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1. Synthesis of Polyamide
Functions of ON-type Bio-Nylon
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If the ring-opening ratio exceeds a certain value, it becomes hydrophilic and collapses at
once.Water approaches the molecule and the bacteria accesses it.

v" Found conditions under which 11—aminoundecanoic acid can be introduced

and polymerized
(10L bench scale synthesis conditions were also established — provided for molding processing and
degradation testing)
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Pyrrolidone rings incorporated
‘ into other types of polymers to
give them degradability
1. Amino acid type monomer (10i-1) and polyamide synthesis
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Scheme 1. Synthesis of 1-(10-aminodecyl)-5-oxopyrrolidine-3-carboxylic acid
(10i-1) and polyamide10i-m0 (PA10i-mO).

2. Dicarboxylic acid type monomer (10i-1.5) and polyamide

i HoN o y NH
synthesis z \u/ z o 0 -
0 Na,HPO
Ny N 2 4 Ny +N H H
HAN( NH; + 2 HO\V\/\H)\OH e O (vrmi\j\'( ™o Ny Ny
0 ) 170 °C ) 170 °C, 2 h I 10
2) 130 °C, 3 h 2)210°C, 2 h Jn

Scheme 2. Synthesis of 1,1'-(decane-1,10-diyl)bis(5-oxopyrrolidine-3-carboxylic
acid) (10i-1.5) and PA10i-m100.

3. Diol monomer and polyurethane synthesis

2. Processability
Nylon 6i-11-50% (Bio-nylon) Bio-nylon

Pressure-Volume relation

Melt density 946 kg/m?
Bulk modulus 1.40 GPa

1060 ! I E—
— Bio-nylon copolyamide *
5\? 1040 | | Melt density 954 kg/m3
% Bulk modulus 1.47 GPa
c ! .:
2 1020 copolyamide | | PAG
= | i | Melt density 999 kg/m3
s Bulk modulus 1.66 GPa
& 10 \ polyamlde6 """ )
230°C | | xcopolyamide PA6 55 mol
980 i a | i | PA66 13 mol
0 510 15 20 25 30 PA610 32 mol
P (MPa)
Oscillatory shear modulus Processability
7 T 1
? ? Spinning
6| T, =230°C -J * Melt spinning is available (diameter 15-50 um)
= AEa = 73.0 kJ/mol ..,gg:!!:uu - It is possible to obtain a sheath-core fiber.
o 5
L) Film, foaming, and blow-molding
2 4 150°C " - A small addition of reactive modifier provides
) . 160°C__| strai_n-hardening in elongat_i(_)nal viscosity,
Q oy 170°C leading to good processability.
o, K
= /G 180°C ] . . .
8 R% Elongational viscosity
1 R S s R B Strain hardening, 8 ; ;
23900 i.e., viscosity ] | 0.1
O 1 o0 1 2 3 4 5 increasewith 160 °C Strain
time, is detected. 7 R J— T

Viscoelastic properties of bio-nylon are
similar to those of conventional nylons.
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3. Photodegradation
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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..

[Challenges] Further acceleration, particularly in saline water
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Marine degradability of photo—switched biodegradable plastics | Degradability and safety evaluation in simulated intestinal

environment
1. Biodegradability of ON type sample (Nylon6i11(33), <2 mm) in water,

irradiated with ultraviolet lamp, was evaluated in natural seawater using
a BOD test (Joint research with AIST).
* The absorbance of water increased depending on the light irradiation
time, and it seemed organic matter eluted from the plastic (Fig. 1).
* No change was observed in the infrared spectra of the sample surface
exposed to UV light in water for 8 hours.

1. We have previously developed the “Kobe University Human Colonic
Microflora Culture Model” (KUHIMM), which can successfully reproduce
and culture the human colon microflora.

Kobe University Human Colonic Microbiota Culture Model

Anaerobic culture with Feces for 24-48 h

/Collection and inoculation

- Approximately 4% of the irradiated plastic samples in natural seawater Culture condition B R | oo e
. ] . . Volume: 100 mL ot 4 o
was biodegraded after one month, but no significant difference was Temperature: 37°C ﬁ §| &8s » . | i |
. . . o o Initial oH: 6.5 " ik 2 arm?ceutlcas
observed in the biodegradation rate between samples with/without UV Medium: GAM broth ol S |
irradiation (Table 1) . Gas: N,00,760:20 | ' '.41;!!? all T
2. OFF-type samples (PHBH, PBSA, PCL, and CA-L) showed disintegration DNA extraction from cells Culture supernatant

Microbial composition and diversity analysis Metabolite analysis

of more than 50% after 2 months in field seawater, and PCL in particular o

i E u e Relative ratio of SCFAs

. . L . . . I Detection of Useful Bacteria e N Detection of major
had about 90% disintegration within 1 month (Fig. 2, Joint research with e gt = v ﬁ o1 =\ metabolites such as
g 3 g = Baceridescvas £ . Short chain fatty
NGS & g g - E 15
AIST and ORIST). o : ., 5 = £ o] acids (SCFAs)
. . . . . J il %” g g B ; :10 - éo.s *
3. Other test plastics were immersed in field seawater to evaluate their b | s 1] :, = ,,
o ] ] ] . & éo\ Fp— o &‘o + prebiotics @&10060\ + prebiotics : = v.oé@@ é\o‘é@ P &f}""\q’é??
disintegration properties (Joint research with AIST and ORIST). PR Iy = M
sample: Nylon6i11(33%), <2 mm in pure water
, UV lamp: UVF-2048, UV-A intensity: 166 mW/om2 100 TR e e e Evaluate the effects of functional ingredients, drugs, and probiotics easily.
€ \ 3
S T
S 15 g” . -
e P \;\ 2. We used KUHIMM to study the effect of Nylon6i addition on the
5 P : human colon microbiota.
- ° |
0 0 : | ' : - ﬁonstruction of a degradation evaluation system \
0 2 4 6 8 o *r 2 3 4 5 6 7 8 using human intestinal bacteria . i
irradiation time (h) time (week) Comprehensive analysis of the
Fig.1 Chjclnge'in'abs?rbance with Fig.2 Disintegration of test plastics in natural 58 .-Additio_r_“j » influence on int;e:tinal ba_c_teria By adding Nylon 6i’ -L
irradiation time seawater at ship mooring pond of Kobe Univ, A % 113 N o |— i — e = 7 *No major impact on intestinal
Table 1 Biodagradation of pre—irradiated plastic in natural seawater iy ' : i — l ! I I = flora and its diversity
G | : R
Test specimen UV lamp UV-A Intensity ill'radiation Biodegradatio - Nylon 6i a8 R R B = = - Metabolites compared to
(mW/cm?)  time (h) n rate (%) - Nylon 6i-L . . N AN non—added

after 1 month There is no major change in

- Metabolite Estimating the impact;h

Cellurose no 0 0 67 + 3.1 KUHIMM humans from metabolites concentration
Nylon6i11(33), <2 mm no 0 0 093 = 14 Inoculation_,, --—
of human ¢ = .
Nylon6i11(33), <2 mm HL400BH 50 8 39 + 30 feces Gl . Chemical s ma s ws s — The effect of human intake
Nylon6i11(33), <2 mm UVF-204S 166 8 40 % 30 N analysis el ) would be small.
*BOD test with NP strengthned seawater using OxiTop (2023.11.27-12.27) —
[Chemical analysis]
. . " . A) Results of total carbon content (TOC) analysis of B) Suspended solids (SS) analysis
Environmental risk of plastic decomposition products e . Suspanded solds (88 analy ol ¢ dissalved)
Before  (mg/L) Atter  (mg/L) Differences
. . Control () 16,000 13,500 Bacterial cells after culture ppy hacterial weight . SS
1. The estimated no-effect concentration (PNEC) of water-soluble Nlon-6-LO3%FR) | 16,500 15,000 Sion st Y P oo amount of decompositon
. . . Nylon-6i-L (0.6%7#1) 19,500 17,000
degradation products derived from ON-type resins was calculated for Nylon-610.3% 210 15500 12500 Although the initial concentration was 6.0 g/L.
- 0 Nylon-6i(0.6% 710) 16,500 14,179 the residual SS was 10.0 g/L.
marine and freshwater organisms (Table 2).
. . . g . ( ) Carbon beforeand  — Possibility of microbial utilization of — The possibility of weight loss due to decomposition is low.
¢ Closed rl ng d ICa rboxyl IC aC|d type 15mer 370 Hg/l after cultivation dissolved components is low It is necessary to reconsider the analysis method in the future.

would be constant

* Closed ring amino acid monomer: 3,800 ug/|

* Open ring amino acid monomer: 4,400 ug/I
The degradation products are considered to be ecotoxic if they remain in
the aquatic environment at concentrations exceeding the above PNEC.

There is little interaction between human intestinal bacteria and Nylon 6i/Nylon 6i—L.

3. We constructed a model of marine mammals (Marine—-KUHIMM) and
tested the biodegradable plastic with a Marine— KUHIMM.

2. No acute toxicity of ON type samples (particulate Nylon6i11(50), . Based on the conditions of KUHIMM. culture
Nonn6i11(50)+NaNbO3) to freshwater crustaceans (Daphnia magna) and conditions (preparation of marine mammal < (fjglﬁi%gjgjldjfﬂ,ﬂ,ﬂz,f;‘s) Marine—KUHIMM
freshwater fish (zebrafish) was observed (Fig. 3). However, some fecj_s’ inoculum I?'“met' rfd“"'”g agent, o . Spoted seal (Pocsarghd : 5‘] -
i i ) ) i medium composition, etc.) were examined an . . Fy
D.magna died due to particles adhering to their bodies. Marine—KUHIMM was being developed.
3. No acute toxicity of OFF type samples (particulate PCL, PCL+P25, TiO,, * The following condition was used to conduct
gC,N,, heat-treated gC;N,) to Daphnia magna and zebrafish was the Nylon 6i~11 addition test.
(@) bse rve d . Table 2 Acute toxicity of degradation products from bionylon on aquatic species
(ECso, LCs, in ocg/l, initial pH adjusted)
Closed ring Open ring [Results]
test organisms Dicarboxilic type Amino acid type  amino aCiS type Change in the structure of the Change in similarity after addition to Change in metabolites
- - . L5 dimer Ionomel onomel bacterial flora in PL the structure of the bacterial flora Aostets AVERASE
ﬁar%ne 1u@1nefcent bacteria > 1’388 >7102’880 >7101’880 _ immediately before addition (24h after s —\
arin€ microaligac > , , , —_— th tart fi b t ) in PL :4-"‘! ) - e
Brine shrimp > 1,000 >10,000 >10,000 il | A mc:: e = A -
Marine rotifer > 1,000 >10,000 >10,000 Nylon 6i—11(75%AUA) gl | S 2 / -
Freshwater microalgae > 1,000 3,800 4,400 Nylon 6i-L - : D il ik i Tt
Freshwater crustacean 820 >10,000 7,600 Pr°"‘(%?£a‘;‘gs?;;::‘ﬁ:‘{v‘f)Kat° ;Zi ;. N @ MRS R
Freshwater rotifer 370 >10,000 6.300 . N
*including salt Biodg%?%jb(:let?lastic ‘{', ’ .-J ] o $ ve Wi - utyrste . Propionats AVERAGE
150 Control_=On% 11AUASO " On! 11AUASO+NaNbO3  q55() ".Control =on 11AUASO ®On® 11AUASQ+NNDO3 o o o .

e e e £ ) g
< 24h 48h T2h Wl . | ™
LO - : - In the LO culture, reproducibility Y w0 B

appeared to be low at 24 h, with an

| |
i BB I . . Nl 1 1 1 1 x‘ u increase in E. coli genus (data not The structure of the bacterial® J ", . & & & = : R

1 : PL : shown), while reproducibility of the PL flora with the addition of e o
[ n n flora was observed to be relatively high Nylon was very similar to that No difference was observed in the
I I Oh 4 (see figure above). without Nylon, concentration of short—chain fatty

Fecal inoculum Also, some bacterial symbioses, which Nylon addition had little acids, the major metabolite

0 . : 0 . . . . are characteristically detected in marine  ogroct on the structure of the  (Welch’ s t—test (vs CUL)).

0 24 48 0 24 48 72 96

Concryin md;
-~ -~ - ~

RN
o
o
o
o

Lethality(%)

(@)
o
&)
o

Lethallty(%)

mammals, were observed. .
bacterial flora.

SRERHARSY (hours) n=4, (Steel's test; p < 0.05)
Fig. 3 Acute toxicity of ON—type particulate plastics to Daphnia magna (left) and zebrafish (right)
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Initiatives in Kagoshima University :
Clarify the biodegradation pathway of iNylon in the ocean environment.

Contribution to this PJ: Providing basic scientific data for exploring biodegradable structures of Enzym.Org.LablElkaz:. ‘f{l
photoswitchable ocean degradative nylon, and developing the methods of enzymatic nylon recycling

1t Enzymatic degradation of iNylon using
nylon-hydrolysing enzymes (Nyl series)

b

Chemo-enzymatic recyclling

Marine degradative
Nylon

Commercially available < »
Nylon

' ‘ O . '
H/\Nﬁ . — N-=R N polymer
n H
O n

Nonr? hydrolases f

2"d Screening new nylon-degradative bacteria/enzymes

3rd Screening marine bacteria degrading monomer unit

4% Elucidation of photo-solubilization mechanism of iNylon

Nylon6i-X . . c
(Nyl series) N ’ f MOONSHOT 5t Development into Nylon recycling demonstration study
Nylon66
Nylon degrading microorganisms and degradation pathway Complete monomerization of commercially available nylon
Arthrobacter sp. KI72 NylA : cyclic dimer hydrolase 1. Nylon6 pellet 2. Homogeneous 3. Chemical 4. Combined
Kocuria sp. KY2 N = N.C NylB : exo-type hydrolase dispersion fragmentation methods 2 and 3
Agromyces sp. KYSR H

Nylon6 s NylC : endo-type hydrolase

IRV L V

N

C

= =

Y

NyIC Ahx cyclic oligomer Treatment Conversion ratio to monomers (%)
N‘;‘-“C Nylon6 Nylon66
NyIB NylC > Structure of 02 GYAQ (tetramer) 1. No treatment 1 2
Ahx cyclic dimer / Unique enzymes 2. Homogeneous dispersion 10 35
NyIC 3. Chemical fragmentation 74 86
( ’ NG-@-@cC y : g
4 4 N®-@-0-OC that only we have in the world 4. Combined methods 2 and 3 97 quant.
NyIB
Nym l y Ayl C‘ PCT/JP2023/008043
Ahx dimer N.;.C Nyl series enzyme degradability of iNylon o
1 NylB ) ) H2N/\/\/\/N$J}(OH H2N\/\/\/\/\/\H/OH
0 | 0 o
OH Nyl 11AUA
HOJ\ﬂ/p t H OJx OJ1-x " @ <
S o _— . HO N/\/\/\/Nb\'(OH HoN SN2
HOSJ)\/ Alanine OFF-type structure of photo-switching Nylon6i-11 S ) HMD
Adipate O i6i (1.5mer)
semialdehyde HMOH 1o N CE Photo-switching Nylon X M,  Pretreat. Monomerization (%)
NADP* H,0 - = CLE _
H-Nylon6i 1 67,000 S0
NADP+2H
. Nylon6i-11(50%) 0.5 61,100 ; 62
Adipate OH
HO
w Nylon6i-11(75%) 0.25 120,800 0.1
Y ° ' ’ + 26
|solation of |Nonn degradation bacterium The biodegradability by the Nyl series enzymes was confirmed.

Nylon recycling demonstration study

Sulfitobacter gulosus Umi7-B1 ~ Circular Park Kyushu (CPQ)~
63 |__Suffn‘ab1rtcr mediterrancus CH-B427 T (Y17387)
. : o dentities t 4 Sulftobacter marinus SW-265T (DQ683726) Recycling campus using the former site of the
Isolated colony Gram-stainin protein entities towar a1 |— Sulftobacter sabuliitoris HSMS-28 T (MK726099) Kawauchi Thermal Power Plant in Satsumasendai
o g K | 7 2 en Zym es w00[ Roseobacter ponti MM-7 T (KX756455) . ’
: A ® '~ Roseobacteriitoralis Och-149T (NR_074143 KagOSh|ma
1s0] Before cultivation (NR_ )
* 6i-MU NyIA 28% | —— Sufftobacter genojensis MM-124 T (KC428714)
42 4
b N IB 3 o — Sulfitobacter noctilucicola NB-77 T (KC428717) O— }" i e j
o~ " .
o y 5 A) mB_‘—;S(h‘fl'l‘obﬂ(’:l'o»" donghicola DSW-25T (EF202614) 230 ENBIEETRARIEL. BRENICSEESELTT
N I C . Sulfitobacter guttiformis EL-38 T (Y16427)
Y "1 4 [ Stiftobactor profundi SAORIC-263 T (AJS50939) o B,
I\ ) 67 I Sulfitobacter indolifex HEL-45 T (AJ550939) S
6.00 8.00 10 Nyl D 33% . . ; v 2079
Time(min) - Suffitobacter delicatus KMM3584 T (AY180103) zuzmglzl{_a__;mggm_g{fn] ______ A 5 F. S Ot iy
NY|E 41% a5 Sulftobacter dubius KMM3554 T (AY180102) i s00f O O Circular Park L1
2.003 - - - = A . ] Ii e ..
1.8&2 After cultivation of Umi7-B1 strain. - | Sulftobacter aesluarii hydD52 T (MG210570) zqz:azﬁ'ggﬁg;imi;ﬁl 2076 L] HiEREELS MR
1.607 100 @— : i 2025 °
] @ ; —| | : a
1_:$ g. New metabolite peak 65 Suffitobacter pseudonitzschiae H3 T (KF006321) 2[}‘24 °
2 100 " ‘ P Ascidiaceihabitans donghaensis RSS1-M3 T (KJ729028) I~ w3 9O
0.80; * L Shimia biformata CC-AMW-CT (KC169813) il ?
s 1 6i-MU Shimia marina CL-TA03 T (AY962292) O BRES w TSR AL
40 < - MR ERILE - REFEEOT 7h0-bE - B\ DL
0.207 A * Stappia stellulata IAM12621 T (D88525) . £ T tann S
0.00 - - ; ; . AR ) e
0.00 2.00 4.00 6.00 8.00 10 HFERe i SIS O I —its = T
Tiwo(ein) oo el
SEoiplFE B '
RE1D0%ESH EEA

: : : : : 2024/2/28, 29
A new marine bacterium degrading 6iMU was successfully isolated. 7~ "' CPQ Summit

JP2022-034081  will be held in Tokyo.  Startup of Nylon chemical recycling from Kagoshima!

2023.04.06_press release: https://www.kyuden.co.jp/press_h230406-1.html
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Theme: Nanocomposites with Photo-catalytic Switch
Development of ON-type Photocatalyts

Organization: Tokyo University of Science

1. Synthesis of ON-type photocatalyst

S

S

2

®
¢

Qe
-
%
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¥ince 18%>

3. Mechanism of ON-type photocatalysis
Oxidative degradation of MB dye: Water

Amount of catalyst: 50 mg

Light source: UV-B lamp

Concentration of dye: 10 mmol/L

No sample i No sample
19 MB@664 nm (Monomer) oS 19 MB@616 nm (Dimer) o
Adsorption ' Adsorption |
Solid (hand) Solid (hand)
1.0 @ 5 P25 (Tio,) 1.0 ® P25 (TiO,)
OXOXO) OXOXOX0)
0.8 0.8 OO0
=) @% o @ O <>
Q0.6 Q0.6 O 8 @®
04 Eg 04
O
0.2 O 0.2
O A Of\ O\ DN\
0.0 ! ' S-S 0.0 ' ! -O-S-0D
0 60 120 180 240 300 0 60 120 180 240 300
Time / min Time / min

B MB was adsorbed by Solid (hand), Cube, and Plate, and
degraded by photoirradiation.
B Solid (hand) and Cube degraded MB dimers, while Plate
hardly degraded MB dimers.

Oxidative degradation of MB dye: NaCl aq.

—I Solution process I Solid state process
Nb,O. NaOH aq. Solvent Nb,O; Na,CO,
500 mg 5mL (10 M) 25 mL 1 : 1 (mol ratio)
Cube
MeOH Mixing
Plate _
MeOH/EtOH=1/9 Solid(hand)
Shake the container
Hydrothermal Solid(ball)
treatment 180 °C, 24 h Planetary ball mill
(250 rpm, 12 h)
Washing | 5000 rpm, 10 min
) Heat )
Drying | 80°C treatment | 220 "¢ 2"
L J Solid(hand)
__J u.%%g_‘ R ?L W S _»'& SENE—— T T
J l Solid(ball)
— h_A__A i E——
=
SS,
o J cube
- A A A A
late
J 1 A N\ A A EJ\ P
NaNbO,(orthorhombic)_33-1270

Characterization

® Photocatalytic activity

— Photodegradation of dye

— Photoinduced hydrophilicity
® Cytotoxicity test

— WST assay

® Antimicrobial performance
— Escherichia coli (E. coli)

Water contact angle
6=0°

NaNbO, has lower degradation activity than TiO,.
NaNbO, exhibits photoinduced superhydrophilicity.

20 40 60 80

20/ ° [CuKda]
The same NaNbO, can be prepared.

2. Photocatalytic activity
Methyl orange (MO)

3 Methylene blue (MB)
29

NaNbO,

TiO, UL

99

Dye degradation rate [%]

Cytotoxicity test (WST assay)

Antimicrobial performance (E. coli)
2.5

© }
§| % 2 —
o 3
Q 515 ~e—dark —=-UV
=
g —e—0 ml/cm? g 1
c —o—50 mJ/em? g
- 2,
o 20 + s—100 mJ/cm? > 0.5
9
0 1 1 1 1 1 0 1 1 1
0 0.2 0.4 0.6 0.8 1 0 6 12 18 24

Particle concentration [mg/L] Time / h

NaNbO; has little or no cytotoxic under light irradiation.
X Ack. Prof. C. Ogino (Kobe-U)
NaNbO; has little or no antimicrobial performance under light
irradiation.
X Ack. Prof. K. Nakata and Dr. S. Usuki (TUAT)

No sample
.o MB@664 nm (Monomer) MB@616 nm (Dimer) 5ib¢
- No sample 1.2 _
Adsorption Cube Adsorption Solid (hand)
P25 (TiO,)
1.0 ® Solid (hand) 10 ® %% OO
P25 (TiO,) O
0.8 %%OOOQ 0.8 S @@@8
o O o
Q0. OX@) O 0.
S Y0549 50 O
04 O ®© 0.4 O
O O
0.2 o 0.2 ONe
0.0 - Q04 0.0 A
0 60 120 180 240 300 0 60 120 180 240 300
Time / min Time / min

m Solid (hand)phase, Cube, and Plate adsorbed MB and
degraded by photoirradiation.
m Solid (hand), Cube and Plate degraded MB dimer.

With the addition of NaCl,
B The adsorption and degradation of MB monomer were
not significantly affected.

Oxidative degradation of MB dye: Artificial seawater
MB@664 nm (Monomer) MB@616 nm (Dimer)

1.2 1.2
Adsorption Adsorption
1.0 & 1.0 &
58@% ©8g®
0.8 geég o606 9 0.8 | o
o ) No sample
Qo6 | © No sample Q06 } O Cube
© © Cube © O lid (hand)
Soli an
04 O Solid (hand) 04 T P25 (TiO,)
P25 (TiO,) O
0.2 O . l 0.2 o l
@)
0.0 ' , © 0.0 L !
0 60 120 180 240 300 0 60 120 180 240 300
Time / min Time / min

m Solid (hand), Cube, and Plate adsorbed MB but showed
no degradation upon photoirradiation.
m P25 (TiO,) showed MB degradation in artificial seawater.

4. Summary and Acknowledgament

We investigated the synthesis process of NaNbO; photocatalyst,
which exhibits low degradation activity and light-induced
hydrophilicity, and were able to synthesize NaNbO; with controlled
particle size and morphology. The photocatalyst was found to have
lower oxidative degradation activity, highly hydrophilic, and almost
no cytotoxic and antibacterial properties compared to titanium
dioxide. It is considered to be effective as an assist material for
plastic degradation by microorganisms.

The researches were supported by Grant-in-Aid from moon-shot
project (JPNP18016) of New Energy and Industrial Technology
Development Organization (NEDO), Japan.
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Introduction

Bio-degradable plastics with OFF-type photo switch system
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Development of antibacterial photocatalyst

Photocatalyst that can be sterilized under visible light without decomposing polymer

New photocatalyst

- Typical photocatalyst _ r:jm;.?g &, }_‘.I 2 B dnetisn
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What kind of photocatalyst is required?

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

Photocatalyst
o RNy o,
Negative / € ~_~.~~[ Reduction
f; P
_ ; | \\ "
[ f a
= | J| hv ROS
i=]
e co, Excitation / “OH*"
Oxidation N+ Oxidation
Positive | Organic = H.,O

chemicals

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

g-C5N, photocatalyst

Visible-light-responsive photocatalyst composed of carbon and nitrogen
Metal-free and low toxicity

Layered structure stacking 2D sheets

2D sheet can be peeled off by various treatments

It is possible to dope elements, allowing control of the electronic structure
Easy to generate O,-"than OH radicals

Comparison of ROS

ROS Life Diffusion Redox potential
time Iengfh _{vs. NHE]
Dependson
h* =1 ns In photocatayst
photocatalyst
OH- 70 ns 20 nm +28V
oy o8 100 pm +0.16V

X. . X
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hv

Polymer

« Sterilization by «O, is preferable

Improvement of g-C;N, 6
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Adv. High activation by improving Works in environments where short

oxidization ability (less amount of
sample necessary)

wavelength lightis not present (Can be
used in a wide range of environments)

Low activation due to decreased
oxidation ability

Disadv. Inactivated in the absence of short
wavelength light

Method Delamination by thermal oxidation Doping
treatment

Effect of treatments

We investigated the optimization of the
thermal oxidation treatment time of the g-
C.N, photocatalyst.

Various treatments were performed on the
g-CsM, photocatalyst.
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Al of g-CsN; were blue-shifted by
thermal oxidation ‘freatment, acid
treatment, and hydrothermal treatment.

Absorbance{a o
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Wavelanglh/ nm

. = As the thermal oxidation treatment time
became longer, the absorption edge
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Antibacterial activity was improved by
thermal oxidation treatment, acid
treatment, and hydrothermal treatment of
g-C:,Md_.

was blue-shifted.

Since the sample having a long thermal
oxidation treatment time is lighter in
color than the sample having a short
thermal oxidation treatment time. it is
expected that it will be easier to apply to
white fibers in the future.

Antibacterial activity

Metamine +
dicyandiamide

Melaming
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The antibacterial activity of g-CiN.
hefore thermal oxidation treatment was
about 1.5 Log higher with dicyandiamide

, LED

Charcterization
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irradiation,

¢« The antibacterial activity after thermal
oxidation treatment was about 2 Logs
higher with melamine alone after 8 hours
of photo-irradiation.
Demonstrated high antibacterial activity
even under LED

Synthesis of BC-GCN
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Development of red-shift type photocatalyst

Antibacterial activity
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Test conditions, E. Coli.

in physiological saline solution
A=B50 nm

1000 Wim?

Test conditions: E. Cali,

in physiological saline solution
A=420 nm

1000 Wim?2

Antimicrobial performance of plastic/photocatalyst composite films
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OFF-typed photo-switching function

Under dark Under light
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+ In seawater (Sagami Bay, after autoclave treatment)
+ PCL-degrading hacteria: Alcanivarax xenomutans (NBRC 108843 (JC108))
= Light source: white LED [light intensity; G000 Ix).
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Photo switch operability and biodegradability...ON type

0

Nv6i - NNNHN
y m" ] BH = ” N/\/\/\Hh [HRE
) " (Ny6i-c) \ n -

nght |rrad|at|on of ON type polymer

Water-soluble
components are
generated and
increased by light
irradiation (by

NMR spectrum of light irradiated sample

Irradiation 164 h

Irradiation 46 h ‘
R ) -,.'.'.)*‘-*J,M:V.lw J1 ---"- i T ) ‘
dark

|

A

PISBERE

BOD (ppm)

40

30
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10 I
0

Ny6ill Ny5ill Blank
(75) (33) (75) (50) (33)

In the light-irradiated samples, When the second monomer

component (Ny11) increases,
the BOD value decreases and
the progress of biodegradation
becomes slower.

Contct angle

0 .
8/25HF

NMR)
BOD seawater blodegradatlon test -
after irradiation i " 30d
A -
g 30
= § 20 -
s 10
S
e Ny6il1(33) Ny5i11(33) Blank
_ Irra. non Irra. non
- * s s L biodegradation of water-
sen; = me e S-S wiv soluble components
progressed for both
_ _ _ _ Ny6i11(33) and Ny5i11(33).
sea immersion test of Ny6ill series ATR spectra
Ny6i11( 100

WP ° | P
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Due to the long-term immersion,
hydrolysis of the resin surface
progressed, and it was confirmed
that the surface became hydrophilic.
The ATR patterns were consistent
between laboratory light irradiation

a

nd actual sea immersion.

Pigment-based OFF type resin

Utilization of organic photosensitizers

Jabtonski diagram
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singlet staie
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hv .
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Antimicrobial efficacy

A B C D

excited triplet staie —

Utilizes singlet oxygen,
,fﬁl'ﬁj?;ﬁﬁ; which is not a radical
' but has strong oxidizing
power.

Because it has a very
short lifespan, it can

2z R AVAYAVAVAY A ® effectively exert its
§ antibacterial power on

the material surface.

| o© |
C
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Antibacterial activity value exceeds 2 under
light irradiation conditions
= Exhibits photo-antibacterial properties

Seawater biodegradability (BOD test) is significantly
suppressed in resins containing Substance A, which
has strong photo-antibacterial properties.

Bacteria count Irrad. Control
after test(cfu/mL) (x103) (x103)

> The number of bacteria in the test seawater

Blank 915 10

Polymer C 7,725 6,417

+compd. A 50 2,045

containing compound A and under light irradiation
conditions was significantly reduced.

» = Sterilized by active oxygen

Photo-antibacterial activity contributes to
suppression of decomposition

Enzymatic degradation evaluation of polymers

An evaluation method for the enzymatic degradation of synthetic polymers
possessing amide bonds was developed. Proteases, which digest proteins and peptides in
living organisms, were chosen for hydrolysis of the peptide bonds within the targeted
polymer. The generated monomers could be detected by NMR spectroscopy.

0 ¥ 0
Protease no + o
NN - N“>">"NH, quantified by NMR
O H n n HQO

Ny5i
Tested proteases

1. Pepsin (aspartic protease) , optimum pH1-3, cleave the bond neighboring acidic or aromatic amino

acids

2. Papain (cysteine protease) , optimum pH7-8, cleave the bond neighboring basic or Glycine or

Leucine

3. Trypsin (serine protease) , optimum pH7-8, cleave the bond neighboring basic amino acids
4. Chymotrypsin ( serine protease ) , optimum pH8-9, cleave the bond neighboring aromatic amino

acids
Method

A protease and the polymer (Ny5i or Ny5i-11) were mixed in a buffer with the optimum pH. After the
reaction, the solid was filtered off, and the resultant solution was analyzed by NMR spectroscopy to

detect soluble monomers.

Results (NMR spectrum) |
® Ny5i-11

7
,.v"rl ]
e~ i ki e P e g T et
5 i A - " i LR | i

® Nyb5i |

1
J PL RO SRR T S Y .,M
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When Ny5i-11 was tested as a substrate, any peaks other than the enzyme were not observed.
When Ny5i was tested as a substrate, characteristic peaks were detected, which are being assigned.

@)

3 L glass beaker Acclimation Test

rearing water 2 L

1 week 1 week

© ©
©
® ®©
i 1]
7 medaka Check at 24, 48,
ON type

Ny6-L No
Ny6i(0.5%TiO,) No
Ny6i(1%Ti0,) No
Ny6i(1.5-mer) No
Ny6i 75% No
Ny6i 11 50% No
Ny6i 11 50% Cul NaNbO, No
| Ny6i11-33 No
iy ‘ Ny5i11-33 No
e o SEPUIRE IPI Ny5i11-50 No
Ny5i11-75 No
' : 2
l'lull ' ;Ii- ' 1h 4h
iy .‘m__f.'l.xu ._,LMM#MWJ T bright field fig
I3I.Il2ll .1II ﬁ

fluorescence

(only feed) (MP mixed feed)

Oral ingestion/acute toxicity study by medaka

Compliant with OECD TG203

Appropriate feeding rate :
2-3% of body weight (ca. 250mg)
% 7.3mg/medaka/day — 360mg/week

360 mg of feed mixed with

180 mg of MP —MP :
3.7mg/medaka/day

72, 96 hour

OFF type

Kind of MIP acute Kind of MP acute
toxicity toxicity
Ny6 No PS No

PCL No
PCL 5% Anatase No
PCL 5% P25 No
PCL 5% gCsN, No
PCL 5% heat No

treatment gC;N,

<Monitoring until the plastic powder is discharged after consumption>

7h 10h 24h

transparent medaka/same individual
= Excreted within 24 hours after oral vaccination
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ON type photo switching biodegradable plastic
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—->When the photo switch is

turned

molecular weight (solubilized) .

(under

To evaluate the long-term degradability of samples, realistic and accelerated
switching sample is required.
Obtain knowledge for long-term evaluation of biodegradable plastics by using
accelerated switching sample.

on, polymer becomes low

mercury lamp irradiation)

ON type accelerated switching sample

- Polymer : bionylon(Ny5i11-33)
_ - Photocatalyst : Two inorganic types, One organic type
HN— polymer - Accelerated switching samples : Nybill-33 + photocatalyst
R - Light irradiation conditions :

Xenon lamp irradiation (8,000 Ix, 0.45mW/cm?2) 60h/120h
- No Xenon lamp irradiation (dark condition) 60h/120h

Xenon lamp irradiated sample
(immersed in artificial seawater)

I § 105
Laboratory degradability test 2 100
Weight residual ratio after Xenon lamp irradiation (%) TE 95
Bright condition Dark condition § 90
Photocatalyst 1% 1% 5% 5% | 1% 1% 5% 5% = 85
Irradiation 60h  120h 60h 120h | 60h 120h 60h 120h 2
Ny5i11-33 99.3 99.4 98.9 98.1 = Ny5i11-33
Ny5i11-33 97.4 058 955 93.9 [99.0 97.3 991 98.0
photocatalyst®
Ny5111-33 99.2 98.1 99.9 97.7 [99.5 98.9 100.4 100.5
photocatalyst®@
Ny5i11-33
hotatalyat® 96.4 92.7 93.7 87.4|100.1 99.2 985 97.5 (8,000 Ix, 0.45MW/cm2).

Ny5i11-33 Ny5i11-33 Ny5i11-33
photocatalyst) photocatalyst® photocatalyst®3

Bright (1%,60h) Bright (1%,120h) = Bright (5%,60h) ™ Bright (5%,120h)
Dark (1%,60h) Dark (1%,120h) Dark (5%,60h) m Dark (5%,120h)

Ny (bionylon) only films do not decompose under Xenon lamp irradiation

Weight residual ratio decreased with the addition of photocatalyst.

Marine immersion test

ON type accelerated switching sample

Weight residual ratio after marine immersion

No irradiation +
Marine immersion (4w)

Bionylon + ph | 9
ronyion p‘otocata yst ok Weight residual ratio (%)
Cast mixing and filming NV5I11-33 Bright Dark
~ y 98.3  100.6
No irradiation Xenon lamp irradiation Ny5i11-33
96.4 101.7
l l photocatalyst®
BT 09.4  102.3
Marine immersion (4w) Marine immersion (4w) photocatalyst(® ' '
Ny5i11-33
photocatalyst® 929 90.2
Marine immersion test = 105 = Bright W Dark
© 100
©
= 95
-}
O
§ 90
<
20 85
Q
=
80
Ny5i11-33 Ny5i11-33 Ny5i11-33 Ny5i11-33

photocatalyst® photocatalyst@ photocatalyst®

lamp irradiation.

Xenon irradiation (0.45mW/cm?,120 h) +
Marine irradiation (4w)

Weight residual ratio (%)

Bright Dark
Ny5i11-33 . 01
Ny5i11-33
photocatalyst® 91.2 93.9
Ny5i11-33
photocatalyst® 97.8 100.4
Ny5i11-33
photocatalyst® 92.9 95.3
105
S M Bright M Dark
E 100
©
o 95
>
©
290
5 s
]
=
80
Ny5i11-33 Ny5i11-33 Ny5i11-33 Ny5i11-33

photocatalyst(D photocatalyst@ photocatalyst®

Ny (bionylon) only films, with or without prior Xenon lamp irradiation had no difference in
weight residual ratio after marine immersion.
Photocatalyst composited films showed a decreasing effect on weight residual ratio by Xenon




