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Development of Photo-switching Ocean-degradable Plastics with Edibility

Term FY2020-2023

Ultimate goals Developing a photo-switching ocean-degradable plastics composited
with a newly developed high-performance photocatalyst

Research system

Biomass production team
(Kobe U, Nagoya U

Biobased mnomers ' ' Biodegradable polymers

ON type development OFF type development
team (JAIST) team (AIST, ORIST)

Photo catalyst
Photocatalyst development
data feedback team (JAIST, TUS, TUAT)
(
Degradability/safety evaluation team

(AIST, Kobe U, Kagoshima U)

(JAIST, TUS) <::' i by related companies |

P —————
{ Commercialization team ! Research group established !
Needs e e O e




Research and development items/contents (this year)

Development of switch type biodegradable resin

ON type biodegradable resin comp | OFF type biodeg. resin

Development of photocat. for ON type switch| osite | Development of reduced
« photocat. for OFF type

switch J-

h

Development and molding of ON type Compounding,
biodegradable resin Antibacterial evaluation

—

Safety and environmental impact assessment

Biodegradability evaluation Safety evaluation

Real environment immersion biodegradability evaluation Evaluation using enzymes and fish

Laboratory seawater biodegradability evaluation Evaluation by various marine organisms
Evaluation using nylon biodegrading bacteria and Evaluation in simulated intestinal environment
enzymes Examination of changes in Intestine gene
Consideration of composting process expression




ON type switch and OFF type switch

ON type switch Biodegradation progresses under light
exposure
OFF type switch Biodegradation suppressed under light -
exposure Req ui re_s
strong light
Intensity
ON type switch Converting a non-biodegradable structure

to a biodegradable structure through
chemical conversion,

OFF type switch Limits microbial activity with photo-
antibacterial power. LOW Iig ht
intensity Is
sufficient

- / Equipped with existing
HO biodegradable materials
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Development of biodegradable resin with ON-type
photo switch

H,N NH,
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= -CcHy o Ny5i all biomass

Pentamethylene diamine & Decarboxylation of lysine



Various monomer synthesis as photo-switch
core part and various ON type copolymers

i O | @ Aminocarboxylic acid type monomer
O
N—R » Polyamide #N NH,
I ~ N _’ MO
POIYIMET YT Pelmer Copolyamide " I

e Jn

Homopolymer @ Dicarboxylic acid type monomer

(nylon 6i, o Q
nylon 5i, etc.)

» Polyamide, HoYéNMZ'b\NOH

@ Copolyesteramide o 2

Diol type monomer

m) Polyurethane | ]
O

0 NH N
O

HN o
| O dn 7/




Molding processability of ON type optical switch polyamide

Pressure-Volume relation

1080 — 1 1 T 1
—~ , , Bio-nylon
2 : i s 5
O i ; i
S 1020 [-reorerron cppolyamlge e -
l:—;) : H H H H
8 ! : !
& 10 polyamide6 ]
980 i i 5 i
0 5 10 15 20 25 30
P (MPa)
Melt density | Bulk modulus
[kg/m?3] [GPa]
Ny6i11(50) 946 1.40
Copolyamide 954 1.47
PAG 999 1.66

Spinning

- Melt spinning is available

(diameter 15-50 mm)

Oscillatory shear modulus
7 ! ' ' ' '

log [G' (Pa)], log [G" (Pa)]

L Tr=230 °C

Viscoelastic properties of bio-nylon
are similar to those of conventional

-1 0 1 2
log [® eaT(s"l )]

nylons.

Entanglement molecular weight
M. = 2700

PA6 M, = 2490

PA66 M, =2000

Elongational viscosity
8 : 5 '=

Strain hardening,
i.e., viscosity increase with
time, is detected

Film, foaming, and blow-molding

- A small addition of reactive modifier
provides strain-hardening in

- It is possible to obtain a sheath- elongational viscosity, leading to good
core fiber.

processability.



Photodegradation
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Nylon 6i-11-50%

+ . -?F_'H d 4
Photocatalyst (0.5 wt%) Melt compounding Film pressing
(140°C) (130°C)

Aging In ry ai, pure e o |
water, and sea water Xenonzlampo Uniform dispersion and
(~12 weeks) (550 W/m?, 35 °C) film appearance



4.00E-07

Abs (a.u.)

Photo-Degradation 0 Dry vs DI vs SW
0 3
& @
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& Tracking group 2 ?LI) o
o 200607 o o °
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CH, T Q
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Tracking group 1 Q o 8
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(Carboxylic b (* | 3 Q
ALl 0.00E+00 - @
1800 1700 1600 1500 1400 = % - = g O E g 8"’ 5 L RS
Wavenumber (cm-1) 2 59, T+*"S%SS 333
; ; P . — pd 2 2 O O ©
e Bio-nylon degradedviathoxidation 2@ + 7 5 9SS 9% 7 <
of CH, next to pyrrolidone N and Q O 3
amide scission. +

® Bio-nylon degraded via the oxidation of CH; next to pyrrolidone N and amide
scission.

The pyrrolidone groups selectively promoted degradation in pure water.

The TiO, addition accelerated the photodegradation by 2-3 times.

The addition of Cul largely suppressed the degradation, while the degradability
in water could be recovered by TiO..
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Photocatalyst for ON type resin(NaNbO;)

Solution process Solid state process
J l Solid(hand)
h_./\.___ﬂ\._—,-\_.,.«_,-\__
Nb,O; NaOH aq.| |Solvent Nb,O; Na,CO,
500 mg 5 mL (10 M) 25 mL 1:1 (mol ratio) ~| | 1 L Soﬁd(ba")
r &
Cube 31 1 cube
MeOH Mixing g _i A_A_A I —
Plate . lat
MeOH/EtOH=1/9 Solid(hand) ) A = Piate
Shake the container
(orthorhombic)_33-1270
Hydrothermal Solid(ball) J NaNbOa‘ 1 -
treatment 180 °C, 24 h Planetary ball mill ' - —
(250 rpm, 12 h) 20 40 60 80
26/ ° [CuKa]
Washing | 5000 rpm, 10 min The same NaNbO, can be prepared.
Heat
i 900 °C, 2 h
Drying | 80°C treatment
cube Granular Spherical

- Various shapes and particle
sizes can be made

;00 nm 1 1



Evaluation of photocatalyst for ON type resin(nanbo,)

. , Methyl orange (MO)

' 3 Methylene blue (MB)
NaNbO, 29
Water contact angle U
f=0°
Dye degradation rate [%]

The same NaNbO3 can be NaNbO3 has lower degradation
prepared activity than TiO2.

Cytotoxicity test (WST assay)

TiO,

99

——

(0]
o

NaNbO; has little or no cytotoxic under
light irradiation.

NaNbO; has little or no antimicrobial
performance under light irradiation.

—e—0 mJ/cm?

EN
o

—e—50 mJ/cm?

Survival rate [%]
3

~2—100 mJ/cm?

N
o

0

0 0.2 0.4 0.6 0.8 1
Particle concentration [mg/L]

NaNbO3 has almost no cytotoxicity under light irradiation conditions.
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Photocatalyst for OFF type
What kind of photocatalyst is required?

(1) Under visible light, (2) without decomposing polymer,
(3) sterilizable photocatalyst

Photocatalyst
\\ C.B. 0
i A ?
Negative e Reduction
A . 02_
©
= ROS
kS
CoO,
Oxidation
Positive |  Organic
chemicals

Three types of h*, OH+, and O, - affect
for sterilization and polymer decomposition.
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Comparison of ROS

ROS Life Diffusion Redox potential
time length (vs. NHE)
Depends on
h* <1 ns Inphotocatayst
photocatalyst
OHe 70 ns 20 nm +2.8V
O, 5s 100 um +0.16 V

- () - ()

4
X XX X

hv_

Polymer

» Sterilization by *O," is preferable

14



Photocatalyst that suppresses photodegradation

Photocatalyst that can be sterilized under visible light without decomposing polymer

Typical photocatalyst ~Strong & N2 :peduction
1.0 |— _ “.__reduction_..- ' O
2 - % o V2
m 005 0J0; .
= 00/=" 000 H'H,
& | |
é » photocatalytic activity with visible light
o ‘:' due to narrow bandgap
= 1.0} \\ * Suppress degradation of plastics
" -— "‘123 Oszzo . . \
< — +149 HCIO Photo-excitation
S - +1.77 H;0, |
C
§ 2% ., 0 o \ we | 1 et ,0
g . VE. ' Oxidation
< 0-2p ’ i
2 - +2.80 *HO '. / O,
& O, (RO, SN, LSRR \. /
| ,
Oxidation . |nactivation of bacteria with ROS

generated from strong reducing power
» Suppress the decomposition of plastic

Most organic substances including polymer and
bacteria can decomposed by the strong oxidizing power
of reactive oxygen species.

g-C;N,

15



Synthesis of g-C3N4 and its antibacterial properties

Selection of raw materials = Firing ... Can be made separately

Log survival rate

Blue shift Red shift
) _g-CsN4
: Blue shift Red shift
E Adv. High activation by improving Works in environments where short
S oxidization ability (less amount of wavelength lightis not present (Can be
?, sample necessary) used in a wide range of environments)
(7]
-, Disadv. Inactivated in the absence of short Low activation due to decreased
Blue . R il
<hift wavelength light oxidation ability
) _ Method Delamination by thermal oxidation Doping
300 400 500 600 700 teatma!
Wavelength/ nm
25
3 Melamine $ Melamine +
2 e | 2 | dicyandiamide
s o t Xe-H T
g 0 g Melamine + g ¢
5-1 | lamp dicyandiamide 5 -1
g2 | 8.2
3 ¢ 3 Melamine
1 x y . N 2 -4 " " " -4 1 1
0 24 48 72 9% 120 144 0 2 4 6 8 0 2 4 6 8

Kradiation time /h Irradiation time / h Irradiation time / h



Photo switch operability and biodegradability...ON type
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Optical switch operability and biodegradability...ON type

Preparation of ring-opened samples and biodegradation test

Nylon 6i11(33)

—_—
3y

—_—

o
o

DOC
absorbanceat 200 nm

o

4 6 8
Irradiation time (h)

o
N
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Optical switch operability and biodegradability...ON type

Preparation of ring-opened samples

and biodegradation test Ontop BODELER
70
60
50

- Oxitop BOD:LE& 40

250 »

20
200

10
150

100

0 5 10 15 20 25 30 35 40 45
—8—6i33_300h —#—6i33_300h ~#—5i33_300h —#—>5i33_300h —8—6i75_300h —e—P25_300h

50 ——5i50_300h —e—5i75_300h —e—Nb_300h —e—6i33 -—6i33 --5i33
e 533  —e—6i75  —-5i75  —e—6i33_none—e—5i33_none—e—Sea water
0 = ——Sea water —e—PHB —o—PHB
0 5 10 15 " 25 30 . - -~
—e—6i33_300h —e—6i33_300h —#—5i33_300h —e—5i33_300h —8—6i75_300h —e—P25_300h
—e—5i50_300h —e—5i75_300h —e—Nb_300h —e—6i33 —o—6i33 —o—5i33
5i33 —a—6i75 —o—5i75 —&—6i33_none —e—5i33_none —e—Sea water

—o—Sea water —e—PHB —e—PHB 19



Optical switch operability and biodegradability...ON type

Preparation of ring-opened samples and biodegradation test

BOD (ppm)

BOD (ppm)

50

40

30

20

10

0

50

40

30

20

10

0

In the light-irradiated samples,
biodegradation of water-soluble
components progressed for both
Ny6i11(33) and Ny5i11(33).

Ny6i11(33) Ny5i11(33) Blank

Irra. non Irra. non
When the second monomer

_________________ -..| component (Ny11) increases,
the BOD value decreases and
the progress of biodegradation
becomes slower.
Ny6ill Ny5il1l Blank
(75) (33) (75) (50) (33) 2
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Marine immersion test

105

B Bright

aw

[
O O o
o " o

Weight retention (%)
00
o

o
o

NySill-33 NyS5i1l1-33 NyS5i1l1-33 Ny5i11-33
+Photo cat. A +Photo cat.B  +Photo cat.C

-NH-

UV-irradiated -CO-

0,

B Dark

4000 3500 3000 2500 2000 1500 1000 500

Ny6i11(75)

$12-1 © 11AUA7S,. 8w $12-2 - 11AUAT7S,.8wW S12-3 . 11AUA7S, 8w

ATR
Ny6i, 11(75) 7w HCL

BIW
NY6i,11(75) 7,
BN E

Ny6i,11(75) i

W
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Enzymatic hydrolysis of ON-type resin and biodegrading bacteria

Arthrobacter sp. KI72

Deg. Enzyme for Ny6...NylA, NyIB, NyIC Kocuria sp. KY2

Q

Ny6il1l, closed

C

Agromyces sp. KY5R
O
NyIB or NyIC HzN’\MNbﬁrOH
— O
1 1-x HzN\MN\/\TOH

cfkggf\/\/\/N H
HZN’\/\/\/N H.

Photo-switching Nylon X M, Pretreat. Monomerization (%)
H-Nylon6i 1 67,000 ; 5(-)
Nylon6i-11(50%) 05 61,100 62
Nylon6i-11(75%) 0.25 120,800 0.1

+ 26
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Isolation of iNylon degradation bacterium

1
|
4
%
\
\

"igs Kamoike fishing park

63 Sulfitobacter mediterraneus CH-B427 T (Y17387)
55 Sulfitobacter marinus SW-265T (DQ683726)
61 Sulfitobacter sabulilitoris HSMS-29 T (MK726099)
IS OI ate d COI Ony - 100 [ Roseobacter ponti MM-7 T (KX756455)
— Roseobacter Iitoralis Och-149T (NR_074143)
Sulfitobacter genojensis MM-124 T (KC428714)
— Sulfitobacter noctilucicola NB-77 T (KC428717)
— Sulfitobacter donghicola DSW-25T (EF202614)
— Sulfitobacter guttiformis EL-38 T (Y16427)

sg [ Sulfitobacter profundi SAORIC-263T (AJ550939)
67 | Sulftobacter indolifex HEL-45 T (AJ550939) After cultivation of Umi7-B1 strain.

ot Sulfitobacter delicatus KMM3584 T (AY180103) -3 N " k
I Sulfitobacter dubius KMM3554 T (AY180102) S ew metabolite pea

Gram-stainin g 1 Sulfitobacter aestuarii hydD52 T (MG210570)
. | [ Umi7-B1 |
65 | Sulfitobacter pseudonitzschiae H3 T (KF006321)
Ascidiaceihabitans donghaensis RSS1-M3 T (KJ729028)
—— Shimia biformata CC-AMW-C T (KC169813) 0.00 2.00 4.00 600 " 8.00 ' 10
Shimia marina CL-TA03 T (AY962292) Time{min}

Before cultivation }6'

42

6i-MU

m

Stappia stellulata IAM12621 T (D88525) 24



Safety test: Oral ingestion

acute
acute toxicity study by medaka m

Ny6 No
Compliant with OECD TG203 Ny6-L No
3 L glass beaker Acclimation Test , :

(only feed) (MP mixed feed) Ny6i(0.5%Ti0,) No

rearing water 2 LL Ny6|(1%T|02) No

o5 = Ny6i(1.5-mer) No

s Ny6i 75% No

) Sl Ny6i 11 50% No

7 medaka Checkat2d, 48, 72, 96hour Ny6i 11 50% Cul NaNbO, No

Appropriate feeding rate : Ny6il1-33 No
2~3% of body weight (about 250mg) NV5i11- N

= 7.3mg/medaka/day — 360mg/week y5! 2 2

360 mg of feed mixed with 180 mg of MP —MP : Ny5i11-50 No

3.7mg/medaka/day Ny5i11-75 No

<Monitoring until the plastic powder is discharged after consumption>

1h 4h 7h 10h 24h

— —

[}
| - -

bright field .ng; e wr

C oy o9

fluorescence

transparent medaka/same individual
= Excreted within 24 hours after oral vaccination
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Safety test: Daphnia magna & zebrafish/ Acute toxicity test

Daphnia magna

120

100

80

60

40 |

20 r

0
0 24

Term (hours)

48

= Control= Ny6i11(50) = Ny6i11(50)/NaNbQO;_

100
80 |
60 |
40 |

20

0

Zebrafish
sControl* Ny6i11(50)- Ny6i11(50)/NaNbO,

0 24 48 T2 96
Term (hours)

n=4, (Steel's test; p < 0.05)

Acute toxicity of particulate Ny6i11(50), Ny6i11(50)+NaNbO3) to
freshwater crustaceans (Daphnia magna) and freshwater fish

(zebrafish) was not observed.
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Safety test: PNEC

Acute toxicity to various aquatic organisms (EC50, LC50)

Closed ring

, Dicarboxilic t
test organisms yPe

Amino acid type

Open ring

amino acid type

1.5 dimer monomer* monomer*
Marine luminescent bacteria > 1.000 >10.000 >10.000
Marine microalgae > 1.000 7.200 7.100
Brine shrimp > 1.000 >10.000 >10,000
Marine rotifer > 1.000 >10.000 >10.000
Freshwater microalgae > 1.000 3.800 4.400
Freshwater crustacean 820 >10.000 7.600
Freshwater rotifer 370 >10.000 6.300
*ncluding salt
[v)
o o
OH OoH
2 m m\rd\/\/\/\ Ho H\/\/\/\-
NN N A \ - e
o

el

o)

PNEC 370 pg/L

3,800 pg/L

0

4,400 pg/L

v



Safety test: Effects on marine mammals
Examining the effect of Nylon 6iL on intestinal flora

C;%*_‘ Pacific white-sided dolphin \
(L agenorhynchus obliquidens)

X 3 animals
\ Spotted seal (Phoca largha)
- X 3 animals

\___ Provided from Kaiyukan —
Wikd | S —
: : LO-1 M 35 years old (Kinosakl) Healthy Healthy
Pacific white- .
(uidoddoipm LO-2 F 12 years old ( WM_ ) Healthy Healthy Nylon 6|_l 1 (75%AUA)
W o3 M 23yearsod (1sh e prot) Heathy  Healthy Nylon 6i-L
PL-1 M 28 years old Kiyukan Healthy Healthy
3’;“;..3"’:&", PL2 M 27yearsod  Kiyukan Hoalthy Hoorry
PL3 M 35yearsod Wi Healty Ronal e

(Mid)

Changes in bacterial flora structure in PL (n=3)

Time course of similarity after addition to the bacterial flora
structure immediately before addition (24 hours after culture
start) in PL (n=3)

Time course of major metabolites (acetic acid, propionic acid,
butyric acid) (n=3)

The addition of Nylon 6i-11 and Nylon 6i-L had almost no
effect on the intestinal flora of marine mammals.
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Final goal (2029) and Image of social implementation

[Final goal (2029)] Using itaconic acid produced from a new cultivar of sorghum and a
biodegradable polymer, a newly developed high-performance photocatalyst is composited to

develop a photoswitching ocean-biodegradable plastic with edibility,

(CO,/nitrate/water)
Compost input

Production of raw materials for plastics
from new varieties of sorchum (non-edible
biomass)

HgN\ /NH

2 ning and hydrophilization
HOOC R —R polymer HN—-R
COOH » powmr ~ olyme'. ES—
Special polycondensation
Incorporation polymerization ON-type photosw.tchmg

Itaconic acid

(G2 Nfsimultaneous|

Biodegradable polyme

Products (fibers/films)

OFF-type photoswitch
on sheath and ON-type
photoswitch on core
function to start
biodegradation

e Light Safe to eat afte
core / Seg SOftening and
light g‘

(%0

Sorted
collection

Sea water

L *¥
B

....

water decomposing

Sea | |- i‘&; 0,
/s 9 H i Q| s g
. water| ------1G
processing 02 @i
core

Photo-induced

HOQOC

HN-T polymer

OFF-type optical switch
biodegradable plastic
that functions for the

Additive system

High-functional
photocatalyst

Photoswitch
degradation system

first time in dark places
{in the sea and on the
seabed)

development

Decomposing bacteria
photocontrol of conventional

Control of wavelength,
hydrophilicity, and redox

l biodeﬁable ﬁlastic I

Digestion, detoxification by intestinal bacteria
Edible by softening decomposition

< (for marine creatures, infants, and elderly) |




Thank you for your kind attention



