thickness and tear from these areas. Slow tearing (e.g. PCL) Fast tearing (e.g. PBS)
: . Film cross-sectional -_____________-« ]
Differences in the image e

shape of the tearing tip. y
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Development of Degradable Polymers Based on & MQONSHOT (nEpo

Plant-Derived Renewable Resources Nagoya University | _
KAMIGAITO, Masami MS Ito PJ

Thioacetal Thioacetal Ca rhonate
\ﬁ _______________________________

o
OEt ( SWOMSW \/«(/j\/ \hvo
u* QEt/f ' OEt/n .

Viny! Lmng 0B
Ether Cationic ~ L Tt S ,
Copolymn NaO Me NaOMe NaOMe NaOMe
* ' ¥ Y
I o \o/ﬁ _______ \ ¢ (e e L L e TE X
g P e e B e e B e I e I e
00 Thioacetal Thiocacetal
g‘\t’i{OYO\‘:K :I -é--; é--S-----------i 0 OH HO 0
R wowe " YT SN O
R @ ; : d f OEt/n | . \OEt/p OEt/n
Cyclic egradatton 7T omooeooeooeod
Thioacetal Agi‘l03 Agl:03 Ag:l% )
Carbonate . e X Mo dr—d 3
| | |

Degradation by Salt or Acid

AgNO, ILL/(\F j’ YH HW}\( \HVOH HO\H/ W
Degradatmn n-1 o OE /17 OEt N7

e ¥ Dmed e JIRE
| 1 ] ] ]
%Egﬁi [Carbonate] ANaOMe]; = 5.0/50 mM in MeOH at 60 °C 108 105 10% 10? 102
w TS A [Thioacetall,/AGNO,], = 5.0/50 mM in THF H,0 (19/1) atr.t MWES)
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Precision Polymerization of Plant-Derived Monomers for Multi-Locked
Degradable Biopolymers

& ‘(nepo

MOONSLIOT
[

S, | MS Ito PJ

Tokyo Institute of Technology
N)SLO s’é 3/3 SATO, Kotaro

8}
rrnae )
\HLO P4S10, HMDO 0 ?H\ %03 \AO
o Toluene Addition OW_H\ Fragmen- O~
\ﬂ)\ 0 tation \ﬂ/\

- Introducing Degradable Units Using the Fundamental of Precision Polymerization
Thiocarbonyl lactide Copolymn

o] Thiocarbonyl O (p-Scission) 0
L-lactide (LA) lactide (SLA)
Vinyl Momomer
LA/LA
s ROP \\ % Y
o] o] CO,CH;  Ph  CO,CH,
e hoA oot it ="
S 0 Radical
Copolymn
l:m:n=2.0:59:921
n-BuNH, AgNOs 1N
N ) I—-—:
m:n=18:982 Reaction R M, Reaction M,
Agueous Ammonia Solution Time ' My/My - Time ; : Ml My
Reaction M, 19300 19300
Time . M, /M, Oh 1.87 Oh 1.87

L
6 5 4
10 10 10 106 105 104 102 108 108 104 10°
MW (PSt) MW (PSt) MW (PSt)

Dual Degradable Vinyl Copolymers

Publication : Kamiki, Kubo, Satoh* Macromol. Rapid Commun. 2022, 202200537, in press

Student awards : Andrea Mialdea Molina (M2) Symposium on Macromolecules, Best Poster Award (2022 Oct 12)



R&D of polymer from inedible biomass Moo
. INUI, = IBEE
feedstock and polymer-degrading enzymes Masayuki [l - RO MS Ito PJ

[R&D items of RITE]
@ High production of biomonomer
@ High-functionalization of polymer-degrading enzymes

Uncollectable ocean plastic litters (high
possibility of spilling into the ocean ecosystem)

Multiple Light
Ion

environmental
etc

stimuli to .
unlock ‘ |

On demand Enzyme pe—
decomposition .
Environmental,
chemical and enzymatical

b %
LR
W ’ g
S ) 5t
= By -

Fiber litter  Plastic litter

Fishing

tools litter

Spread by accident

High
durability
in use

@ High-functionalization
of polymer-degrading
enzyme

co, E1+E3

= Development of
, multi-lock type
- degrading

Bioprocess
K S—
(0] OH
Monomer .
Non-edible

RITE biomass

® High production of biomonomer

0
Photosynthesis @ mechanism

S48 Polymerization,

. Processing
Multi-lock .
biopolymer E3 Development of polymers Topic @

PET-degrading enzymes

Topic @ Bioproduction of cis,cis-muconic acid
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Bioproduction of cis,cis-muconic acid, a precursor of
adipic acid, from inedible biomass feedstock MS Ito PJ

- Successful bioproduction of cis,cis-muconic acid, precursors of adipic acid,
a raw material monomer for polyamides and polyesters (fishing tools, fibers, bottles, etc.).
- Screening of various genes for adipic acid-producing enzymes is in progress.

Time course of
cis,cis-muconic acid production

Artificial pathway for

cis,cis-muconate production

H HO
non-edible biomass % . - FY2022: 82.1 g/L, 48 h
Glucose HO - Production speed: 1.71 g/L/h
Xylose EEEEEET 2 OH 100
Arabinose o § B
3-Dehydroshikimate ] 3-fold production speed
Bio-conversion l ’_T 80 -
(o] ~ E
HO x 9 i 1.4_-'f0|d
OH Deletion of th o ] titer
eletion 0 e e 60 ]
HO degradation @)
; ; pathway o] B
Protocatechuic acid O i
i S 40 -
(@) 4
HO =) p
100% yield = ;
(H,/Pd, 24 bar, 24°C) HO 20 ]
: : Catechol i - FY2021: 57.7 g/L, 96 h
Chemical conversion l ] - Production speed: 0.60 g/L/h
ot o O '<|’ T T T T T T T T T
HO — OH
™~ ~Hon — HON X 0 24 48 72 96 120
(o]

0 Deletion of the
degradation

Adipic acid cis,cis-muconic acid  pathway Time (h)

250 mL Jar (fed-batch)

Bio-conversion Existed as a sodium munocate in broth
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Enhancement of PET-degrading activity and

High-functionalization of overexpression of the enzyme MS Ito PJ

polymer-degrading enzymes

Enhancement of PET-degrading activity Overexpression of PET-degrading enzyme
PET-d eg radin g Reaction: PET powder (>40% crystallinity)

~ 30°C. 23h. HPLC analysis
2T A { ca. 140-fold
ca.30-fold A
1.5 r Up Protein A I Up
- Spatial limitation - No spatial limitation
- Toxicity - Reduction of toxicity 150
Optimization of medium I
0.5 r Boost
Control Yeast Addition !
(conventional) Extract of buffer B
___mow . . ________________§ __________§ |
0 + lotNo. 1 2 3 1 2 3 1 2 3 [ ]
- I I I

enzyme 2.5

<

&

N
U1
o

N
o
o

PET-degrading enzyme (mg/L)

Degradation product (mM)
|—L

Cationic  _
surfactant - 100
R S
© 0 0 o 50
Surfactant - + 0 ) ) )
Enzyme ik s Gl FY2021 Secretion Signal Medlu_rr_n
process sequence composition
WT Mutant applied optimized optimized

enzyme enzyme

Addition of a very low concentration of cationic surfactant PET-degrading enzyme was

remarkably enhanced the enzyme activity about 30-
foldcomparing to the WT enzyme overexpresed about 140-fold
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Development of a prediction model for long-term impacts
of multi-locked new polymers on the marine environment

Ehime University
HINATA, Hirofumi

& MOONSHOT {{nEDO

MS Ito PJ

sediment core dating

10[8’[!?5! ZEIGTEH BRER

- Estimate of plastic unit runoff by weighing at pump station -Long-term variation of MP accumulation rate in Beppu Bay-
- Plastic runoff model using rainfall, wind speed, and elapsed days
Coring site (h=70 m) Collected sediment cores and
1' = 0 A0 Y W0 20 il 4040 (M
Hakuha e ey ) WA ' " | Yasaka R. ’
] .ul.T.,. .|.n| a' bl ot ‘é = Sediment s
o Ty o
\ A } M ;“
uas : ! f ‘ " ;: ai R‘ Bt = ¥
oo “ Annual plastk W DGR\ Pt ot e D'!‘ ARLLE o~
amisglo v par unit nen i LR IR DL L YR L o L R ‘_;‘ ’q‘
o A eI, OltaCItyI:I 3
gl M~ oo e v 2 RT iy PO Piantio nneff (g) =

Characteristics and concentration of riverine microplastics in Shikoku region

—
13130 13195 13140 10145

- Fiber- and fragment-type LMP™ particles were predominantly distributed in rivers in Shikoku and Kanto
regions, respectively.

» In Shigenobu River, SMP "2 concentration/LMP concentration was between 10 to 100 times.

"ILMP:Large m|croplast|cs(>0 3mm),"2SMP:Small mlcroplastlcs(<0 3mm)

MP samples from Beppu Bay sediments

Acceleration of sinking flux
due to biofilm formation

b=y

mPellet WSphere M Fragment ®Sheet ©Fiber || MP mass concentration A iy l,ﬁ( y SMP mass cuncentratmn
100% Shigenobu R.: 0.055-0.13 mg/m“-"q\ T’z [Shigenobu R ¢ 0.3-16 ma/!
—— (Shlknku _Oﬂ|—2 7 mg/m3) e S S ; =

80%
60%
40%
20%

Mass cone. [mg/m]
@ <10°

0% L e o
Shikoku Ara River Tama o 1010 gul
2 '?60"Dﬂ ¢ M 20 3040 SOk O®n . j
) . e bl I
rivers River I —
Composition of LMP in LMP mass concentration in Shikoku rivers SMP mass concentration in Shigenobu river basin

Shikoku and Kanto regions
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MS Ito PJ

In order to carry out a proper marine degradable plastic product design, it is important to know whether a plastic material is inherently
biodegradable, degradation mechanism and safety etc. when exposed to marine inoculum.

Development of evaluation of Multi-Lock Biopolymers

. - CERI
biodegradability KIKUCHI, Takako 2%

Accelerated evaluation of biodegradability in seawater Laboratory test Diagram based on a model of
: - B - o ' enhancing microbial activity

The evaluation of biodegradability in laboratory has some issues such as reproducibility and
variability of the test, and long test period (6 months~ 24 months) .

The purpose of this study :

Incubation is taking place in P
o o R o losed space for a long period = finoculum
* Development of accelerated evaluation of biodegradability in marine closed spac Pl 3
. . . . =
Comparison of development method and field testing g BB < tory(150, ofc)
S
Outline of development method £
. . . . . . low
(1) Extracting of rich microbial in sediments to seawater
- The microbial density in sediment is generally higher compared to the density determined incubation time
in seawater.
* The use of microbial in sediment is expected to diversification in moagu IMSle operation Biodegradation of cellulose Biodegradation of Polycaprolactone (PCL)
(2) Preservation of microbial activity by addition nutrients _ . el ~ 100 1— 100
* suppress microbial activity loss preparation 3:/ 80 1 g g0 |
S : c I
; ; g 60 S 60
Preparation extracted seawater Biodegradation test ® 40 S 0
e e e - (2) Add Nutrients g g
raw seawater (1) Increasing number and + 0.05 g/L NH4Cl CO2 absorber T 20 o 20
(600 mL) diversity of bacteria + 0.1g/L KH2PO4 (0.5 mol/L KOH) = . 8
. m 0 - &z O
‘ . ample 0 10 20 30 0 10 20 30
s ‘ Time (days) Time (days)
seawater
Extracted (150 mL) —o—raw seawater (ISO 223977-1) —e—extracted seawater
et Sonitation by a8 iz ceawater test vessel —e—raw seawater+nutrients extracted seawater+nutrients

(500 mL)

(development method)
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summary

= As a result of progress in joint research between companies and academia and the utilization of academia's results by companies, R&D is
progressing steadily toward social implementation, and the FY2022 target has been fully achieved. In particular, significant progress has been
made in speed control, one of the switching functions, through various technologies developed in collaboration between companies and
academia, and control has reached a stage close to practical application.

= Mitsubishi Chemical has confirmed that in the case of PBS-based products, the kneading of additives greatly accelerates degradability. The
addition of polyrotaxane also improved tearing strength by about a factor of two.

= Bridgestone has succeeded in synthesizing a rubber with a degradable unit. The biodegradability was improved by more than 10 times. In
addition, they developed a reversible bonding rubber that decomposes in the marine environment, and succeeded in achieving both a 2-fold
increase in breaking strength and a 10-fold increase in degradation speed.

* Teijin succeeded in developing PET-based fibers that are marine biodegradable and strong enough to be used in actual applications.

= Kureha succeeded in developing a fishing line that has the same level of nodal elongation as non-marine biodegradable fishing line and is
marine biodegradable. The degradation of fishing line is accelerated when it sinks to the seabed after disposal.

* In the common project, we succeeded in improving both toughness and degradability by using polyrotaxane. We also achieved a multi-lock
mechanism using a metal oxide cluster catalyst. Furthermore, the activity and production of PET-degrading enzymes were significantly
improved.

Copyright © MOONSHOT Ito Project 2021 All Right Reserved.






