Trends in biodegradable bioplastic materials and applications
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2% CLOSED-LOOP
RECYCLING

98% VIRGIN
FEEDSTOCK

4% PROCESS LOSSES

14% INCINERATION AND
OR ENERGY RECOVERY

40% LANDFILLED

32% LEAKAGE

Foxt

X2 : Plastics and a circular economy | Ellen MacArthur Foundation(2016)
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Plastic recyling facility

s FOSSIL FUEL—BASED PLASTICS sy

Petrochemicals I

Plastic products|

PLANT-BASED BIOPLASTICS
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’ Photosynthesis

. & Plastic products
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|
t

Plastic recyling facility + Compostable

At& : Environmental Chemistry Letters 2022, 20, 379395
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Bioplastics
e.g. biobased PE, PET,
PA, PTT

Non biodegradable....... ..

Conventional plastics

e.g. PE, PP, PET

Biobased

Fossil—based

Bioplastics

e.g. PLA, PHA, PBS, Starch
blends

Biodegradable

Bioplastics

e.g. PBAT, PCL

Xt& : European Bioplastics, nova—Institute(2018) Bioplastic market data 2018

sfepel A B R

e dontE s e =

e AFEE D AL

W e §7 240 Bl
]Q_

7o) 8 @ 3},
Il ASSe

1. 22H IS

02

(D22 vlele &
)\];g-%.z‘sl:

dlo] 9. EefaEle A7
BAEl S gAshs A8
el 9l ARa)y Eeha
o AA TR} w2

Aot Qovl, f3 vol

(]

o ox 10 A

ZojrE] Y3l A ol 2
Zepng] QabsE o] 2021
o 242vk=ll A 20261 759
HEo R HA Fold A

o2 533tk

34 mfo] 9. %E‘rﬁgo
— 20219 7w 2R AR
a4 wto] @ ZEk g AT

2= oF 156% |, A

.E

A Z2A28 Qe PLAE
18.9%( 29.39+=), PBATE
19.2% (29.8%+%), Starch

blends+ 16.4% (25.459H=),

PBS+ 3.5%(5.4%H=), PHA
E 1.8%Q.7%HE)E AA5
L Qe

% PLA : Polylactic acid,
PHA : Polyhdyroxyalka
noate, PBAT : Polybutylene
adipate terephthalate, PBS :
Polybutylene succinate,
TPS : Thermoplastic starch
(Starch blends)

2022\ 376 ARSA vlo]
Zehag o) 4 R} 4
A 27k Ao A2

ol
ol
-111
2
2
(o
g
[¢]
-
£
oZ,

(2) BEAE Hlole ST
8o 714 A%

=24 7] <! Novamont,
NatureWorks, Total Corb
ion PLA, BASF, PTT—MCC
Bio—chem, Kaneka, Dani
mer Scientific 5-°] 23043
AE A9 BN
st A il e &
& AEsT gk
— (Starch blends) A 7]
HE AR vhol @ Sk

2 oletg]o}e] Novamont Af

2022. 12 - =57 51




(08 4] 22 HIO|2 SEIAE] At

T (2021H)

8,000

7,000

6,000

5,000

4,000

in 1,000 tones

3,000
2,087 2,47

2000 848 864

1,000 £ 5a9 1,553

2020 2021

Bio—based/non—biodegradable

Global production capacities of bioplastics 20212026

5217 5,510

4,719
1,101 1,150
1,025

4,116 4,360
3,694

2022 2023 2024

Biodegradable Forecast

7,593

6,723

2,140 2,297

4,583 5,297

2025 2026

@ Total capacity

Xt& : European Bioplastics, nova—Institute (2018) Bioplastic market data 2018
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(bio—based/non—biodegradable)

PE 9.5%
® Fer 6.2%
o 9.1%
O 1.9%
PEF 0.0%
o 8.1%
oo0onO

Bio—based/non—biodegradable
35.8%

Global production capacities of bioplastics 2021 (by material type)
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19.2%  PBAT
35%  PBS
18.9% PLA
1.8%  PHA (5]
16.4%  Starch blends @
32%  Celulose films (]
12%  Other @
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o000
Biodegradable

64.2%

Xt& : European Bioplastics, nova—Institute (2021) Bioplastic market data 2021
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Packaging - 412 Main applications of industrially compostables
Components . 268 Hot cups Clamshells
Resins l 260 Cutlery Loosefil packaging
Cold cups Cold drink lids
Molded fiber, foodservice I261 Lids Clamshells
Bowls Molded fiber plates
Agriculture I 102 Containers Molded fiber bowls
‘ Wraps Kitchen waste bags
Molded fiber | 3 Straws Produce bags
Molded fiver, packaging | 3 Coffee filters/tea bags Retail bags
Pizza boxes Coffee Pod lids
Resins, Components ~ 2 Take—out containers Adhesives
Trays Waxes
Bags, packaging 1
0K 1K 2K K 5K 6K 7K

Number of certified products

£X : (Ghosh, K., & Jones, B. H. (2021). Roadmap to biodegradable plastics—current state and research needs. ACS Sustainable
Chemistry & Engineering, 9(18), 6170-6187.)

+ Ao] 7Fsske] Super EP
L7FsAdo] =k

o ;= A

XHLJ

o 3% o4

oﬂou:]

)\—] 7H

M Fell dow A
Group 2.2+ 1]=79] Oak Ridge
National Lab.
U AlE2 e gl 2dA

F/Lgpl = 4l

7~7
A8
=

/;}C;;]ﬁo}x] Fob A
oA oluA] gak A AEE Hol BMWe}
o3t eslog o AIxpr|So)A B0
kel o & Mitsubishi rayon
Atell A E5-st ﬂ—?o&@*é, "H

=

29, whig

=

oo
fr o my

o 51
3ty Super EP &A1&

fiber2} Bgs}aio] vl ALl
uE g e gessid.

2022. 12 - Z&H 57




i
(@)

=V a t Lo § B
w W oEa EE N mW
Lo oET AR E EE o

(12} 8] Ho|2 E2AE! AlE 22

- . -4
N We W =
B SW SE =
.' - - -

qulding & Constructions 2%
Textiles 5%

Coatings {&Adhesives 9%

Consumer goods 9%

Agriculture & Horticulture  13%

Rigid packaging 15%

Automotive & Transport 1%

Other 2%

Packaging accounts for 59% of bioplastic consumption

Flexible packaging 44%

£AH : (European Bioplastics market data. http://docs.european—bioplastics.org/publications/market_data/2017/Re

port_bioplastics_Market_Data_2017.pdf.)
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Purpose Bioplastics Packaging items Manufactures
bio—PE stretch fims Braskem, Avery Dennison, FKuR
NatureWorks, PURAC, BIOFRONT
PLA and PLA/bio—PET | snack bags, films for fresh produce, ng;e Porra;i q UPe (;;CooDelgaizé
blends window for paper bags un, ry o psit-0,
(retailer)
PLA/PHB blends coffee capsule and pouches Ingeo, F,)URAC’ BlOFRONT’
HiSun, Pyramid
PLA/PHB/PBAT blends shopping and waste bags Ingeo, P,URAC’ BlOFRONT’
HiSun, Pyramid
Flexible paokaging PLA/cellulose blends films FKuR
PBAT shrink films
cellulose wrapping films and bagg for fresh Innovia
produce and confectionary
Boul l
cellulose metalized cellulose film for snacks oLleker G e, QUi Iee;
Thomton
TPS starch films for fresh produce and meat EverCom, INC, Novamont, Plantic
Technologies
starch blends with PLA/PHB blown films BiologiQ
Avery Denni FKuR, A
bio—PET bottles, bricks Braskem, Avery en‘mson, uR, Asda
(retailer)
- ) bio—HDPE bottles Braskem
Figid packaging bottles, cups, bricks, bowls, trays and
PLA » CUPS, | oSS, iy Mosburger, MacDonald’ s, Danone
packs, jars
starch—based trays Cadbury Schwepps

£X : (Zhao, X., Cornish, K., & Vodovotz, Y. (2020). Narrowing the gap for bioplastic use in food packaging: an update.
Environmental science & technology, 54(8), 4712-4732.)
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10% PLA
8% starch
20% PHA/PHB
62% Bio—PE
8% Starch
: 20% PHA/PHB

80% Bio—PUR Other 19%

10% PHA/PHB
8% Starch o o

20% Bio=PTT . VR 72% Bio—PE

35% Bio=PET ~ ¢
15% Cellulose PET 7%

35% Bio—PET : 5 8% Starch

el ELS 10% PLA
10% Cellulose "
20% PHA/PHB 1(:6 PHA/PHB
10% PLA 3 10% Cellulose
8% Starch | 57% Bio—=PP
80% Bio—PVC 59% Bio=PTT
10% Cellulose  10% PHA/PHB

£X : (Spierling, S., Knupffer, E., Behnsen, H., Mudersbach, M., Krieg, H., Springer,
S., ... & Endres, H. J. (2018). Bio—based plastics—A review of envionmental, social
and economic impact assessments. Journal of Cleaner Production, 185, 476—491.)
2% (lamination) 3F= W 7|HEe] A Fol] Yo 547, 714
2 HlEeld Eekay RS sHE AR ISITh
I PP, PE 5& AHEsH7] Wit sk 483l 7Fs/d 2 Wk
off Aol HE AlEo] A&l Ao
x| et ©do] alvh e &
* aluminum oxidet silicon — 2k~Ele %Oijﬂ T 2 A
oxideE PLAC| A5sHA HW, 58 ol 77 Atk &
opf- AlshA] ok PLA HE ¢ ZhudEE
o Blall of 8~104H, 6~8*] ©

flo o

U
o
jur}
=
o
to
=}

"}F—v‘i—olb} QES S L
ERE DA SN SR (34 3 A9F a4 o
Zpne] ke m s vle o w2 A3 E 7 PLAY
A AEE 3 9, PHASE} e ol o

S
* nanoclay 22 zeoliteS 713 A 7hgo] o[ 4 -d‘:

7} w9 Frh= @A Sl
345 W] Sl
3ll long chain branching, graf
ting, cross—linking?} 322 4]
o] AlE=E 1 Qlr
* PLAY] tris— (nonylphen
yD) phosphite, polycarbodiimide,
epoxy—functionalized
oligomeric acrylic copolymer
9} 7+-& chain extenders® ¥
o}F7 Hw PLAS] a1&ojlA
o] A% % melt strength?7} &
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[Z22! 10] Polyhydroxybutyrate—Arg-Gly—Asp-oligopeptide (PHB-RGD) 7|€tS 2 M|Z8t LI IiE|S 2! OS2

oF= M=t 1N scheme

Nanoparticle

RGD motif ‘

\ = 2
: S x-l,_\of ‘ O Y
-~ @~ L C‘.., = @ gLe _\o
< @ 5-N\ P ) )
- 2H Drug Belivery ™ Fludrescente

£X : (Kim, H.N.; Lee, J.; Kim, H.Y.; Kim, Y.R. Enzymatic synthesis of a drug delivery system based on polyhydroxyalkanoate—protein
block copolymers. Chem. Commun. 2009, 7104—7106.)

A B 24w} gl AMgstalxt (PhaC) 9] DNA A9 &
o]9} 72 npo]Q ZEAH 7] k= A} @Sk, PLAY  oligopeptidic RGD motif 4192
2 Falo] AlEEA o]Folz PHAs, PCL, PBS 58 ¢F2d 3718 RGD motifE 7} 12 §)

Jells A g kA ey Al A = PHBE AT o] 5 o] &

AR 11 Ql= AkgZ el aElo] S Q)3 bioscaffold AZFo] @l drugs £33H= PHB Y
B wlole ZepAEHoR o ARESH = AT AT ]SS gAssl e, v

@ Holergd 8 233

Tolkollx 8] ulo] @ ZEpAEH
A 50 Bk ARSI vle]  Comm unications®l] 2¥ =% PLAY Poly—lactic—co—glyco

Q. ZEAHe

PHAS F=dGAAE (drug IEE 2o A48 RGD
delivery system, DDS)oll A2 peptide & 3l A|¥ F-2F 9l

8k Sl Al 20009 THRE] AlE W) o] dojds ¥
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Atk 2009 Chemical — &v|7dS &3l ER1skqic)

vlolowt)A o 9]&hH, PHA synthase  lic acid(PLGA)E WFE=o)zl 1}

[ 11] Cyclic streching®| 7ks6t EFIZSEIMIZA2| PAHB 7|8 510| =2 X invivo S2

P4HB hydrogel with
variable stretchability

Implantion of SMCs in
pulmonary artery of sheep
» Vertical stretching with  animal model

) ) SMCs cells >
Horizonal stretching with plated y
smooth muscle cells(SMCs) %

“ :

ZX : (Masoumi, N.; Copper, D.; Chen, P.; Cubberley, A.; Guo, K.; Lin, R.Z.; Ahmed, B.; Martin, D.; Aikawa, E.;Melero—Martin, J.;
et al. Elastomeric Fibrous Hybrid Scaffold Supports In Vitro and In Vivo Tissue Formation. Adv. Funct. Mater. 2017, 27.)
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Electrospun PLA with neuronal cells

q.,.é{-—,»

Implantation of the bioscaffold

LU Y

Increase Innervation of the
striatum (histological sections)

for neuroregeneration

Electrospun PLA with neuronal cells
embedded in xrloglucan hydrogel

ZX: (Wang, T.Y.; Bruggeman, K.F.; Kauhausen, J.A.; Rodriguez, A.L.; Nisbet, D.R.; Parish, C.L. Functionalized composite scaffolds
improve the engraftment of transplanted dopaminergic progenitors in @ mouse model of Parkinson’ s disease. Biomaterials 2016, 74, 89-98.)
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W3] 2 (BIND—-014)- A4
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17] A olA target O = S
solid tumor°ﬂ‘i‘} Solx o=
docetaxel drugs AL 5= A=
A 07 SIS
* PLGA—PEG nanoparticle®]|
dual drug(cisplatin, paclitaxel) <
A5 Aol = AIE A
HITF Q= e g1tk
Hlo] @ EERAEE A ek
S 93} scaffold 24 = ARE-3F
= A% Utk 53] PLLAE

|

kx4 9l 1of uel PLAR
WH= scaffoldel] RGD peptides

2 Yol AE HHE F315]

l-ﬂm

sttt (Gutierrez—Sanchez,
M. ; Escobar—Barrios, V.A. ;
Pozos—Guillen, A. ; Escobar—
Garcia, D.M. RGD—functionali
zation of PLA/starch scaffolds
obtained by electrospinning
and evaluated in vitro for
potential bone regeneration.
Mat. Sci. Eng. C—Mater. 2019,
96, 798~806.)
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