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This research was conducted as part of the project ,, Production and development of compostable packaging from waste biomass for
2 the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU).
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Material
coordinate
system for
bioplastics
Bioplastics

are biobased,

biodegradable,
or both.

Source: Institute for Bioplastics and Biocomposites
(ifBB) and European Bioplastics (EUBP)

Bioplastics

Biobased feedstock

are are biodegradable
biobased & biobased
Bioplastics Bioplastics
e.g. Biobased PE, e.g. PLA, PHA,
PEF, PET, PTT PBS, Starch
blends
Not
biodegradable . ...c.ceoiiii T ——TT e b Biodegradable
Conventional Bioplastics
plastics
e.g. PBAT, PCL are
nearty all biodegradable

conventional
plastics e.g. PE, PP,
PET, PMMA, PVC

Fossil-based feedstock

© European Bioplastics
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Bioplastics

*  Bioplastics are biodegradable or bio-based plastics derived from renewable resources like corn starch or
sugarcane, offering eco-friendly alternatives to conventional plastics.

*  The property of biodegradation does not depend on the resource basis of a material but is rather linked to its
chemical structure.

Biobased Bioplastics

1 Derived from renewable biomass like corn or sugarcane,
reducing reliance on fossil fuels, sustainable alternative
materials.
Biodeg radable BiOplﬂStiCS Not all bio-based plastics are biodegradable,
] ] ] and not all biodegradable plastics are bio-based.
! Break down naturally into simpler compounds, reducing
environmental impact, ideal for eco-friendly packaging bio-based plastics

Qp Plastics made at least partly from biological matter

and disposable items.

¢ biodegradable plastics

7 Plastics that can be completely broken down by microbes
in a reasonable timeframe given specific conditions
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Global production capacities of bioplastics 2024

Biobased, non-biodegradable

43.7%
B PA 144%
Bl P 132%
Total:
PE  11.0%
2.47
PET 27% million
tonnes
PP 06% /i
//
PEF* 0.0%
APC 1.7%
APC Aliphatic Polycarbonates PBS Polybutylene Succinate
cP Casein Polymers and Copolymers
CR  Celiulose Regenerates PE  Polyethylene
PA  Polyamides PEF  Polyethylene Furanoate
PBAT PET

Biobased, biodegradable

Bioplastics

Global production capacities of bioplastics 2029

Biobased, non-biodegradable

56.3% 34.0%
BN 37.1%PLA oA 75%
B.7%:S0PG EE PTT 69%
4.6% PBAT PE  89%
B 41% PHA PET 14%
3.3% CR
T ® PP 85%
B 1.3% PBS
BN PEF* 03%
N 02% cP
APC 0.8%
PHA  Polyhydroxyalkanoates
PLA  Polylactic Acid APG  Aliphatic Polycarbonates
PP Polypropylene cP Casein Polymers
PTT  Polytrimethylene Terephthalate * PEF available at commercial scale as of 2024 GR  Cellulose Regenerates
SCPC Starch Containing Polymer Compounds Source: European Bioplastics, nova-institute (2024) PA Polyamides
PBAT lip:

Global production capacities

of bioplastics

187% 47.0%

2023 2028

NORTH AMERICA

13.0%

SOUTH 3.9%
AMERICA |
2023 2028

Source: European Biopastics,
nova-institute (2023)

715%
55.3%
Total capacities
12.8% (all regions)
7.3%
o 7.43
o tmnes
2003 2028 ASIA
EUROPE
2023 2028
218
i orves
02% 03% AUSTRALIA/
2023 2008 OCEANIA
2023 2028

L\

5.73

Total:

million

Polybutylene Suceinate

and Copolymers
Polyethylene

Polysthylene Furanoate

Biobased, biodegradable
66.0%

E 423%PLA
2.4% SCPC
2.0% PBAT

B 17.0% PHA

1.5% CR
0.6% PBS

B o02% cP

Palyhydroxyalkancates

Palylactic Acid

Palypropylene

Palytrimethylene Terephthalate

SCPC Starch Containing Polymor Compounds

Global production capacities of bioplastics
2024 (market segments by polymers)

in 1,000 tonnes

PET
PE

PEAT
1 mBs

Biobased, non-biodegradable  Biobased, biodegradable

- e o
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.. Mo
APC [
-
.
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- .. -
—
e A
icoatings & electronics harticulture & transpart.

6940
s
4287
: I
Cansumer Fibres Rigid Flexitie
geods Jockwown  packagiog  packaging

* PEF available at commercial scale as of 2024
Source: European Bioplastics, nova-institute (2024)

Souce: Eurcoan Blopinatics,
vt (2024)
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FKITMCMXIX Production of bioplastics from biomass

First-Generation Second-Generation Third-Generation Fourth-Generation

B = g 11

v

Edible biomass Non-edible biomass Algal biomass Electrical driven
Sugar beet, wheat, corn, Miscanthus, switchgrass, rice Microalgae, macroalgae Polarized electrodes as
potatoes, canola straw, rice husk, saw dust, electron source

municipal waste, animal
by-product streams

L V ) l

There is a clear trend in research showing a Potential problems: the economic feasibility of
shift to second-generation feedstock usage, microalgae production, such as difficult culture
due to concerns about available quantities conditions, high contamination risks, complex
and food prices. cleaning processes as well as low cell densities and
High abundances of second-generation productivities

6 feedstocks and lower market competition

lead to lower prices.
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https://bio-pha-com-f-pack.eu/

PROJECT - Production and Development of
Compostable Packaging from Waste
Biomass for the Packaging of
Industrially Processed Food Products

v

v

1. Production of PHA from secondary
generation biomass— agroindustrial
waste using solid state fermentation

*  Physical and cehmical
characterisation of waste
*  Examine pure and mixed culture
*  Examine different extractions
methods
*  Optimization of process via SmF and
SSF

2. Production of biodegradable and
compostable packaging materials
Development of biofilms— PHA, PLA, TPS, PBS
*  Using compostable coatings
*  Biodegradable additives
Examine of produced biofilms:

*  Dbiodegradability
*  Ecotoxycity
*  Compostability

PTF

Podravka"
ERUPY ROTOPLAST
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Production and Development of
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Biomass for the Packaging of
Industrially Processed Food Products
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Hydrolysis

o« Simple fermentable
sugars

PHAs capable of
biodegrading in any
environment

e
>

J

Lignin removal

= \

PHA granules
.7 (,carbonosomes”)

Bioreactor 0

Nk ¢
n
H X

PHA-rich microbial cell

X: Degree of pol ization (number of

R: side chain of monomers

n: Number of methylene groups in ‘st

*: Assymetric carbon atom of most monomers (exeption: 4HB)
3-hydroxybutyrate  (3HB) R=CH; n=1  (sc-PHA)
3-hydroxyvalerate (3HV)  R=CHs =1 (scl-PHA)

4hydrogbutyrate  (4H8)  R=H =2 (schPHA; achiral) PHA structure
3-hydroxyhexanoate  (3HHX)  R=CiHy 1 (mcl-PHA)

3-hydroxyoctanoate  (3HO)  R=CsHy 1 (mcl-PHA)

Polyhydroxyalkanoate

Polyhydroxyalkanoates polyesters are
synthesized and accumulated in
various microorganisms,  usually
when entering the stationary phase of
growth.

PHAs form intracellular inclusions
and can be synthesized to store carbon
and energy, and can reach 80% of cell
weight.

They are synthesized intracellularly as
insoluble cytoplasmic inclusions in the
presence of excess carbon, when other
essential nutrients such as oxygen,
phosphorus, or nitrogen are limited.
These polymeric materials may be stored
at high concentrations inside the cell,
since it does not substantially alter its
osmotic state.




Polyhydroxyalkanoate
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®thermoplastic
@ biocompatible
®biodegradable

Poly(3-hydroxyalkanoate)

H,

H PHA CH, EH,
CH, GH, CH, CH,

CH, CH, GH,8 CH, CH,

oH G, ¢H ¢ GH, ¢t

FH, CH; ¢H, FH: FH: ¢H, ¢H;

H; EH, H; H. ¢ GH;

(o (g (Bn By (B (Ba (By (Be (B

P(3HB) P(3HV)  P(3HHx) P(3HHp) P(3HO) P(3HN) P(3HD) P(3HUD) P(3HDD)

ca cs c6 c7 cs co €10 c11 c12

L% v A v A

Short-chain length Medium-chain length Over 160
PHA PHA monomers
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— — PHA — m—  PHA
Agro-industrial Agro-industrial :
by-products “ by-products
Submerged medium Solid medium

(C) Solid-state fermentation variations in PHA production

PHA production step by
solid state fermentation or
submerged fermentation
Hydrolysis stage ofthe |
agro-industrial by-product —
by solid-state fermentation (D)

l P k w— PHA

Hydrolyzate is Solid medium

— — usedas a I
Agro-industrial substrate forthe p—

by-products Solid medium production of PHA

10 (E) Submerged medium|

— PHA
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Schematic Representation of Polyhydroxyalkanoates

(PHA) Production
2 . Screening of PHA 3 Shake flask 4 Optimization of
1 Bacterial isolation producing bacteria fermentation growth conditions
23 @ e
R ) A— A — (&Y
100 o / : % &R
‘.‘. . . . J 'V:\‘I J \ ,’.‘ . .'I'\
Large-scale Extraction and PH
5/ fermentation ) purification 7) Bxactsd PHA 8 PHA products

11
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Production of PHA by SmF

FTIR-ATR
| - ~ ’ TGA
Dry cell weight (DCW) DSC
after centrifugation
- Obtained PHA extracts
Extraction with boiling chloroform from chloroform phase
and 4% sodiumhypochlorite
solution
Funded by
- the European Union
o
12 Thisresearchwas conducted as part of the project ,,Production and development of compostable packaging fromwaste biomass for b
the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience PTF

Plan (funded by the European Union, NextGenerationEU).

Faculty of Chem

University of Zagreh
! vial
Engineering and Technology

----- ROTOPLAST
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100 r/d
” C. necator (P2-1)
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o ; Activity 2.2. Pretreatment of . 1
Activity 2.1. Evaluating the . N - 0
PHA production capability of T UIEEEE ® . 2 5
k - . treatmentand using enzymes
isolated bacteria and fungi e . d
and determining the most ozy P. putida €. necator P. aemuginosa B. cereus Mixed eulture
efficient strains ¢ p . ®3-1)
. @eruginosa -
v Activity 2.3. Evaluation of "
Activity 2.1.1. Investigating biotechnological processes for 9
the influential factors (T, conc. PHA extrac_llon from
of NaCl, conc. of glucose, pH, pretreated agrifood wastes

OD) on PHA praduction using

0G/-
oW E LG d®

.
a full factorial plan (FFP) .
2 L
Activity 2.4, Extraction H
l and prurification of PHA i
Activity 2.1.2. Determination 0 ! 2 3
of optimal conditions for PHA t/d

production using FFP and the Activity 2.5.

response surface method Characterization of PHA and Bacillus cereus (P4-1)

other biopolymer blends S 18
§
16
€] 5
o 4 .
2l .
1
0
- - Y ] 1 2 3
Optimized conditions .
SmF _
Vbioreactor =25L Mixed culture (P5-1)
10
9
8
26
2 g i .
PIF  Podravia? .9 2 ‘
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Financira 0 1 2 3

This rescerch was conducted as part of the project . Production and development of compostable packsging from waste biomass for the packeging of industrially

Europshaunia processed food products” (NPOG.C3,2.R3-IL.04.0058) funded by Nations! ecovory and Resilicnce Plan (funded by the Europeen Union, NextGenerationEL).
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Funded by
the European Union

This research was conducted as part of the project ,, Production and development of compostable packaging from waste biomass for
14 the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU). PTE  Podravka”
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Production of PHA by SSF

Faculty of Chemical
@ W  Engincering and Technology

in

PTE  Podravka?

ROTOPLAST

Isolation of
microorganisms

|

I Substrates

Identification of
microorganisms

Solid - state fermentation (SSF) and
extraction and purification of PHA

Characterization od PHA

+  Bacteria _—

Shredded
starch

Shredded
chickpea
(chickpea 1)

= Gram staining

+ Sudan black staining

+ KOHtest

= Biochemicaltests: catalase, oxidase
and nitrate-reductase tests

* AP|Strips

+ Sudan black staining
+ API20 Caux

The SSF was performed for 7 days at room temperature
The SSF was carried out for:

starch

chickpea 1

chickpea 2

mixture of starch, chickpea 1 and chickpea 2
sterilised mixture of starch, chickpea 1and
chickpea 2

to 100 g of each substrate and mixture, 10 mL of
suspension of mixed culture was added

to 100 g of sterilised mixture of starch, chickpea 1 and
chickpea 2, 10 mL of Cupriavidus necator suspension
was added

YWY VY

After S5F, the substrates were centrifuged and dry cell
weight (DCW) was determined

Extraction and purification of PHA was performed with
chloroform and 4% sedium hypochlorite

« FTIR-ATR spectroscopy
» wavelenght range: 4000 - 650 cm”

= DSC
» 5-7mg of samples
* 5cycles of heating and cooling

+ TGA
# 5-7mg of samples
» 40-700°C

Shredded
chickpea with
bean residues - Fungi
{chickpea 2)
Yeast —M
Agroindustrial waste

Cucumbers Beets

Beans Plum

Funded by
the European Union
15 This research was conducted as part of the project ,Production and development of compostable packaging from waste biomass for

the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Restlience
Plan (funded by the European Union, NextGenerationEU).
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160
m Apple
W Beetroot 140 4 = Apple
N Cucumber 120 4 " Beetroot
= Cucumber
Plum
100 - Plum
B Pepper )
: Z g m Paprika
'“:'E-  Fomato © = Tomato
=4 W Pea 60 4 M Pea
W Pea pod 0 mPea pod
M Beetroot (peeled) m Beetroot (peeled)
M Parsley 20 1 m Parsley
O .
H Apple . .
3500 o Agro-industrial waste
u Beetroot
. 3000 - ) Apple 1.02 x 107
a B Cucumber
= Beetroot 1.13 x 107
E h Pi
S 2500 um Cucumber 4.06 x 107
-
%0 2000 W Pepper Plum 9.18 x 107
-~
3 u Tomato Pepper 1.29 x 107
wv .
9 1500 2 Fea Tomato 9.57 x 10°®
=3 9
= 1000 - 2 Peapod Pea 2.51x10
oo Pea pod 2.18 x 10°
= m Beetroot (peeled)
500 A Beetroot (peeled) 2.33 x 1010
u Parsl
0 o Parsley 2.14 x 10°
Funded by niversity of Zagreb
- the European Union ‘7._’ et I‘.L(...T\..: v.
A ngincering and Technology &
1 6 This research was conducted as part of the project ,Production and development of compostable packaging fron: waste biomass for ,i,,‘ , (

ROTOPLAST

the packaging of industrially processed food products” (NPOO.C3.2.R3-1 .04.0059) funded by National Recovery and Resilience 0
Plan (funded by the European Unton, NextGenerationEU). P I F Podravka
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ROTOPLAST

—
Isolation of Sudan Black
pure cultures staining

IDENTIFICATION

Figure 2. Obtained pure cultures by streaking method, cultures stained with Sudan Black dye, and
microphotographs of Gram staining of bacteria isolates Brevibacillus sp. (A,A1,A2), Empedobacter

brevis; (B,B1,B2), i ilyticus; (C,C1,C2), Mi spp.; (D,D1,D2), Leuconostoc
» S sp; (EE1E2), Bacillus licheniformis; (F,F1,F2), Staphylococcus lentus; (G,G1,G2), Citrobacter freundii;
Biochemical tests (HH1,H2), M = 1000x.

API strip tests

Gram staining
Substrate Identified Microorganism Morphology
ibacillus sp. with on, and reg iguration, rod shaped
Chickpea 1 Empedobacter brevis Orange with flat elevation, and regular round configuration, rod shaped

Figure 3. Obtained pure cultures by streaking method, cultures stained with Sudan Black dye, and

Aneurinibacillus anearinilyticus  Brownish with raised elevation, and regular round configuration, rod shaped
microphotographs of yeast isolates Trichosporon asahii (A,A1,A2), Cryptococcus humicola; (B,B1,82),

Orange with flat elevation, and regular round round

Chickpea 2 Micrococcus spp shaped (cocci) Geotrichum klebahnii; (C,C1,C2), Candida krusei; (D,D1,D2), M = 400x.
Trichosporon aschii White and cracked in the middle with smooth and shiny edges
Leuconostoc sp. White with flat el and regular round cocci
Bacillus licheniformis White with raised clevation, wavy and smooth edges, rod shaped - - — - -
i .l & i Identified Bacteria  Gram Staining KOH Test Oxidase Catalase Nitrate-Reductase
Starch Stapllocaccus lentus “Transparent with raised elevation, and regular round configuration, round
Py shaped (cocci) Brevibacillus sp. +ve + + + +
. N ‘Transparent with raised elevation, imegular shape with twisted edges, Empedobacter brevis —ve + +/ = + -
Citrobacter freundii rod ehaped Aneurinibacillus
P +ve + + + _
Cryptacoccus humticola Yellowish with raised elevation, round shape with jagged edges aneurinilyticus y
Geotrichum Klebaluii White with flat elevation, filamentous shape with jagged edges AE::’::;‘:‘;?P . ::: * e N *{ -
Candida krusei White with raised elevation, and regular round configuration Bacillus licheniformis Tve _ _ N N
Staphylococcus lentus +ve - - + +
Citrobacter freundii -ve - - + *

Funded by
17 the European Union

This research was conducted as part of the project ,Production and development of compostable packaging from waste biomass for
the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience
Plan (funded by the European Union, NextGenerationEU).
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Tomato waste — sterile and non-sterile

Apple waste — sterile and non-sterile

Funded by
the European Union

Parameter

Moisture
content

[%]
Protein
content

[%]
Free lipid
content
[%]
PHA
content

[%]

Production of PHA by SSF

Tomato waste + C. necator

Sterile

4.40%£0.10

2571757

9.31+x0.17

9.23+0.37

This researchwas conducted as part of the project ,Production and development of compostable packaging from waste biomass for

the packaging of industrially processed food products” ( NPOO.C3.2.R3-1l .04.0059) funded by Nattonal Recovery and Resilience

Plan (funded by the European Unton, NextGenerationEU).

Non-sterile

5.66%0.15

16.43+0.34

3.21%£0.06

5.98%0.50

b boPHA-ComFPack

Apple waste + C. necator

Sterile

4.38+0.09

13.50 7.00

3.46+0.05

/.54 0.14

PTE podra\(ka'J

Non-sterile

4.95+0.07

12.09+0.23

3.70%£0.03

9.71+0.12
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4000 3500 3000 2500 2000 1500 1000 4000 35’00 3000 2500 20‘00 1500 lUbO

19
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Wavenumber / cm!

Characteristic funcional groups of PHA obtained by FTIR-ATR

‘.’ University of Zagreb

Faculty of Chemieal
@ W  Engincering and Technology

IV

PTE Podravka?

chora ROTOPLAST

Accumulation of PHA obtained by 5 substrates

spectroscopy.
-OH C-H c=0 -CH, C-C
Sample bond hing hing bending stretching
20918 1019
Chickpea1 3282 2850 1708 1264 273
2019 1006
Chickpea2 a2m 2850 / / 272
2950 9495
Starch 3303 2820 1713 1246 350
2956 1076 |
Mixture 3250 2920 1711 1267 1018 |
2853 !
2952 1074 |
Mixture + C. necator 3281 2920 1711 1268 1018 |
2849 !

Funded by
the European Union

This research was conducted as part of the project ,Production and development of compostable packaging from waste biomass for
the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience

Plan (funded by the European Union, NextGenerationEU).

after 7 days of SSF.

Sample PHA accumulation / %
Chickpea 1 5.42
Chickpea 2 13.81

Starch 5.29

Mixture 4.09

Mixture + C. necator 6.30




'Y 4 et Production of biodegradable and compostable

packaging materials
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PHA Films, 100 um
G Addition of compostable
ﬁ ’:r : Q-ﬁ A .:'\ 9"{31' i coatings

‘.’ University of Zagreb

Faculty of Chemical

‘ ‘ Engincering and Technology

Funded by FRITAMCMXN
20 the European Union P’IE 9] a
This research was conducted as part of the project ,, Production and development of compostable packaging from waste biomass for ra\!!(“a‘ ROTOPLAST
the packaging of industrially processed food products” (NPOO.C3.2.R3-11 .04.0059) funded by National Recovery and Resilience

Plan (funded by the European Union, NextGenerationEU).
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DETERMINATION OF BIODEGRADABILITY

FKITMCMXIX
Compostable plastics Test methods ‘ Certifications
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