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Aluminium-polymer composite packaging waste is among the most difficult
packaging streams to recycle because its multilayer structure limits the effectiveness of
conventional mechanical processing and often results in landfilling or energy recovery
rather than material recovery. This review examines green solvent-based delamination
as a sustainable pathway for separating aluminium and polymer fractions from composite
packaging waste. The paper discusses the structure of aluminium—polymer laminates,
the limitations of conventional recycling, the principles of solvent-based separation, and
the performance of major green solvent systems, including ethyl lactate, methyl soyate,
gamma-valerolactone, ionic liquids, and deep eutectic solvents. Particular attention is
given to the environmental significance of these approaches within the framework of
circular economy principles and to their potential relevance for Georgia, where multilayer
packaging waste remains insufficiently addressed in current waste management practices.
The review demonstrates that green solvent-based delamination offers strong potential
for high-purity aluminium recovery and improved valorization of polymer fractions;
however, further optimization, scale-up studies, and policy support are required for

practical implementation.

Keywords: aluminium-polymer composite packaging, green solvents, delamination,

multilayer waste, circular economy, Georgia

1. Introduction. Aluminium—polymer composite packaging waste (APCPW)
has become an increasingly important environmental challenge due to the
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widespread use of multilayer packaging in the food and pharmaceutical sectors.
These materials are designed to combine the barrier performance of aluminium
with the flexibility, sealability, and mechanical protection provided by polymers
such as polyethylene, polyethylene terephthalate, polypropylene, and polyvinyl
chloride (Kaiser et al. 2017, Tamizhdurai et al. 2024). While these structures
perform efficiently during use, their end-of-life management remains problematic
because the bonded layers are difficult to separate into clean recyclable fractions
(Samori et al. 2023, Seier et al. 2023).

The increasing consumption of packaged products has led to growing volumes
of post-consumer composite packaging waste, including pharmaceutical blister
packs, beverage cartons, and flexible food laminates (Shukla et al. 2022, Wong
et al. 2024). Conventional recycling systems are poorly adapted to such waste
streams. Mechanical recycling typically produces mixed and contaminated outputs
with limited application value, while thermal processing sacrifices polymer
fractions and may reduce the quality of recovered aluminium. Consequently,
a large proportion of aluminium—polymer packaging waste is still incinerated
or landfilled, resulting in resource loss and environmental burden (Kaiser et al.
2017, Tamizhdurai et al. 2024).

In response to these limitations, solvent-based separation technologies have
attracted increasing attention. In particular, green solvent-based delamination
has emerged as a promising approach for selectively disrupting interfacial bonding
between layers and enabling recovery of valuable material fractions under
environmentally preferable conditions compared with conventional chemical
treatments (Nieminen et al. 2020, Samori et al. 2023). This study is based on a
critical review of recent scientific literature and examines the scientific basis,
technical performance, and environmental relevance of green solvent-based
delamination, with particular attention to its potential application in Georgia.

2. Structure and Recycling Challenges of Aluminium-Polymer Composite
Packaging. Aluminium—polymer composite packaging is typically composed of
thin aluminium foil laminated with one or more polymer layers, often combined
with adhesives and, in some cases, paper components. The aluminium layer
provides an effective barrier against oxygen, moisture, and light, while polymer
layers provide flexibility, heat-sealing properties, and structural integrity
(Kaiser et al. 2017, Ciawi et al. 2025). Common configurations include PVC/Al
pharmaceutical blisters, PE/Al/PET flexible food packaging, and paper/PE/Al/PE
beverage cartons (Nieminen et al. 2020, Wong et al. 2024).

The main recycling challenge arises from the strong adhesion between
dissimilar layers. These interfacial bonds are intentionally designed to resist
separation during use, but this property complicates material recovery after
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disposal (Adam et al., 2025, Tamizhdurai et al., 2024). Mechanical recycling
cannot effectively separate these layers, resulting in low-value mixed materials,
while hydropulping recovers only paper fibers and leaves aluminium—polymer
residues that require further treatment (Georgiopoulou et al. 2021, Kremser
et al., 2022). Thermal processes such as incineration or pyrolysis may recover
energy or partially recover metals but typically destroy polymer fractions and
limit circularity (Shukla et al. 2022).

Representative samples of aluminium—polymer composite packaging waste are
shown in Figure 1, while their material characteristics and recycling challenges
are summarized in Table 1.

Fig. 1. Representative aluminium—polymer composite packaging waste samples: (a)
flexible food packaging; (b) coffee/tea capsules; (c) pharmaceutical blister
packs; (d) dairy packaging lids.

To illustrate the diversity and structural complexity of aluminium—polymer
composite packaging waste, representative post-consumer samples were collected,
including food packaging, beverage capsules, pharmaceutical blisters, and dairy
product lids. These materials differ in composition, structure, and recycling
difficulty. Table 1 summarizes the key characteristics, material composition, and
recovery potential of the selected samples.
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Table 1. Representative aluminium—polymer composite packaging waste samples and

g/[aterlal' . Structure Key Recycling Potential
omposition | . Ch L Chall R
(Typical) ype aracteristics allenges ecovery

1. Flexible food packaging (cake/snack, chocolate packaging) Food packaging

Strong Aluminium
PET/ PE / . Lightweight, interlayer (thin foil
Adhesive Multilayer . .
. glossy surface, | adhesion; or coating),
/ Al (or flexible hi . . .
. . igh barrier thin Al layer; polymer
metallized laminate . T .
PET) properties contamination fraction (PE,
by food residues | PET)
2. Metallized plastic film (chocolate wrapper — Luppo CakeBite) Confectionery
packaging
Difficult
Shiny metallic | separation Polymer
BOPP / .
. Metallized appearance; due to vapor- recovery more
metallized Al . . -
. polymer very thin Al deposited feasible than
coating / PE 1 o .
ayer aluminium; low | aluminium
Al content
3. Coffee/tea capsules Beverage packaging (MEAMA)
PP / Al foil Combination gﬁiﬁnﬁiﬁh; Aluminium
/ multilayer Rigid of plastic cup (coffee/tea); lid recovery;
polymer multilayer and aluminium small size ’ polymer cup
and organic | composite lid; contains . recycling after
. . complicates .
residue organic waste . cleaning
sorting
4. Pharmaceutical blister packs Medical packaging
High-purity
High barrier Strong bonding; | aluminium
PVC/ Al or Multilayer protection; small size; recovery
PET / Al rigid laminate | standardized mixed waste possible;
structure streams polymer reuse

limited

5. Aluminium foil-based pharmaceutical packaging (tablets — Janumet, others)
Medical packaging
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Al / polymer Thick Residual ..
: . .. . Aluminium
coating Composite aluminium pharmaceuticals; recove
(PVC, PVDC, | foil laminate | layer; embossed | mixed polymer hichl r};luable
or lacquer) cavities coatings CE
6. Dairy product lids (yogurt/cream foil lids) Food packaging
. . . Aluminium
Al/PE or Al | Thin foil Lightweight; Organic recovery;
/lacquer laminate easily contamination; limited ’
q deformable thin structure
polymer value

7. Composite dairy packaging (Georgian products — yogurt lids and paper/polymer
layers) Food packaging

Fibre;
Multilayer Complex aluminium;
Paper / PE / composite Combination of separpaltion' polymer
Al/PE (similar to fibre + polymer multiple ’ recovery
Tetra Pak + aluminium ma terl;al streams possible with
components) advanced
processes

PET — Polyethylene Terephthalate; PE — Polyethylene; PP — Polypropylene;
PVC — Polyvinyl Chloride.

3. Principles of Green Solvent-Based Delamination. Green solvent-based
delamination addresses these challenges by targeting the adhesive or polymer
interface within multilayer structures. Instead of mechanically breaking
the laminate, the solvent weakens interfacial adhesion through swelling,
plasticization, or partial dissolution of specific layers, allowing separation of
aluminium and polymer components (Nieminen et al. 2020, Loukodimou et al.
2024a). The efficiency of this process depends on solvent properties, including
polarity, hydrogen-bonding capacity, and compatibility with target materials, as
well as operational parameters such as temperature, contact time, solvent-to-solid
ratio, and agitation. Many studies report effective delamination at moderately
elevated temperatures, typically between 60°C and 130°C, with processing
times ranging from less than one hour to several hours depending on material
composition (Samori et al. 2023, Loukodimou et al. 2024b).

The delamination mechanism involves solvent penetration and weakening of
interfacial bonding. A schematic representation of this process is shown in Figure
2.
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Fig. 2. Schematic representation of green solvent-based delamination of aluminium—
polymer composite packaging waste.

The solvent penetrates the adhesive or polymer interface, weakens
interlayer bonding, and enables recovery of aluminium and polymer fractions.

Structure of multilayer aluminium—polymer packaging and its separation
by green solvent-based delamination. The solvent penetrates the adhesive
or polymer interface, weakens interlayer bonding, and enables recovery of
aluminium and polymer fractions.

In addition to visual classification, selected samples were analyzed using
a handheld near-infrared (NIR) spectroscopic device to identify polymer
components within multilayer structures. This approach enables rapid, non-
destructive material characterization and supports more accurate classification of
composite packaging waste. The results confirm the presence of different polymer
types across packaging categories, highlighting the variability of multilayer
structures and the importance of selecting appropriate solvent systems for
efficient delamination. The overall NIR-based material identification workflow
applied in this study is illustrated in Figure 3. The process includes sample
placement, spectral acquisition, real-time material classification (e.g., PVC/PP),
and data recording and analysis via the associated software (PlasTell, Matoha,
https://www.matoha.com/plastics-identification).

240



6. @oommdg, 6. 3dgbody, . muMLIs6sBzomo

Plastic Identification:
The Scanning Process

Measured NIR spectrum

Inbensity (L)

L' S e 2 amicion 3wt s s o

Fig. 3. Schematic representation of the material identification workflow using
handheld NIR spectroscopy.

NIR-based material identification workflow enabled rapid preliminary
identification of the polymeric component of the analyzed packaging samples
and provided a practical basis for subsequent delamination studies.

4. Green Solvent Systems and Performance. Among green solvents, ethyl
lactate has received considerable attention due to its renewable origin, relatively
low toxicity, and favorable solvent properties. It can effectively swell polymer
layers or disrupt adhesive interfaces, although its performance depends on
laminate composition and may require optimized conditions. Methyl soyate,
derived from vegetable oils, is another promising solvent characterized by good
biodegradability and low volatility, although it may require longer treatment
times due to its milder interaction with polymers. Gamma-valerolactone has
shown particular promise in treating complex multilayer systems such as beverage
cartons, where multiple components must be recovered. Its ability to selectively
interact with polymer layers while preserving other fractions makes it a valuable
candidate for advanced recycling applications.

Ionic liquids and deep eutectic solvents represent more advanced solvent
systems with high tunability and strong separation performance. Ionic liquids
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offer high efficiency and thermal stability but may face limitations related to
cost and toxicity. Deep eutectic solvents, often composed of relatively benign
components such as choline chloride and organic acids, have demonstrated strong
performance in multilayer packaging delamination and are considered promising
for further development (Loukodimou et al. 2024a, Loukodimou et al. 2024b).

Table 2. Comparative characteristics of major green solvent systems for Aluminium-—
polymer composite packaging waste (APCPW) delamination

Solvent . e Typical relevance for
system Main advantages Main limitations APCPW delamination
Renewable Not universally
origin, relatively effective; may Suitable for selective
low toxicity, require elevated | swelling and adhesive
Ethyl lactate . . —_
biodegradable, good | temperature and disruption in some
solvency for some longer contact multilayer laminates
adhesives/polymers time
Bio-based, low iy
1. Slower Promising for
volatility, favorable . .
- action, may polyolefin-rich
Methyl soyate environmental d lami d 1
rofile. safer ‘need process aminates and gentle
P N intensification | delamination conditions
handling
Renewable Still limited Particularly relevant for
platform solvent,
Gamma- ood selectivity large-scale beverage-carton-type
valerolactone 8 - . ’ industrial and multi-component
promising for evidence packaging
complex systems
High separation Cost, synthesis Strong technical

than many ionic
liquids, promising
green profile

and process
design

T efficiency, negligible complexity, performance for
Tonic liquids vapor pressure, possible toxicity targeted composite
tunable properties concerns separation
R | Pt
Deep eutectic | tunable, lower ’cost depends strongly | - Highly promising for
S(I))lvents ’ on composition | PE/AI/PET and related

multilayer laminates

5. Environmental Relevance and Georgian Context. From an environmental
perspective, green solvent-based delamination supports circular economy
principles by enabling recovery of valuable materials from otherwise difficult-
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to-recycle waste streams. Secondary aluminium production requires significantly
less energy than primary production, making high-purity aluminium recovery
particularly beneficial. Similarly, cleaner polymer fractions improve opportunities
for reuse and material valorization. However, the environmental performance
of the process depends not only on separation efficiency but also on solvent
recovery, energy demand, emissions, and the marketability of recovered outputs.

The relevance of this approach for Georgia is significant. Current waste
management systems remain largely disposal-oriented, and complex packaging
waste is rarely recovered as a resource. The introduction of advanced recycling
technologies, such as solvent-based delamination, could contribute to improved
resource efficiency and alignment with European circular economy strategies.
At the same time, practical implementation would require locally grounded
waste characterization, pilot-scale validation, infrastructure development,
technical training, and supportive policy frameworks. Therefore, for Georgia,
green solvent-based delamination should presently be viewed as a strategically
important research and development direction rather than an immediately
deployable industrial solution.

6. Conclusion. Green solvent-based delamination represents a promising
and environmentally sound approach for recycling aluminium—polymer
composite packaging waste. The reviewed literature demonstrates that various
solvent systems can effectively weaken interfacial bonding and enable separation
of multilayer structures while preserving material quality. Among the studied
systems, bio-based solvents and deep eutectic solvents appear especially promising
due to their balance of technical performance and greener profile.

Although no single solvent system is universally applicable, the
development of tailored solvent strategies offers important opportunities for
improving recovery of both aluminium and polymer fractions. For Georgia, this
field represents a relevant direction for advancing sustainable waste management
and circular economy practice. Further research should focus on locally relevant
waste streams, solvent selection, process optimization, solvent recovery, and
pilot-scale implementation.
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2. sa)806-3meodg@rimo  3mddmBodn®o Bggrmgol LGGIJGIGs
©5 3500509853980l 350mfiggagdo. 5¢B0B-3modgMo 3mI3mboEMO
99531035, Omamed3 Pgbo, Fgggds ghmo 96 ®sdgbody dmerodgdvyeo
600 WsdobomgdMEo MbgEo 5¢Iobol BmeAoLsh, HMmIgElsE bdoMao
96306 5@39BomGmo B396gd0 s, BmAogMm FgBmMb3935d0, JosEOl
3M33mBabFgd03.  semdobol Mg FoMImoygbl  9B9dBH0sb  doMmogdl
796d5000b, 3gbosbmdols s Lobsmerol dodstm, bmerm 3meEod Mo
909900 gobs3oMmmdOL  IMJboMdLL,  MOMPI Y30l M30LYGOGOLS S
LEHOIEHYOMBodEHI0EgL (Kaiseretal. 2017, Ciawi et al. 2025). 4030 39agdven
3mb330gE53090L  mMolss PVC/AL g35M35393@ o demobdgtmgdo, PE/
Al/PET 3mgbogo Us339d0 dgnwyomgs o paper/PE/AI/PE Lolidawols d99gomls
d9n3ogzs (Nieminen et al. 2020, Wong et al. 2024).

239005399853900L 30253500 LOMMYYENg FB30MMBYGIME oS QoBIBIIZ39dw
dMH990L MOl sOLYdIO I0gMo 5E39Boom. gl 0BG MBRgOLMwo d39d0
30Bsbdodommmmwo  sMol  Ggddbogro  0dolomzol, MM godmygbgdol
3MHME9LA0 2963503939050 gorgdanmls, 039335 MM gl MZ0LGdS MGl
3obogdol  9©EAGbsl oo  Asdmygbgdol d9dwgy (Adam et al. 2025,
Tamizhdurai et al. 2024). 999o603G0 9053 ds390 396 YOO MB3gEymal

50 39900l 95399BH096 29630 393905L, MOl FggAdOE F00MIds OISO
©0MdMEgdol JgMgmero dsbowrgdo, bmwm 3omm3mm3dobyo dbmewmo

Jo0oeol dmF3mgdol 50 gbol Lsdmomagdsl 0degzs s GHM3gdL sew)dob-
309y BomPgbgdl, MMIgdo 990amd ©od3sog90sl LoFommgdl
(Georgiopoulou et al. 2021, Kremser et al. 2022). oog®dvme 36MHm39LgdL,
OMAMMO395 0BLOBYMSE0s 96 30OHME0Bo, Fgmdeos gbgtyool smygbs
9B 99BOgdol  Bofiormd®mogo  smyqbs, ®mwdEs, Mmamma fgbo, obobo
9b6oaM®MadL  3Me0dghye  B3MOJ3090L S BOMIZL  (30MIMEMMBL
(Shukla et al. 2022).

5¢030b-3meodgtmeo  3m33mbo@mo  Fgxnmzol  BomPgbgdols
B00m3gdo  BoBggbgdos  1-gw  BobobBg, bmerm  Fsmo  FsLoermdO0Z0
FoboliosmMPOWGOO o Q95T MTo3900L  godmj393900 Tgxodgdwos 1-gw
gbModo.
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i @

b6, 1. 5806-3meodgHeymo 3mB3mbod o Aggmmzol Fo®dmdswagbemmdono
608x8g0: (a) dmgboo Lszggdo Bggmmas; (b) gsgob/Bsol sgLryergdo;
(c) B®Bp930nwo Berrobty-Bggnmggdo; (d) Gdols 3Geerddgdob

B9gnomgol bsbyHsggdo.

gbGowo 1. seeyBob-3meodgdnwo  3m33mboduho Bggnmgol  BsGhybgdob
60938980 5 00 TsbsliosMPdmgdo

(&o30)

3
;

sLasemmdGogo

bOHIIOHGL Godo

3060050 dsbsLos-
®gdgdo

f

3o®gbgon®o sepgbs

1. 3mgbowo bs3gzgdo Jgnwymas (6533bamol/bbgdol, dmzmesol Jg@wmgs) /

1533900 AgBYNZS

PET/PE/ 03500~ abwyddo, dogeo s¢eodobo

539%030 d60sbo 3000 Hgmsdmmobo | (obgwro

/Al dmgdbowo bgs3omo, | s©39%0s; R0y 56

(96 AgBoo- | wsdobs@o Bo0o0 s¢dobol Loggs®0),

D900 05609Mo | mbgwo dGy; 3Mm0dgeHyeo

PET) ®30L90900 | bs339d0L RMsdgos (PE,
BomBgbgd0m PET)
©5306dMm9ds
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2. 9935w0%gdmo  3wsbBHogz®o x30Mo (dmzmesol dgbsgwmo — Luppo
CakeBite) / Logmboo@®m 65§o®dob ggwmgs

BOPP/ dgBowo- 0Hobgstg 3539979960 3me0dgeob
dgBowo- b9do 9GO0 | ©g3mboMgdom | s0©y9bs MBM™®
Dgdmwo Al | 3;merodgho 09MLoby; ©o¢9bowo 6H950ob-
bsggsto / PE s¢grgdobols s¢gdobol A5, 30MY
do05b 3980 Geo s¢g0wdobols
obywo My | 3563503939093
Al-ob ©sdsgo
899339 mds
3. 4530L/Bs0b Joggleyamgdo (MEAMA) / Lslideol 89gmmgs
PP/ Al bobiBo 3sbBHdabol | dg9emgmemo sgowdobols
ROYS / GIGNE G Jodols s 3sbogd0; Labw®agol
9535~ dM0sbo sewydobols ©306dMm9ds 509055
9Mosbo 3M33mBoBo | Lsb@agol | (9935/Bo0); 3 sbiBasbols
3me0dgho; 3M3d0bs30s; | 830Mg BmDs Jodob
MmO 560 390353L SOMegdl 3505999853900
Bo®bgbo O 56 bsMOLbgdsl | gsfidgbool
Bombgbgdl 999097
4. 35853930 B oLEYM-3953Mm39d0 / bsdgEoEobm dgammgs
PVC/ Al 56 d0535¢- FRI) de0gMHo d9bsdgdgamos
PET /Al dm0sbo 05090 | 9939380690s; 35050
bob®o (339 9306y B™s; Lobgmsgol
@osdobo®o LEobom- 396H9mo s¢nwdobols
GoBgdo | bathgbgdol 509095
bEHvd- Bs3sgdo 3me0dgeob
Ao bggsboeo
2459my9bgds
89benEywos

5. 53060l gm0y s9349dbgdo BsMBo393GIX0 9BMmZs (BH9dWYBHId0
— Janumet s Ubg.) / bLsdgoEobm gnmmgs

Al/ 3meo-
g0
Lsggato (PVC,
PVDC s6

@3do)

3M03m-
bo@Hmeo
Bo@wyol
5306530

bdgwo
s@wdobols
d69;
339030~
6900
QOIYEdo

35635393~
Ao
Bs®B9bg00;
89Mymo
3ME0-
99690
LsggsMm9dO

s¢gowdobols
50©y96s
9s05em-
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6. ®dob 3MM©JBHgO0L bobwM39d0 (0MPIMEOL/BsgdOL Bmegol LabvMaggdo) /

1533900 89BM3s
Al/PE 56 Al/ | oobgwwo abyddo; mGysbmwo s¢@rdobol
sdo Mol 93005 Q©od0bdNM9ds; | 50y9bs;
5306530 ©IBMO- obgwo 3e0dgmHol
30690500 LEAHOYIBHWOS d9buwmomwo
QOOYRYIBS

7. Gdob 36Mm©IBHgdol 3mI3MBoGMMmo gBMmzs (JsOHmnero  3Hm©IBHIdo
— 0myMGAOL LsbMs3900 s Jo®owol/3mmodghol IMggdo) / Ls33900

898903

Jowoeno / dMo35¢- dmF3mb, MO0 dmF3mb,

PE/Al/PE 36060 30odgmolb | 3963sw39390s; | sevydobols s
3MI3mboBHo | s 3sboergdol 3me00d9®ob
(Tetra Pak-ols | sqnmdobols 353500 °00yqbs
3M33m- 3m3dobsgos | bsgoo 99Lsdgdgenos
6963 9d0L dmfjobsgy
adbasglo) 3M03gLgdols

2459mygbgdom

PET - 3m¢090000963)909833¢33)0; PE - 3memogmomgbo; PP - 3mmod®mdomgbo;
PVC - dmgrogobogrggmogo.

5@0d0b-3meodgmvycno  3mddmbo@do  Ggiyozol  BamBgbgdol
3M53500x39MHM36000L, LEA®YIEBHMOMWo LoMmMIEIOLs s MYEO0IZLOMGOIOL
99L53WGBdWMdYGOOL  33eng30lL  BoBbom  Fglfegwowos  LadsOmzgurmdo
fomdmddbowo 5ednb-3meodgmycmo bomPBgbgdol 60dmdgdo, dso Bmmol

1533900 Jgx3m35, Lobdgerol 3583BwEgdO, BIMTs(393B IO dEOLEHYMIdO
@ ™AL 3OMOMIBHGOoL  LobMoggdo. gl Fobogngdo  goblibgsgzgds

39950096mdom, BEBOYIEBHVIMOMS S FoWsTMT539d0L LoMmEom. 1-gw
3bOododgx 53909005 9MRG0 6030l A0MHO0MSEOTobILOSMOEGOO,
3oLoEMBdMO30 F93500ybEMds S 50AYBOL dmEgb30sO.

3. 8jge6) edbLBErgdYY woBndRYo BbEswagagdol 3mobodgdo.

03969  o0bLBYEgdbY BB pBEIw3Y30ds 9 BdBign30dL
3M535¢0dM0560  LEH®YIEBHMOHGOOL  Fopaboo  sOLGdMWo  s3gbodo b

3¢039MH0 06¢¢gMa390L0L JoBsbI0ToMmyeo BgImddggdom 3olvybmdl.
@530bsE0L  d9gobog Mo @odwols bogars, 2odblbgaro dMgmsdmmols
5039B0osl  SLMBEPOL  A993gdOL,  SSLB0R035300L 9B 3MBE3IMgEHWo
9609900 Bofioarmd®ogo goblbol aBom, Mo Fglsdegdgel beool serwdobols
@ 3Mm0dgmvyo 3md3mbybEgdol gobEow3gizgdsl (Nieminen et al. 2020,
Loukodimou et al. 2024a). 53 36Hm3gLoL 9839JGH0bMds oIMI0IdIOS
299bLBYEol M30LYdGOBY, 500 FMEOOL SMEWsMHMBIBY, FyowdsMo dIol
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§om3mgdbol MbsmBY s LodoBby FoloEgdMeb Mog3LGdIMBDY, SMINZY
M39MOE0IE  356M539BMJOBY,  MMEMOOEss  BYIZIMOGMS,  3MBBSIBOL
O™, godblibgols s Ysmo B3sBol MBsxgsMmPMdS s dmMgzs. IMZo¢n
3393580 50fgmHowos 9939dBH0sbo aob(39e393905 BMIogHo dmdsdgden
3993965, P3gmwgd®mog 60°C-sb 130°C-dg 0s35Bmbdo, bmenm
0539353900l babamAE0gmds Folisgrols d9doagbermdosb s8mdobatg
396MYygmdL gHom LssmBY B530gd0b Msdgb0dg Losmsdgg (Samori et al. 2023,
Loukodimou et al. 2024b). gs635¢0393900L 39456030 Imo3o3L 403bLBgols
39069356 s 06¢gMxgoLHYeo B30l glryliBgdsls. 93 3OmEglol Ldgds@Eemo
$omdmegbs Bobzgbgdos dg-2 BobsBby.

Al

== = o
AmB3mbndnfmo Jygnogob Bafmfgba
(PET / PE / a@igbagn [ Al f 3mennBafn)
b
353067 asdbbbamnm madndazabs

4
asarmabs [ Immabdnmngagos /

e
somasagen 00 Sowmadben

senBnba 3menndafromo afedans

by, 2. 3¢B06-3mmodgdmmo 3m3dmbodmmo Bgmmmzol BaGBgbgdols 336y
3336b9wgdBY Ra8IBIBYw0 336331393980L LB Ho Fordmeppgbs.

359blbgeo 50Fg3L 5E3gBOE 56 Smerodgtmwyan 0bEIMRgOLTO, SlvlEgOL
36905dmMoL dTsl s MBMMB3gEymRl sermdobols s 3mEr0dgH¥Ieo
ROIJ30900L 50A9b.

5qr)806-3meEodgHreo 3md3abodr®o Bggregol bAOYIG TGS ©s dobo
3966503930900 853969 398bLBYEgdbY agIBIOIwo 336Esw333gB0L Fboo.
253bLbgo 5©Fg3l s3gbom® 56 3meodgmvyer 0bEgMHRgolido, slivglgdl
3OHgmodmMOL dTsL o MBOHYBZGEYMRL  seBobols s 3merodgHYIEo
03M5430900L  50AQBL. 30D NMO 3aIL0B03ISEO0L AoMs, TgMbgmeEo
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60093900  456se0BEs bgado slaFgMo sberm  obyMsfomgaeo (NIR)
139dBHMOMLIM30E0 MFYMOOEMIOL odmynbadom, Gsms IMz3seIM060
LGOI BHYOGOOL R0MAWGOT0O 300dgHYIE0 3033mbgb@Hgdo
0096¢0x030M90E0ygm. g doaMds Y BMMB3gmymals Jsboegdols LHMogs,
3M5EILAMMIE0ME  obolosMPOL s byl Mfigmdl  3MI3MBoEOO
399839330l botBBIdOL MBMM BB 300G 3Is30L. oYM FggAqd0
5Q1LEBHNMGOL, HMA 9330l Lbgoalibgs 35¢gamMm0sdo bgsalibgs GHodol
3Mm@0dgMHgd0 33b309ds, Mo3 baBl Mligsdls IMsg3sdM0560 bBOIEMgdOL

335¢0g00MdAL  @s  9xgdB0sbo 4963w 393900Lsmz0L  FgLsdsdolo
253bLlbgyMo  LoliBgdgdol  Jgmbgzol  360d3bgErmdsl. o3  BodMmddo

250mygbgdryemo  NIR-bg  ©ox3dbgdmmo  dsbogrgdol 090035300l
Lodmdom bdgds INE0BMBST0 FoMmBmpagboeos dg—-3 Bobsbby.

Imab@dabinb negb®noynisgns: bisbofmgdol IMmEabo

Moasured NIR spectium

‘ g |

insteradty {manl

by, 3. Bsbsggdol 0©gbBHoBozsgool Lxdndscm bgdol bJgdsdym®o Fo®dmopgbs
byewBo sbsFa®o 0bg@sfomgmo (NIR) bigddGebzm3ool gsdmyggbgdoo.

3Mm39L0 IMoEegL 60Nl gobmsgligdsl, bLdgdE®mol dogdL, dobiverols
Mgo®  O™MIo  3eobogoze3osl  (3sy., PVC/PP), sbggg 9mbogdgdols
2MoEbgsLs s 9BsEroBL Ggledsdolio  3MmMAMmTMmo  bOeMbagaryma3ol
1535 gdOM (PlasTell, Matoha,  https://www.matoha.com/plastics-
identification).

NIR-%g ©@o3xdbgdmamo  Foboengdol  0gbE0x035300L  Lodmdsm
Uggdsd FgLodegdgo  gobos  gosbogrobgdmwo Fgumazol Hodwdgddo
3m@0dgHeno 3033mb96E 0L LEMogo Fobslfsto 0gbEoznzsEos s dgddbs
3M53Ho3aero bsgrydggero 8gdoamdo 3ebEer3g390L 33wg39d0Lmz0L.
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4. dfzs69 25LBYgdOL LolBgdgdo s Bsmo gxgBHsbmds. 33569
253bLbggdL Mol googrEsd@o@ds 360d369mm3z560 grMmomads doodymm

3obo gobsbegdso FomBmImMdOL, FgEsMgd0m BSWO EHMJLOZMMMdOLS S
bowbagdgeo 3090900l asdm. dob 9gdeos 9B9dG0sbs Imabobml
300dgMHY0 IHYGOOL 250399905 56 o5MZ0ML 5 3gbomo 0BG MRqoLgdO,
09935 J0LO 9539 BH0BMBS M0 YOM0S od0bsE 0l F9doy)bEMdIBY
@5 9gladems Mm3EH0d0BYdE 30MHMBIOL ImombmzEal. goo-Lmos@o,
OmIgeo 939bsMgmeo ©gmgdosb doowmgds, 300093 Mo 39ML3YJE0E0
259blbgos, OHMIgwoE bolosmIds  39MY0  BOMPIYMIPOMIOIOMOOM,
099335 3ME0dgMHGROMB FJGOMJO0M WMRMM MHIOWO YMHMOYHNJIGIOOU
259m, 3g0de9ds 5349353900l MBOM bobaMmdaog MU b FoMMIdIL. A50s-
399OHMEadBH™MbIs  QoBLvZMMgdMmo  3gML3JEH0MEMds sh39b6s  olgmo
00 M350 dMH0560 Lol HIGOOL 53w)T539d0LL, HMYMMO S Lolidgerols
dmygoml  gxMm3900, LOOE  9E0MgdYos  M53960dg  3m33mBabE 0oL
>@ygbs. dobo »bs®mo, LywrgdEoIMe 0dmddgEml dmeodgmvye dMygdby
bbgo 1360d30000L d9bs0Pmbgdom, dol oMgdM 56O 99393V
dmfjobogy 2003353900 3MM3gLYdT0.

gbPowo 2. seeyBob-3mmodgnwo  mB3mbodnmo Bggomgol  BsGBgbgdols
(APCPW) 55@35@398980bs00g0b  938mggbgdrywo doMomao  83s69
353bLBgEHo LobBgdgdol 89s@gdoco Asbsbosmngdagdo

838bbBgEmo | doGomswo 3060m3E0 Bodggrebs
bobhgds 30634 bemdBO 99%raesgdo 0BG
3939dobaogob
23965bEngds0 56 560l
o3 IMds, d9bsgzgMobos
b0ggMmLsEMs©
Bg@tﬁ)gb%m gbi‘)b@o 953990350; ;oﬁzg:g@g;)o s
oo | tbdns A
900- 0%@33 Bs LsFotMm gobogl g) 3 Ob @)(;'6
@O0 | Gpogeon | GRS R el
2039%0og0Ls s 09339 TO> gbgﬁggobb )
3020080l Bodseey | L3 IBOC 503000 B30k
35%0 gbabl%gqp— bb%&ﬁ;@@ogo & QQQ;@OQw‘gobamgob
B6r056md 306023l oo
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B0MEWMY0MMO 396ML39JGH0M0s
§563mIMdOL, 3MEOMEg-
@0 OIEGBIEMBY, 6 83%‘)6%60036 . 53069800
dgoo- boabsytgao 90 dogdggds; 9000OM0
99Lsdems LsFoOHm
bmos@o 5699mbis 33000 ) 230BsBgd0bs
3°M90Mb@SG3 @ A
239bgl 3Mmgbol
3MHMB0EO0, BB 0o Q5 MBOOEO
MLogOHNbm 050)PLOBOIEO 396351 3939%0L
2459my9bgds 306MHMBYOOLsMZOL
9B -
0°6obargdao B3BBG O gt
3B BMOIMWO J J
LodMgfggeom 96039369 m-
250bLbgo, 3stao
39035-30@9MM- 250my969d5%9 39605 Lsbderol
LY gJEoLHMB,
wad@mbo 9330390 9d9d0 39950l BHodobs
396L39JGH0M0s & s 36550~
X9® 30QI3 Q 3o
ol 6)%7‘%%(; ols 39P0MOMwos 3M33mbgbBHosbo
029% 3 9939m30Lsm30L
0mbvMo 296350 393900L ©OMYONNIdY, doBbmdMm030
Lbombggdo ENIGs) Lobogbol 333m-
995399dBH05b™ds, LoMomeng, Do@co
3603369 ™ dgbsdm 3963 oe-
®mOndwol §6939, &gbogwOMdOL 39390%0-
939 06MHYdS©O Lszombgdo Losmgzol
®30lgd9d0 dwogtHo
90360
0897
A0bMds
063 9905609000 J5MEGH030 | 989JBH0bMds d9Bo©
9399H03900 | BMOINLOMHdS, dogH 5oL 39ML39JGH0Mos
200bLbgEgdo | MY oMgdsEMds, | @sdm3o- PE/Al/PET
PBOM VIO 90990 89350 | s Isboab
©OMYOMGdS dY3M 395 MdsLS ©539300-
00b6w® Lombgbmsb @5 3GmEgbol M9dmmo
99056090000, ©0bs06%Y IMsgz5-
3960L39dBHowo 360560 @odobo-
,003969 30mgzowo A9dobmgzob

0mbmMo Lombggdo s O3> 9339JBH0IMMO  odblbgargdo MM
39630006090 2sdblbgerE®  LoliBgdgdl  FoMdmoagbl,  MMIwgdos
398m0MBg3s  BoEoo  MHYYMEI0MGBIPEMIOMS QS B39 393900l
d0gM0  9x9dB0bmdOom. 0mbMmo Lombggdo MHBMHYBb3gEYMmAls  Fsmogn
99399AH0bMdsLs s MMM LEedOOHMBLL, vYd3ds oo 2odmygbgdsls

990dgds  DBOYIgIL  QOMPRWMgdLs s BHMJLOZNOMBdLMSE

05353300900 Logombgdo.  Mds  9339dBH03MMTs  2odblibgengdds,
MHIgdoE bdoMo dgagds 99ocmqdom 13690900 30033mbBgBEd0LYE,
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QMO0 Jobol Jerm®oo s MmMYsbro 8553900, 583969l Bowsero
99399H096Mds 86350060 Fgnmmzol QobiEem3g3gdsdo s dgdymado
3963005M900L5030L 39MHL3gdE 0 Jods®megds dookbggs (Loukodimou
et al. 2024a, Loukodimou et al. 2024b).

5. 3OBmbesggomo  360836gmmds ©s  Jodormo  3mBAJuGo.
39M908mbEOSE300 M35¢LsBOOLOM, 3969 odblbgargd by Wogwdbadmwo
239635393905 3oLbmdL (3003 Eo  93mbmdozol  3M0obiEo3gdl,
056  FqLodegdgenl boool Wo®madmeo  Boloegdols sAqBal olgmo
BoBgBd0L 65350000, MMIgwms 253 daggds Lbgs Igdmbggzsdo
MoOIE0s.  39mMgMEo  Serdobols  Fomamgds  3603369mmagbo  Bogargd
969600l Imombmgl, 30MY 3003910 SIdobol  FoMdmgds, Mol
390m3  350oo  LobBMegol  sErdobols  sEagbs  A9BLLIMPMGBdOM
Lolo®magdams. 5bseMmy0Mo©, MRMM LMBMs 3ME0IIOHO BMSJ309d0
BMOL 35000 bysbswo 25dmygbgdolis s FoldErmdMmOZ0 35w MmMOB300l
F9L53GdMBGOL.  F3s, 3OMEILOL  FoMGIMLWIE30MO  JBIJBHOBMdS
©53M30q00s 56 Fbmm obEsm303900L 9539dBH0bMdsDBY, sGd9c
259blByol  seEygboli baMolbby, 9bgmamdmblstgdsty, 9dolbogdby s
509600 3MMEJEHJOOL LadsbmMm 453mYgbgdsEMdIBY(3.

00  Go@amdol  360d36gmds  LodoMmzgarmbomgol  s®LgdOMO..
Bohgbgdols domrmn3zol  sMLYdMEo LOLEGHIINOO KIO 30WI3 FOMOMSWOIQ
396m03LgdsBgs MM0gbEH0MdMWO, brmwm OHmwo Jgimzol Bomhgbgdo
00300mo©  goboboggds,  MmamM3  smEagboo  MglmLo.  obgmo
dmfobogg 25053353900 BHgdbmama0gdol  @sbgMAZs,  MIMYMMO(39S
90bLBYbY  @oBdBIONO 36RO 393000, Bgodwrgds by Bgrfigmb
MaLMOLYBIIEBH0BMBOL  AomAxMdYGLGOSL S 9G3OM3ME  FOMIMWSOWIO
930b6m3030lL  BEMoBHIY0gOMb osbaPMgdsl. 53539 O™, 3M9dE0IMEO
569635 LoFOMMYBL SEAOWMBIMOZ 30MMDdYOYY ox3IBYOME BoMBgbYdOL
Qb0 GOL, Lodom@g FolTBHedBY 35C0OE0SL, 0bBRMLLEMYYIE MOl
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