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Abstract: Multilayer flexible packaging wastes (MFPWs) consist of complex materials
composed of multiple plastic films, which are often laminated with aluminum foil, and
they constitute a large portion of packaging waste. The use of several polymeric layers
is essential to achieve the desired technical and mechanical performance of the packag-
ing; however, this makes layer separation and recycling challenging. Currently, this type
of waste is predominantly incinerated or landfilled; non-industrial recycling processes
have recently been developed, but they mostly rely on traditional solvent-based treat-
ments, which can be problematic. We present a versatile process for recycling MFPWs
using switchable hydrophilicity solvents (SHSs). By treating waste with SHSs through a
temperature-controlled process, we efficiently recovered the polymeric layers as sorted
transparent films, effectively removing all additives while preserving the original proper-
ties of the polymers. Aluminum was recovered as well. N,N-dimethylcyclohexylamine
was the best solvent for the delamination of the 26 different packaging materials tested,
containing polypropylene, polyethylene, polyethylene terephthalate, and aluminum. The
main advantage of this method is the straightforward recovery of the different components
that can be efficiently delaminated and easily removed from the solvent, even from highly
variable input material. Moreover, by exploiting the CO2-triggered switchable behavior
of the solvent, its purification and recovery can be achieved, maintaining its delamination
efficacy over several cycles.

Keywords: switchable solvents; delamination; multilayer flexible packaging waste;
recycling; CO2

1. Introduction
Plastics represent essential and revolutionary materials in modern society because of

their versatility, durability, lightweight, and low cost. Despite the extensive range of appli-
cations, which spans all production sectors, the packaging industry has become one of the
fields most positively impacted by plastic innovation. Nearly 40% of plastic demand comes
from packaging, making it the world’s largest plastics market, valued at USD 454.89 billion
in 2024, with an average annual growth rate of about 4% [1]. Particularly, multilayer flexible
packaging materials (MFPMs) are a hallmark of this innovation, combining the properties
of various polymers, along with non-polymeric components (e.g., paper or aluminum foils),
to create materials with exceptional characteristics, such as strength; barrier properties
against moisture, light, and oxygen; and flexibility. MFPMs currently represent 17% of the
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global film production, and they are primarily used in food, snack, and beverage pack-
aging, accounting for 54% of the total packaging. They also find application in medicine,
health care, chemical packaging, fabrics, and electrical appliances [2]. The most commonly
used polymers are polyethylene (PE), polypropylene (PP), and polyethylene terephtha-
late (PET), followed by polyamide (PA), polystyrene (PS), and polyethylene vinyl alcohol
(EVOH) [3]. Their combination results in materials containing from 2 to 17 polymeric
layers, often with aluminum (Al) foil or powder in between, to improve the mechanical
resistance and oxygen-barrier properties, using different manufacturing technologies (e.g.,
extrusion, coating, or lamination) [4]. Despite numerous technological advantages, the
disposal of plastic waste is becoming an increasingly significant challenge for industrialized
societies, primarily due to its environmental persistence and global distribution, often as
micro- and nanoparticles. In line with circular economy strategies, recycling polymeric
materials is a priority. In Europe, the recycling rate of plastic packaging waste reached
its maximum in 2022, with only 38% of the total 18.5 Mt of collected waste being recy-
cled, while the majority was either incinerated (45%) or landfilled (17%) [1]. A worse
scenario is observed in the US, where landfilling is currently the most common disposal
approach (77% of plastic waste) [5]. The biggest challenges encountered in the recycling
of multilayer flexible packaging wastes (MFPWs) consist of the sorting and separation of
single components, requiring material-selective mechanical or chemical treatments, which
must be efficient at separation, cost-effective, and, at the same time, able to preserve the
initial properties of the individual recycled materials. Solvent treatment, although not yet
implemented in industrial applications, is a useful strategy for separating and recovering
the layers of MFPWs, and the following two main strategies have been proposed [6,7]:
(i) selective dissolution–precipitation and (ii) delamination. The first approach consists of
the use of a solvent able to selectively dissolve specific polymeric components, which can
afterwards be collected by re-precipitation with an anti-solvent. Xylene–isopropanol [8],
toluene–hexane [9] and dichloromethane–methanol [10] combinations have been exploited.
Delamination, instead, involves the dissolution of adhesives and coating layers present in
the material, allowing for the separation of the main polymeric or metallic layers. Solvents
like xylene, acetone, hexane, and ethanol have been used [11].

These methods face several drawbacks, namely, VOC emissions, the toxicity of certain
solvents, and the costly, environmentally impactful process of distilling solvents for their
purification and reuse. These challenges have driven research seeking greener alternatives.
Strategies utilizing alternative, greener solvents have emerged, including processes based
on waste vegetable oil [12], ethylene glycol [13], carboxylic acids [14], deep eutectic solvents
(DESs) [15], biodiesel, cyclopentyl methyl ether, and 2-methyl tetrahydrofuran [16]. Most
of them have lower toxicity and higher biodegradability than traditional organic solvents.
However, in many cases, separation, purification, and recycling are affected by the high
energy demand required for distilling at the solvent’s boiling point (e.g., cyclopentyl methyl
ether and 2-methyl tetrahydrofuran) or by the addition of anti-solvents in the case of com-
pounds that are either non-volatile or have too-low volatility to be distilled (e.g., DES, waste
vegetable oils, and biodiesel). For example, the accumulation of impurities and aluminum
after each delamination cycle, with the consequent need for a purification step with an ad-
ditional solvent, has been reported for DESs; the same holds for biodiesel or vegetable oils,
for which the use of ethanol as an anti-solvent for precipitating the solubilized polymers is
needed. To overcome these issues and minimize the energy requirements of the solvent
recovery process, innovative approaches based on “smart” solvents, such as switchable sol-
vents, have recently been proposed. Particularly, switchable hydrophilicity solvents (SHSs)
are known for their ability to reversibly switch from a non-polar and hydrophobic state to
a more polar, hydrophilic one upon the input of CO2, and this property has mainly been
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exploited in separation and extraction protocols [17–22]. Notably, SHSs permit bypassing
of the energy consumption step in distillation for recovering the solvent, as they can be
readily separated from the polymers and components of the treated sample, as well as easily
purified and reused, through the CO2-triggered switch in polarity. Limited exploitation of
this methodology for MFPWs has appeared in the literature, which, to the best of our knowl-
edge, is often limited to specific classes of materials, such as aseptic packaging made of PE
and aluminum [23] and pharmaceutical blisters [24]. One example of a broader application,
developed by Mumladze et al., in 2018 [25], uses N,N-dimethylcyclohexylamine (DMCHA)
under sonication allowing for the efficient recycling of MFPWs containing PET, Al, and
PE or EVOH, Al, and PE. This method combines both the delamination and solubilization
approaches, requiring an additional step to precipitate the solubilized polymer from the
solvent, resulting in PE recovery after partial degradation and reduced mass weight.

Herein, we explore the use of SHSs for the recovery of PE, PP, and PET, in the form of
transparent polymeric films, and aluminum (when present as foil) from MFPWs, developing
a process entirely based on selective, temperature-controlled delamination. The goal is
to efficiently sort and separate the single components, preserve their intrinsic properties,
and optimize the recycling and reuse of the SHS. Both commercially available and newly
synthesized SHSs are evaluated, and the process is applied to 26 types of MFPWs, also
simulating a model of a mixed-waste scenario as closely as possible to real urban waste.
The separation efficiency, properties of the recovered materials, and solvent recovery and
reuse are thoroughly evaluated.

2. Materials and Methods
2.1. Materials and Waste Collection and Classification

All chemicals/solvents used in this study were obtained from Sigma-Aldrich—Merck
(Darmstadt, Germany) and used without purification (purities ≥ 98%), except for
N,N-dipropylcyclohexylamine, which was synthesized as described in the Supporting
Material, Figure S1.

The MFPW samples were collected from local Italian shops or received from
Itene—Technologic Institute for Packaging, Transport, and Logistics (Valencia, Spain)—and
they consist of packaging for chips, snacks, biscuits, nuts, ice cream, coffee, soup, and
pet food. The samples were classified into three categories according to the types of
polymers present:

• Group 1 (mixture of PP- and Al-based packaging): 9 different packaging materials
containing only polypropylene as a polymeric component and aluminum in the form
of nebulized powder;

• Group 2 (mixture of PET-, PE-, and Al-based packaging): 9 different packaging ma-
terials containing both polyethylene and polyethylene terephthalate as polymeric
components and aluminum in the form of a layer;

• Group 3 (mixture of PET-, PP-, and Al-based packaging): 8 different packaging ma-
terials containing both polypropylene and polyethylene terephthalate as polymeric
components and aluminum in the form of a layer or nebulized powder;

This classification was made possible through a comprehensive characterization of
these materials detailed in our previous work [26] and summarized in the Supporting
Material (Table S1).

2.2. General Procedure for the Delamination of MFPWs with SHSs

The waste sample was cut into small pieces with a scissor (about 1 × 1 cm) and trans-
ferred into a round-bottomed flask equipped with a stirring bar and a water refrigerator
on top. During the solvent screening and method optimization phase, a small scale was
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employed, using 0.04 g of sample (approximately 4 to 5 pieces). For the mixed waste de-
lamination experiments with DMCHA, a larger scale was employed, with sample weights
ranging from 0.1 to about 0.5 g (equivalent to 16–18 pieces), depending on the type of
mixed material. The solvent was added to the flask in a volume corresponding to the
desired sample loading, and the mixture was then heated (for a time and at a temperature
dependent on the type of sample and solvent) while being stirred, according to what is
reported in Tables 1–3. Different sample loadings (1, 1.5, 2, 3, 4, and 5 wt%) were initially
tested (Table S2 in Supporting Materials), and a sample loading of 1 wt% was selected
for the larger-scaled experiments. After the delamination, consisting of the dissolution or
dispersion of sealing and coating layers (clearly observable by noting the change in color
and the increase in opacity of the solution), the floating polymers and aluminum chips or
powder were removed from the solution. For the one polymer type-containing sample,
this operation was performed by filtering the solution through a metallic grid with a mesh
size of 0.1 cm. When treating different polymer type-containing samples, the delaminated
polymers were mechanically removed by flotation (i.e., exploiting their buoyancy due to
the lower density) and separated from the non-delaminated ones; the delamination step of
the remaining sample, followed by recovery through flotation, was then repeated within
the same process cycle at different polymer-specific temperatures. After each step, the
collected single-polymer layers were washed with acetone to remove eventual traces of
SHS, dried in an oven at 50 ◦C, and then weighed. The aluminum powder on the filter or
the collected aluminum flakes were also washed with acetone, dried, and weighed.

2.3. General Procedure for SHS Recycling

After the delamination was completed, the remaining solution, containing the solvent
with dissolved inks and additives, was cooled at room temperature and water was added
at a 1 to 1 v/v ratio. After cooling the mixture at 0 ◦C with an ice bath, CO2 was blown into
the biphasic mixture using a needle connected to a CO2 cylinder. After 0.5 h (small scale)
or 1 h (larger scale), a single solvent phase was obtained with the separation of a distinct
upper layer with a sludge consistency and a dark color, containing inks and other additives.
The two layers were separated using a separatory funnel. Finally, the back-switch of the
water/solvent phase was performed by heating to approximately 70 ◦C for 1.5 h (small
scale) or 2 h (large scale) under vigorous stirring, with a water refrigerator placed on top
of the system. After the reformation of the biphasic water/solvent system, the water was
separated and set aside for reuse in the next cycle. A new delamination cycle was then
carried out using the recycled solvent and the method described above.

2.4. Analyses of Recovered Materials and SHSs

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) on the
recovered polymeric films (PET, PE, and PP) were performed, using manually delaminated
samples as a comparison.

Thermogravimetric analysis was carried out using a TGA thermogravimetric ana-
lyzer (TA Instruments, New Castle, DE, USA) the high-resolution mode (Hi-Res™) from
room temperature to 700 ◦C, at a heating rate of 50 ◦C/min and a resolution index of 4,
under airflow.

Thermal transitions were measured using a differential scanning calorimeter (DSC
Q2000; TA Instruments) equipped with a refrigerated cooling system (RCS). Samples, under
nitrogen flow, were subjected to a first heating scan at 20 ◦C/min from −90 to 220 ◦C for
the PE and PP samples and to 285 ◦C for the PET. The samples were then cooled to −90 ◦C
at 10 ◦C/min and a second heating scan was applied. The glass transition temperatures (Tg)
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were determined at the midpoint of the step-change in the DSC trace. Melting temperatures
(Tm) were determined at the minimum of the most prominent endothermic melting peak.

Fourier transform infrared spectroscopic analysis (FTIR) was carried out on the re-
covered polymers (PET, PE and PP) using an FT-IR ATR Agilent (Santa Clara, CA, USA)
Cary 630 spectrometer, with manually delaminated samples as a comparison.

Elemental analysis (CHNS) was conducted on recovered aluminum flakes using an
elemental analyzer (Thermo Scientific, Walthman, MA, USA; Flash2000, Organic Elemental
Analyzer) through the flash combustion technique.

The 1H NMR analysis carried out on the recovered DMCHA was recorded on a Varian-
Agilent (Santa Clara, CA, USA), Varian 400 (400 MHz) spectrometer. Chemical shifts are
reported in ppm from the TMS, with the residual protonated solvent resonance as the
internal standard, as follows: deuterochloroform (CDCl3) = 7.26 ppm.

3. Results and Discussion
3.1. SHS Screening in MFPW Delamination

Various SHSs (Figure 1) were initially evaluated through qualitative experiments
to assess their delamination efficacy and recoverability. All of them have a switch-
able hydrophilic behavior triggered by CO2, since they can be reversibly converted
into a highly water-soluble ammonium salt when CO2 is added and return to a neu-
tral, less hydrophilic or hydrophobic form after CO2 removal (Figure 1 and Figure S2
in Supporting Material). The tested solvents included tertiary amines—triethylamine
(TEA); N,N-diisopropylethylamine (DIPEA), N,N-dimethylcyclohexylamine (DMCHA),
N,N-dipropylcyclohexylamine (DPCHA), and triethanolamine (TEOA); secondary
amines—dicyclohexylamine (DCHA), diisopropylamine (DIA), and di-sec-butylamine
(DSBA); and amidines—1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).

Separations 2025, 12, x FOR PEER REVIEW 5 of 13 
 

 

temperatures (Tm) were determined at the minimum of the most prominent endothermic 

melting peak. 

Fourier transform infrared spectroscopic analysis (FTIR) was carried out on the re-

covered polymers (PET, PE and PP) using an FT-IR ATR Agilent Cary 630 spectrometer, 

with manually delaminated samples as a comparison. 

Elemental analysis (CHNS) was conducted on recovered aluminum flakes using an 

elemental analyzer (Thermo Scientific, Flash2000, Organic Elemental Analyzer) through 

the flash combustion technique. 

The 1H NMR analysis carried out on the recovered DMCHA was recorded on a Var-

ian 400 (400 MHz) spectrometer. Chemical shifts are reported in ppm from the TMS, with 

the residual protonated solvent resonance as the internal standard, as follows: deutero-

chloroform (CDCl3) = 7.26 ppm. 

3. Results and Discussion 

3.1. SHS Screening in MFPW Delamination 

Various SHSs (Figure 1) were initially evaluated through qualitative experiments to 

assess their delamination efficacy and recoverability. All of them have a switchable hy-

drophilic behavior triggered by CO2, since they can be reversibly converted into a highly 

water-soluble ammonium salt when CO2 is added and return to a neutral, less hydrophilic 

or hydrophobic form after CO2 removal (Figure 1 and Figure S2 in Supporting Material). 

The tested solvents included tertiary amines—triethylamine (TEA); N,N-diisopro-

pylethylamine (DIPEA), N,N-dimethylcyclohexylamine (DMCHA), N,N-dipropylcyclo-

hexylamine (DPCHA), and triethanolamine (TEOA); secondary amines—dicyclohexyla-

mine (DCHA), diisopropylamine (DIA), and di-sec-butylamine (DSBA); and amidines—

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). 

 

Figure 1. (a) CO2-triggered conversion of a generic switchable solvent–water mixture; structures and
physical properties of various switchable solvents—(b) tertiary amines, (c) secondary amines, and
(d) amidines—tested during the delamination process.



Separations 2025, 12, 45 6 of 12

The results, as presented in Table 1, are based on the following three representative
waste samples with different compositions:

• Sample A: “Gran Cereale®” biscuits packaging, containing only PP as polymeric
material and Al powder between the layers;

• Sample B: “PericaffTM” coffee bag, with PE and PET as polymeric materials and an Al
foil between these two layers;

• Sample C: “Oreo®” biscuits packaging, where PP and PET are the polymers with Al
powder between the layers.

Table 1. Delamination results of different SHSs tested on the three samples.

Entry SHS Sample T (◦C) 1 Time (h) 2 Delamination 2,3

1 TEA A 80 5 Incomplete

2 TEA B 40
80

0.5
4

Yes
No

3 TEA C 80 4 Incomplete
4 DIPEA A 90 5 Incomplete

5 DIPEA B 40
130

0.5
4

Yes
No

6 DIPEA C 90 4 Incomplete
7 DMCHA A 80 2 Yes

8 DMCHA B 40
130

0.25
2

Yes
Yes

9 DMCHA C 90 2 Yes
10 DPCHA A 90 5 Incomplete

11 DPCHA B 40
130

0.5
4

Yes
Yes *

12 DPCHA C 90 4 Incomplete
13 TEOA A 90 3 Incomplete

14 TEOA B 40
130

0.5
4

Yes
No

15 TEOA C 90 3 Incomplete
16 DBU A 75 3 Yes

17 DBU B 40
130

0.5
4

Yes
Yes

18 DBU C 90 4 Yes
19 DCHA A 90 4 Yes

20 DCHA B 40
130

0.5
4

Yes
Yes *

21 DCHA C 90 4 Yes
22 DIA A 80 5 No

23 DIA B 40
80

0.5
4

Yes
No

24 DIA C 80 4 No
25 DSBA A 90 5 No

26 DSBA B 40
130

0.5
4

Yes
No

27 DSBA C 90 4 No
1 When two values are reported, the second refers to the successive treatment of the sample at a higher T. 2 When
two values are reported, they refer to the first treatment at a lower temperature (for performing PE delamination)
followed by a second treatment at a higher temperature (for performing PET delamination). 3 “Yes” corresponds
to total delamination and transparency of the sample; “Incomplete” refers to partial detachment of the layers or
delamination of part of the total number of sample pieces; “No” indicates no delamination. * Inks retained on
the films.

The initial screening revealed that the three solvents were able to delaminate all of
the following materials: DMCHA, DBU, and DCHA. DMCHA led to the best results in
the shortest time (entries 7–9), providing transparent films, while the films recovered from
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sample B through DCHA still retained the inks. The amidine DBU displayed comparable
results in a slightly longer delamination time than DMCHA (entries 16–18). On the other
hand, the secondary amines DIA and DSBA (entries 22–27) performed the worst among the
tested solvents; no layer separation was obtained for samples A and C and only a partial
delamination was observed for sample B. The TEA (entries 1–3), DIPEA (entries 4–6),
DPCHA (entries 10–12), and TEOA (entries 13–15) performed slightly better than DIA and
DSBA on samples A and C, as partial delamination was achieved, but worse than DMCHA,
DBU, and DCHA. It was evident that additives, glues, and inks were better dissolved
by tertiary amines of average lipophilicity (log p-value of around 2) and boiling points
much higher than the delamination temperatures (>160 ◦C vs. a working temperature
of 90–130 ◦C). Compounds that were too lipophilic or hydrophilic, like DPCHA (log
p-value of 4.3) or TEA and TEOA (log p-values of 1.5 or −1), respectively, or amines
with boiling points that are too low like DIPEA (b.p. of 127 ◦C) did not work efficiently.
Indeed, temperature was a crucial parameter for the efficiency of the process, as follows:
polyolefins were delaminated between 40 and 50 (PE) and 80 and 90 ◦C (PP), while PET was
delaminated at 130 ◦C. The limitations associated with the boiling points of the solvents
explain the reduced effectiveness observed with low-boiling-point (<130 ◦C) solvents in
treating samples B and C, containing PET.

In addition to the recycling of the packaging waste components, the possibility of recov-
ering and recycling the solvent by exploiting the CO2-triggered conversion (as previously
shown in Figure 1) was also evaluated. According to the best results in the delamination,
three solvents were selected for the recyclability test: DMCHA, DCHA and DBU. After
completing a delamination cycle using the representative sample B, the solvents underwent
both the “switch” (i.e., addition of CO2) and “back-switch” (i.e., removal of CO2) processes
(see the general procedure outlined in Section 2.3). The results of the recovery are presented
in Table 2.

Table 2. Recycling experiments of the most efficient delaminating solvents.

SHS * Switch Time (h) Back-Switch Time (h) Solvent Recovery (%) Additive Separation

DMCHA 0.5 1.5 89 Yes
DCHA 0.25 1.5 95 No
DBU 0.2 4 - Yes

* 5 mL with 1 wt% sample loading.

DMCHA was highly recyclable, allowing for complete separation from the additives
and a solvent recovery of 89%. The loss of 11% is mostly attributed to evaporation and the
small-scale of the experiments. It is foreseeable that using a properly engineered apparatus
could strongly improve this drawback. DCHA exhibited a shorter switch time and a higher
solvent recovery rate, likely due to its lower volatility and poor water solubility. However,
the separation from the additives and effective solvent recycling was not successful; indeed,
during the switch phase, the high polarity form of the solvent turned into a solid salt that
was insoluble in water, even when the water volume was doubled. Additives precipitated
as a solid sludge, and their separation from the solid salt was challenging. Although the
neutral liquid form of the solvent could be restored, partial re-solubilization of the additives
occurred, preventing the recovery of a clean solvent. Regarding DBU, a very rapid reaction
with CO2 was observed, thanks to its higher basicity compared to amines. However, the
back-switch was ineffective even with the extended time; the neutral DBU could not be
restored under standard conditions. While the combination of DBU/1-octanol is a well-
known switchable solvent system [27], the mixture of DBU/water was not reversible upon
the addition and removal of CO2; thus, it was ultimately discarded.
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DMCHA was selected as the best delaminating solvent and investigated over multiple
MFPW delamination cycles. Specifically, successive delamination tests using the recycled
solvent were conducted on sample B, demonstrating that solvent C be recycled without
any loss of delamination efficiency for up to seven cycles (Table S3 in Supporting Material).

3.2. Delamination of Model Mixed-Waste Samples with DMCHA

DMCHA was tested in the delamination for the more representative and complex
sample systems, Groups 1, 2, and 3 (see Section 2.1 for sample details), each consisting of
mixtures of different packaging types of MFPWs having the same composition. Addition-
ally, a further experiment was conducted on a sample composed of a mixture of all the
samples from the three groups (MIX). Only clean and additive-free (i.e., transparent) recov-
ered layers were weighted and evaluated for the results. The solvent recycling was also
performed using the switch/back-switch procedure. The results and details are presented
in Table 3.

Table 3. Delamination results of different composition model mixed samples with DMCHA.

Sample Temperature,
Time

Initial Sample
Weight (g)

Clean Recovered
Polymers Weight

(Type) (g)

Clean Recovered
Al (g)

Overall Material
Recovery (%) * Solvent Recovery (%)

Group 1
(PP/Al) 90 ◦C, 2 h 0.130 0.095 (PP) 0.006 78 95

Group 2
(PE/Al/PET)

50 ◦C, 0.5 h
130 ◦C, 2 h 1 0.417 0.175 (PE)

0.075 (PET) 0.018 64 89

Group 3
(PP/Al/PET)

90 ◦C, 1 h
130 ◦C, 2 h 1 0.205 0.061 (PP + PET) 0.006 33 90

MIX
50 ◦C, 0.5 h
90 ◦C, 1 h 1

130 ◦C, 2 h 2
0.559 0.088 (PE)

0.136 (PP + PET) 0.024 44 92

* Obtained as a percentage of the initial sample weight. 1 Temperature and time of the second delamination step.
2 Temperature and time of the third delamination step.

Delamination of the polymeric layers and aluminum was successfully achieved for
all of the systems evaluated, accompanied by excellent solvent recovery. Notably, the best
results were obtained with the samples in Group 1, where 78% of the material was recycled
along with 95% of the solvent, and with the samples in Group 2, achieving a 64% material
recovery and 89% solvent recovery. In the case of the samples in Group 3 and MIX, the
delamination was successful, but, in some cases, the recovered layers retained some inks,
additives, or aluminum powder, and these are not included in the reported recovery results.
However, the solvent’s recovery remained at higher than 90%. Moreover, the residues
could be removed by mechanically scratching the surface of the “dirty” films, confirming
the potential and versatility of this delamination strategy, even for very complex mixed
samples, similar to actual plastic waste. It is worth underlining that this method enables
the selective delamination of the different polymers present in the materials by carefully
controlling the temperature of the process; PE was always delaminated at 50 ◦C, followed
by PP at 90 ◦C and by PET at 130 ◦C (except for materials containing PET and PP with Al in
the powder form, where delamination occurs simultaneously). This allows for the sorting
of the recovered material flows instead of the production of a plastic mix that is difficult
to reuse.

Figures 2 and 3 show pictures of the materials separated and collected after delamination
and the appearance of the solvent during the process and the recovery phases, respectively.
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3.3. Characterization of Recovered Materials

Qualitative and quantitative analyses were carried out to determine both residual
solvent and possible degradation of the recovered polymers. Thermal analyses of the
recovered samples were compared with the corresponding reference samples. Calorimetric
data, determined by DSC (2nd heating scan), are reported in Table 4, and the corresponding
DSC curves are shown in Figure S2 in the Supporting Material.

Table 4. Thermal properties of the recovered PE, PET, and PP, as determined by the TGA and DSC
analyses. The PE, PET, and PP references correspond to the untreated reference samples.

Sample Tg (◦C) Tm (◦C) ∆Hm (J/g)

PE recovered n.d. * 111 123
PE reference n.d. * 111 121

PET recovered 80 247 47
PET reference 78 252 48

PP recovered −11 163 90
PP reference −8 161 80

* n.d. = not detectable.
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Thermal transitions (Tg and Tm) and melting enthalpies (∆Hm) of the recovered PE,
PET, and PP samples were found to be almost identical to the corresponding reference,
confirming the identity of each material and indicating that the delamination with the
solvent did not alter their thermal properties.

The thermal degradation profiles (TGA curve reported in Figure S3 in the
Supporting Material) of the recovered PE, PP, and PET films strongly overlap with those of
the corresponding reference samples. This suggests that the recovered materials were not
subjected to a previous degradation phenomenon possibly occurring during the recovery
steps. In the case of the recovered PET sample, a small weight loss of approximately 2 wt%
was noted at ca. 160 ◦C, corresponding to the boiling point of DMCHA, suggesting an
almost negligible solvent contamination. This weight loss was not observed in the TGA of
the PE and PP samples.

The FTIR-ATR analysis of the recovered polymers demonstrated full correspondence
with the reference polymers (Figure S4 in Supporting Material).

Elemental analysis (CHNS) performed on the recovered aluminum flakes to determine
the solvent contamination revealed a nitrogen content of 0.55 wt%, corresponding to a
residual amount of DMCHA between 3 and 4 wt%.

Finally, 1H NMR analysis confirmed that the recovered DMCHA showed no contam-
inants or alterations after the process (Figure S5 in Supporting Material), apart from the
residual water solubilized during the recovery phase (the water solubility in DMCHA at
20 ◦C is about 21.4 wt%) [28].

4. Conclusions
This study has demonstrated the potential of developing an efficient and versatile

process for the delamination and recycling of a wide variety of multilayer flexible plastic
wastes (MFPWs) using switchable solvents. Through method optimization, DMCHA
emerged as the most effective solvent for delamination compared to other tertiary and
secondary amines and amidines, likely due to its favorable chemical and physical properties.
It exhibited high delamination efficiency for all tested materials, regardless of type, together
with optimal recyclability.

A key advantage of this approach is the ability to sort different polymeric layers
during the delamination process. Effective sorting of all types of MFPWs containing Al in
the form of foil is always possible, exploiting the polymer-specific temperature step. With
mixed material inputs, PE layers can always be consistently separated from PP and PET by
implementing an initial treatment at 40 ◦C. However, sorting PP and PET after delamination
is only partially successful. For samples containing aluminum foils, separation is efficiently
achieved, because PP delaminates from Al at 90 ◦C and PET at 130 ◦C. On the other hand,
when aluminum is in the powder form, the sealing and coating layers require solubilization
at 130 ◦C, leading to the simultaneous delamination of both polymers. Either way, post-
process identification using infrared (IR) analysis can be employed to readily distinguish
and separate PET from PP.

Despite these minor refinements, the method proves to be highly efficient and practical,
offering a general strategy that ensures effective recycling of waste materials and low-
energy solvent recovery. This aligns seamlessly with a circular economy model, promoting
a sustainable and resource-efficient solution for recycling one of the most produced and
challenging plastic wastes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations12020045/s1, Figure S1: General procedure for the synthesis of
N,N-dipropylcyclohexylamine and characterization; Figure S2: Chemical structures of the switchable
solvents before and after CO2 addition; Figure S3: DSC curves of the recovered polymers and the

https://www.mdpi.com/article/10.3390/separations12020045/s1
https://www.mdpi.com/article/10.3390/separations12020045/s1
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corresponding references—(a) PE; (b) PET; (c) PP; Figure S4: TGA curves of the recovered polymers
and the corresponding references. (a) PE; (b) PET; (c) PP; Figure S5: FTIR spectra of the recovered
polymeric layers and the corresponding references—(a) PE reference; (b) PE recovered; (c) PET
reference; (d) PET recovered; (e) PP reference—(f) PP recovered; Figure S6: 1H NMR spectrum of
recovered DMCHA after the switch and back-switch procedures. Table S1: Classification and features
of the three waste categories treated; Table S2: Delamination of sample B with DMCHA varying the
sample loading; Table S3: Delamination of sample B with recycled DMCHA.
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