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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/AI/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

their characteristics
g/laterlal. . 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
iﬁi / PE / . Lightweight, interlayer (thin foil
estve Multilayer lossy surface adhesion; or coating)
/ Al (or flexible §108Sy surtace, . > 8)s
metallized laminate high ba.rrler thin Al 1 ayer; polymer
PET) properties contamination fraction (PE,
by food residues | PET)
2. Metallized plastic film (chocolate wrapper — Luppo CakeBite) Confectionery
packaging
Difficult
BOPP/ Shiny metallic | separation Polymer
metallized Al Metallized appearance; due to vapor- recovery more
coating / PE polymer very thin Al deposited feasible than
layer aluminium; low | aluminium
Al content
3. Coffee/tea capsules Beverage packaging (MEAMA)
PP / Al foil Combination Mixed matgrlals, Aluminium
/ multilayer | Rigid of plastic cup Eonftfan}}cna;lon lid recovery;
polymer multilayer and aluminium S(I:Icl)alf zizza ’ polymer cup
and organic composite lid; contains complicates recycling after
residue organic waste sortilr)1g cleaning
4. Pharmaceutical blister packs Medical packaging
High-purity
High barrier Strong bonding; | aluminium
PVC/Alor 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 hi Y

- - ighly valuable
or lacquer) cavities coatings
6. Dairy product lids (yogurt/cream foil lids) Food packaging
. S . Aluminium
Al/PE or Al | Thin foil nghtwelght, Organlc. . recovery;
. easily contamination; A
/ lacquer laminate . limited
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 separzltion' polymer
Al/ PE (similar to fibre + polymer multiple ’ recovery
Tetra Pak + aluminium P 1 possible with
components) material Streams | jvanced
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. Schematicrepresentation 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).
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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

complex systems

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
Eithyl lactate biodegradable, good | temperature and disruption in some
solvency for some longer contact multilayer laminates
adhesives/polymers time
Bio-based, low .
. Slower Promising for
volatility, favorable . :
- action, may polyolefin-rich
Methyl soyate environmental d lamni d ]
rofile. safer ‘need process aminates and gentle
P N intensification | delamination conditions
handling
Renewable Still limited Particularly relevant for
G . platform solvent, larce-scal b _ i
amma ood selectivit arge-scale everage-carton-type
valerolactone & romisin foz’ industrial and multi-component
P 5 evidence packaging

High separation

Cost, synthesis

Strong technical

than many ionic
liquids, promising
green profile

and process
design

Tonic liquids efficiency, negligible co.mplex1t-y,. performance folr
vapor pressure, possible toxicity targeted composite
tunable properties concerns separation
Relatively §1mple Performance
formulation, depends strongly | Highly promising for
De:glslel;:tlc tunable, lower cost 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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Tamizhdurai et al. 2024). 999560360 245053853905 396 *4BOHMb3gEYmRL

50 969900l 989d3H056 2963350393905, GOL FJYRSWIE F0OWYdS OO
©06M0MEgdol dgmgmero dsborgdo, bmwm 30MMm3mw3obyo dbmerme

3505w @Oob 3™ F30900L 50Ib0oL LoF 5 gdL 0dWY3s s GH™M390L semdob-
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HMAMM0355 0bLobYMSE0s 96 ZoHMEobo, Fgmdwos gbgeyool smy9bs
36 89@ogdols BofoermdMogzo s0agbs, mwdEs, Gmamms Hobo, olbobo
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