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Delamination - Objectives

MERLIN

i General Objective: To demonstrate the viability of the delamination processes to be developed according to the
nature of each sorted multi-layer structure (rigid and flexible, non-metalized and metalized).

SPECIFIC OBJECTIVES:

4 Rigid packaging: PET depolymerization via solvolysis processes for multi-layer matrices.

4 Non-metalized flexible packaging: delamination process to separate polyester and polyolefin layers.

i Metalized flexible packaging: delamination with solvent-based process for the selective dissolution of polymers and
adhesives, and aluminium recovery.

www.merlinproject.eu Copyright © MERLIN Project Consortium
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What does loniga do

“We recycle the un-recyclable PET waste and by doing so contribute to a ‘closed loop’ system for PET plastic”




RLIN

What does loniga do

|




PET depolymerization via Glycolysis _
MERLIN

° PET
* Simple process with mildest process (low SEH risk, T Ul
attractiver OPEX) | I
* Doesn’t break ester bond (vs methanolysis and . Glycolysis
hydrolysis) and therefore less energy intense, 5 | | 5
making it more cost/eco attractive. N on | _ | \OJKQW
HO / | cQ !
* Produce 1 final product BHET (instead of I | ;%j_gf ioniqa : 1 o
monomer + EG), making CAPEX investment lower. Terephihali Aci | 15 | Dimethy Terephihalatc
o = Q0
* BHET is ‘new’ monomer; requires additional work 8 Y o
. . ! HO— “-OH
on legislation. e
bis (2-hydroxyethyl) terephthalate
(BHET)

Strictly confidential, subject to confidentiality agreement. Proprietary information, distribution and copying not allowed.
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PET depolymerization via Glycolysis

MERLIN

* Around the boiling point of MEG

» Catalyzed transesterification reaction

O
HO

Ethylene glycol BHET

www.merlinproject.eu Copyright © MERLIN Project Consortium



PET depolymerization via Glycolysis

MERLIN

Inevitabel by-products are:

1. BHET dimer: always present due to a dynamic o

equilibrium with BHET and MEG 1 0 o~Of

O/\/OH /\\/O

2. BHEI: due to isophaltic acid present in the PET HO OY@)LO I

chain O  MHET HO™ ™ BHET dimer

@)

3. HEEHET: etherification reaction with BHET and i o o

DEG /\/OYQ)LO/\/O\/\OH HO\//\OJU'LO/\/OH

HO
0

4. MHET: formed due to the presence of water

HEEHET BHEI

www.merlinproject.eu Copyright © MERLIN Project Consortium



PET depolymerization via Glycolysis & purification process

MERLIN
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PET depolymerization via Glycolysis & purification process

MERLIN

Catalyst

Separator Separator

Reactor 1 5

Purification

feedstock
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|
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l
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|
|

—-— o o o . o e e e e .

v A 4 v

Volatile compounds  Inert contaminants ™ All other contaminants

Non-PET remnants, mostly undissolved
solid particles such as other polymers,
metals, sand and paper, are removed.

Sticky polymers are the biggest challenge! Polymerization

www.merlinproject.eu Copyright © MERLIN Project Consortium



PET depolymerization via Glycolysis & purification process

MERLIN
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Volatile compounds  Inert contaminants All other contaminants

The catalyst is separated from the
reaction mixture

Polymerization
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PET depolymerization via Glycolysis & purification process

MIRLIN

The residual colour components
PR e and additives are removed. The
/ purified liquid is cooled to
| Catalyst | crystallize & isolate the BHET
I ~ | product.
| T
| |
| |
Pet ; Reactor Sepalrator Sepazrator Purification I
feedstock | |
| |
l |
| |
| |
I I
\ Volatile compounds  Inert contaminants All o’lher c‘c'mtaminants
~

Polymerization
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Multi-layer packaging

MERLIN

 Layers with each their own function
e Oxygen, moisture, light

e EVOH is known to have some of the best resistanc
oxygen

« Common type of packaging:
PET | EVOH | PE

 EVOH is a sticky polymer at process conditions

www.merlinproject.eu Copyright © MERLIN Project Consortium



Within the 2020 MERLIN project...

MERLIN

..... loniga developed an additional process unit to extract the EVOH prior
to the depolymerisation reaction

EVOH,

Multi-Layer tray ‘ UPFRONT Clean PET ‘ |ON|QA CORE BHET
EVOH REMOVAL PROCESS

MERLIN

www.merlinproject.eu Copyright © MERLIN Project Consortium



Conclusion

MERLIN

* Plastic waste is a feedstock that comes without a very detailed
composition- and datasheet.

* Chemical recycling needs to exist next to mechanical recycling
processes, since large quantities of plastic waste are available in
streams with many types of impurities.

* Chemical recycling is a technology that can handle feedstock with
various impurities. Including Multi-Layer material impurities.

www.merlinproject.eu Copyright © MERLIN Project Consor
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Objectives

MERLIN

[ Delamination process ]

Step 1

Conditioning

To develop non-metalized film delamination using traditional solvents (e.g.,

methanol, ethanol) and green solvents (such as CO,) in supercritical conditions,

and/or a combination of both. Step 3

Delamination

Step 4

gyer recovery

www.merlinproject.eu Copyright © MERLIN Project Consortium



Delamination process

MERLI

Operational condition definition
= Temperature

A Hansen solubility parameters = Pressure
= CO, flow

-5
D 6 D 55
« PE polymer e PE-selective solvents
» EVOH polymer e EVOH-selective solvents
» PET polymer e PET-selective solvents
- Nor»lselechve solvents 5, Region of
@ Antisolvents i{!@y soluble solvents

Characterization

Analysis of Hansen Solubility
Parameters and Sphere for Polymers

Layer recovery
= Delamination evaluation
and Solvents = Analysis of % Surface delaminated

Preparation and characterization of
the samples

www.merlinproject.eu Copyright © MERLIN Project Consortium



Delamination process

= RLI

Operational condition definition
= Temperature
Hansen solubility parameters n Pressure

= CO, flow

28p

« PE polymer e PE-selective solvents

» EVOH polymer e EVOH-selective solvents
« PET polymer e PET-selective solvents
- Nor.lselecmve solvents n Region of

® Antisolvents @u soluble solvents

. . Characterization
Analysis of Hansen Solubility Preparation and characterization of Layer recovery

Parameters and Sphere for Polymers the samples = Delamination evaluation
and Solvents = Analysis of % Surface delaminated

www.merlinproject.eu Copyright © MERLIN Project Consortium



Evaluation of Hansen solubility parameters

MERLIN

25

Solvent :
_ Water Adhesive 20

- Ethil acetate 7N 1/\ -
- Ethanol S 1

- Acetone
- Benzene =
- Chloroform .- E—)
- Hexane

- Methanol ~—
- Glycerol

- Xylene

- Dimethyl Sulfoxide (DMSO)

- 2-Propanol (isopropanol) [V Soluble x Insoluble J

¢ Solvents

10

sh (wPa'?)

5 (MPa 7/2)

www.merlinproject.eu
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Delamination process

= RLI

Operational condition definition
= Temperature
=  Pressure

b = CO, flow

A Hansen solubility parameters

-5
D 6 D 55
« PE polymer e PE-selective solvents
» EVOH polymer e EVOH-selective solvents
« PET polymer e PET-selective solvents
- Nor.lselecmve solvents n Region of
® Antisolvents Q?gy soluble solvents

Characterization
Preparation and characterization of
the samples

Analysis of Hansen Solubility
Parameters and Sphere for Polymers
and Solvents

Layer recovery
= Delamination evaluation
= Analysis of % Surface delaminated

www.merlinproject.eu Copyright © MERLIN Project Consortium



Characterization of samples

Differential Scanning Calorimeter (DSC):

DSC analysis is thermal analysis technique that drives understanding of material
properties. By precisely measuring the heat flow into or out of a sample in relation to
temperature or time, DSC analysis provides invaluable insights into a wide array of
material characteristics. From glass transition temperature to thermal stability.

Fourier Transform Infrared Spectrophotometer (FTIR):

FTIR spectroscopy is a technique used to obtain an infrared spectrum of absorption
or emission of a solid, liquid, or gas. The goal of absorption spectroscopy techniques
is to measure how much light a sample absorbs at each wavelength.

www.merlinproject.eu Copyright © MERLIN Project Consortium



Characterization of samples

DSC
2
11267°C
f
N |
94.39'0!
60.84°C /F)
- R "4;_ B o i
= T 10230 \
g o \
%; \" ——— . 116.91°C  153.37°C
3 -
4]
12586°C
2-1'00 -\%0 b 5‘0 160 1%0 260 250 300
ExoUp Temperature (°C) Universal Va4 54 TA Instruments
Cooling 2nd heating
Sample Tc (°C) AHc (J/g) Tm (°C) AHmM (J/g)
F-111 Sample F111-Peak 1 60,84 102,3 108,92 64,87
Sample F111-Peak 2 94,39 - 125,86 -
Sample F111-Peak 3 112,67 - 160,53 19,08

www.merlinproject.eu

Structure description:
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Delamination process

= RLI

Operational condition definition

= Temperature
A Hansen solubility parameters n Pressure

-5
D 6 D 55
« PE polymer e PE-selective solvents
» EVOH polymer e EVOH-selective solvents
« PET polymer e PET-selective solvents
- Nor.lselecmve solvents n Region of
® Antisolvents Q?gy soluble solvents

Characterization
Preparation and characterizatibn of
the samples

Analysis of Hansen Solubility
Parameters and Sphere for Polymers
and Solvents

Layer recovery
= Delamination evaluation
= Analysis of % Surface delaminated

www.merlinproject.eu Copyright © MERLIN Project Consortium



Operational condition definition

Extraction with s-CO, Conditions
A supercritical fluid (FSC) is any substance at e Pressure: 74 bar
P and T above its critical point. * Temperature: 32°C

Gas: Difussion ' High solubilization
Liquid: Dissolution capacity

Methodology
Stage 1: Conditioning

Stage 2: Development of processes for layer separation
Stage 3: Industrial scale-up of processes

www.merlinproject.eu
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Operational condition definition

MERLIN

Vemt Vent
Solvent Delivery w . ] ~ @ I
PV J= £Ros ; L
S stem (o) a @ vent | ¥ A r ] Vrnt. . !
- = 4 R = A {j &) - s
I kgl [« o | o 4

Mass Flow | ﬁ Z ’ »
controller \ v }: -
i RO1 & 4 v

Setting up the supercritical CO, plant for the use of cosolvents

v '
Liquido Liquido
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Operational condition definition

- TTemperature

Pressure

Co-solvent equipment

Supercritical CO2 plant

www.merlinproject.eu Copyright © MERLIN Project Consortium



Operational condition definition

Use of co-solvents: Effect of Flow Co-solvent M —
- TN, Results:
Flow Co-solvent

Sample Flowl Flow2

F-083 TOTAL NO Co-solvent | Flow Co-solvent
TOTAL 3 F-100 NO NO
Flow1
F-101 TOTAL TOTAL Water
BUBBLES ! F-104 BUBBLES BUBBLES Flow2 9
NO 0 F-105 NO NO

F-109 TOTAL TOTAL
F-112 BUBBLES NO
F-131 BUBBLES BUBBLES Optimized conditions
F-138 BUBBLES BUBBLES E T T Y —
F-151 BUBBLES NO
F-162 NO NO
SUM 14 9

www.merlinproject.eu Copyright © MERLIN Project Consortium



Operational condition definition

Use of co-solvents: Effect of Co-solvent nature M — I:\> |_ |
Co-solvent nature /_\ * Results:

— a )
F-083 TOTAL TOTAL NO
Result Rate Cs1 o
TOTAL 3 F-100 NO TOTAL NO s 15
F-101 TOTAL TOTAL NO
cs3 4
SUBBLES . F-104 BUBBLES BUBBLES BUBBLES
NO 0 F-105 NO NO NO
F-109 TOTAL TOTAL TOTAL
F-112 BUBBLES NO NO _— o
Optimized conditions
F-131 BUBBLES BUBBLES NO
& Co-solvent = CS1 /
F-138 BUBBLES BUBBLES NO
F-151 BUBBLES NO NO **Although CS2 gets a higher rate, CS1 is more
F-162 NO NO NO economical and greener solvent.
SUM 15 4

www.merlinproject.eu
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Operational condition definition

Use of co-solvents: Effect of increase of delamination starting points

- Co-solvent nature /\ ¢

MERLIN

Results:

Non perfored Perfored

Sample / \
samples samples Co-solvent RATE

Result Rate F-083 TOTAL BUBBLES

NON PERFORED
SAMPLES

PERFORED
SAMPLES 11

Optimized conditions

No starting points /

TOTAL 3 F-100 NO NO
F-101 TOTAL TOTAL

BUBBLES 1 F-104 BUBBLES BUBBLES

NO 0 F-105 NO NO

F-109 TOTAL TOTAL
F-112 BUBBLES NO
F-131 BUBBLES BUBBLES &
F-138 BUBBLES BUBBLES
F-151 BUBBLES BUBBLES
F-162 NO NO
SUM 14 11

www.merlinproject.eu
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Delamination process

= RLI

Operational condition definition
= Temperature

A Hansen solubility parameters n Pressure
= CO, flow

-5
D 6 D 55
« PE polymer e PE-selective solvents
» EVOH polymer e EVOH-selective solvents
« PET polymer e PET-selective solvents
- Nor.lselecmve solvents n Region of
® Antisolvents Q?gy soluble solvents

Characterization

Analysis of Hansen Solubility
Parameters and Sphere for Polymers

Layer recovery
= Delamination evaluation
and Solvents = Analysis of % Surface delaminated

Preparation and characterization of
the samples
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Layer recovery

MERLI

~

"o

* Pressure

ptimized conditions

+ Temperature
Flow CO,
+ Co-solvent

* Flow Co-solvent /

Co-solvent equipment

Supercritical CO2 plant

www.merlinproject.eu Copyright © MERLIN Project Consortium



Conclusions

= One of the main problems in the delamination of non-aluminized multilayer material is the
heterogeneity of the materials used, especially regarding the adhesive and its multiple

configurations.

* The operation of the s-CO, plant, consisting of the feed system, the delamination reactor, and

the recovery system, was satisfactory.

= Optimal conditions for the s-CO, delamination process have been identified: pressure,

temperature, and the CO, flow rate.

= The optimization of cosolvents has played a critical role in facilitating layer separation, using a
scoring system to evaluate the performance of various process aids, including cosolvents,

flow rates, and perforations.
= The optimized conditions yielded promising results, with a process efficiency of 72.7%.

= Systematic optimization of both s-CO, conditions and the use of cosolvents has significantly
advanced the delamination process for multilayer films, showcasing promising prospects for

further improvements in efficiency and quality.

www.merlinproject.eu Copyright © MERLIN Project Consortium
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Separation of polymers and aluminium from _
flexible metalized packaging M=RL m

Flexible metalized packaging: composition

f Gran

Cereale

CIOCCOLATO '
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- ——
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= |
—|'|.I
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Metalized packaging: End-of-Life (EolL) J_\//\ER Lm

=n| EolL
M =RLI Separation of polymers and
s aluminium for material recycling

EolL
Hydropulping for
paper recovery
(LDPE/alumnium)

EoL
Incineration for
energy recovery

www.merlinproject.eu Copyright © MERLIN Project Consortium



Methods and materials

é o )
Biodiesel &
Other organic solvents
(2-MeTHF, CPME)
é )

Switchable Hydrophilicity
Solvents (SHS)

Switchable Anionic
Surfactants (SAS)

www.merlinproject.eu

De-pulped food and
beverage cartons

Polyolefins

Polyolefins +
PET

[

PE/Al

H

l PE/AVPE l
PP/Al/PP

PP/AVPE

l PE/AVPET l
l PP/AUVPET l

H

Mix from WP1

H
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Efficiency results

oo O A pAZRLUIN

Flexible metalized packaging: 1MZRLIN) approach CPME 2-MeTHF  biodiesel

EolL
Hydropulping for
paper recovery
I LDPE Al

v v solubilisation recovery
Paper LDPE/AL > >

2

— Bio-based solvents
Material loading < 2%
100°C, 1h

o Not oxidized
o Massrecovery >99%
o Organic residues < 2%

anti-solvent
addition

solvent
evaporation

o No solvent residues

o Good mechanical
properties

o Massrecovery >99%

|
LDPE recovery

www.merlinproject.eu
pro) Copyright © MERLIN Project Consortium



Critical parameters

MERLIN

o Energy consumption: 1.13 MJ/kg;,gieserr 0-95 MI/KE, merhp 0.45 MI/KEpme
o Material loading: = 2%

o PP and PET are not solubilized by CPME, 2-MeTHF and biodiesel

Safety Health Environment Aluminium Viscosity/ Energy
quality affinity  consumption
Biodiesel 1 1 1 6 _Z/ ~ EOH
evaporation
2-MeTHF 6 5 3 4 4 4
CPME 2 5 1 1 2
/\ High boiling
point
Peroxide
formation

www.merlinproject.eu . . .
Copyright © MERLIN Project Consortium



Efficiency results

Flexible metalized packaging: 2° J\//\ERLIKQ approach

a® Eol
Hydropulping for
paper recovery

v v

| Delamination
with surfactant

Paper LDPE/AL

— Anionic surfactants

Aq. solution 0.5 wt%
Material loading = 10%
7100°C, 0.5h

www.merlinproject.eu

2

Density
separation
o Not oxidized
Alkaline o Massrecovery >99%

washing CO,

O

Aland LDPE /
recovery o No surfactant residues
o Good mechanical
Surfactant properties
O N recovery | © Massrecovery >99%

Copyright © MERLIN Project Consortium



Efficiency results

MERLIN

Results are dependent on the input material and Al deposition (vapour coating/layer)

[ PE/AL ] [ PP/AL/PP ] [ PE/AUPP ] [ PET/AUPE ]

* PE delamination T
e PP+ink+Altogether :

* PE delamination
* PET and Al partially
delaminated

* PP delamination * InkonPET
* Ink+Al precipitation
or on one layer of PP

* PE delamination
* Al precipitation

www.merlinproject.eu Copyright © MERLIN Project Consortium



Focus on coffee bags

Segalredo

AAAAA

—

50 um PE

60-70%

www.merlinproject.eu

Delamination Wash&separation Recovery

 delamination solution>10
recycles
* surfactant recovery (>90%)

5% material loading
0.5% surfactant
concentration

90°C

1h

Copyright © MERLIN Project Consortium



Switchable Anionic Surfactants (SAS)

Surfactants that are recoverable by CO,

COs
{_CG'Q :

 Water soluble * Waterinsoluble

* Jonic * Non-ionic . .

* «Delaminating» * Not active : Lauric acid :
* Bio-based (from coconut oil)
* Non-toxic Triethanolamine
* Cheap « Non-toxic
 Used for personal care e Cheap

applications (shampoos, soaps) « Used for personal care
applications (cleansing
creams, skin lotions, eye
gels, moisturizers)

www.merlinproject.eu Copyright © MERLIN Project Consortium
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