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Abstract
Polymer-laminated metals are widely used in the packaging industries due to their flexibility of applications, superior 
properties, and relatively lower cost. Despite the advantages accomplished by the polymer–metal multilayer packag-
ing materials, the recycling is a very difficult task due to the complexities of multimaterial intrinsic behaviors during 
the processing of cast-off materials. This study represents an innovative and sustainable way of recycling polymer-
laminated aluminum packaging (PLAP) materials (postconsumer food packaging) into high-quality aluminum and a 
potential source of high-energy hydrocarbon gases and particulate carbon coproducts. Both sides of the aluminum foil 
of the packaging were laminated by two different polymers (polyethylene terephthalate, and polypropylene). Volatiles 
from the PLAP materials were eliminated by the thermal disengagement technology at 400–650 °C (5–30 min) with and 
without an inert gas supply. The volatiles evaporated from the PLAP materials were about 32%, and the rest 68% were 
aluminum (~ 65%) and carbon (~ 3%) from the decomposition of the polymers. The oxidation behavior of the surface of 
the recycled aluminum was studied by XRD, XPS, and elementary mapping, and a nanoscale oxidized surface was found 
in both inert and air atmospheric TD. The purity of the aluminum was measured above 98% by two different methods 
(LIBS and ICP-MS). The gaseous products released in TD were detected as high energy-carrying hydrocarbon,  CO2, CO, 
 H2,  H2O, and few other gases observed by real-time monitoring. The clean gases released in TD might be utilized upon 
reforming into  CH4 or  H2 by further processing or as it turns out might be utilized as a source of heat energy for other 
applications. Carbon found from the decomposition of the hydrocarbons can be another useful element of this study. 
This recycling process offers an economically and environmentally feasible recycling strategy for a complex multilayer 
polymer–metal packaging waste.
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1 Introduction

Aluminum has a versatile application in packaging from 
food and beverage to medicines, lids, capsules, wraps, 
foils, trays, aerosol, and liquid containers, and other packs 
and cartoons. Aluminum packaging offers excellent physi-
cal and chemical properties including improved corrosion 
resistance, impermeability to ultraviolet rays, light, oxygen, 
water vapor, oils, and microorganisms [1]. In the case of 
sensitive products packaging, aluminum is nontainting, 

nontoxic, hygienic and retains the flavor and freshness of 
the products by protecting them from the external influ-
ences [2]. Moreover, the recycling of aluminum is easier 
because it only consumes 5% of energy and emits only 
5% of greenhouse gases compared to the production of 
primary aluminum [3]. Though the lightweight, flexibility, 
and other chemical and physical properties of aluminum 
are suitable for packaging, the mechanical strength is not 
enough for thinner aluminum foil or sheet.
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Polymer lamination on the aluminum can provide bet-
ter protection to permeation of water vapor, light, gas, and 
ultraviolet rays, as well as improved flexibility for the pack-
aging of sophisticated products which is difficult to find 
from a single metallic packaging system. Polymer lamina-
tion on the metal could be favorable for having superior 
mechanical strength, though it could be slightly badly 
arranged in connection with a few other properties, for 
example, permeability and transparency [4, 5]. Sometimes, 
the single-layer polymer film cannot serve the appropri-
ate purpose of lamination; thus, the industries need to 
develop multilayer film by co-extrusion or lamination tech-
niques. These physical procedures can combine numerous 
polymers with superior physical, chemical, and mechanical 
properties [6, 7].

Regardless of the advantages accomplished by utiliz-
ing the multilayer films, the reusing and recycling of such 
sort of material are extremely troublesome. The grouping 
and separation procedures of these multilayer films are 
hard undertaking because of the polymer likeness. Extru-
sion recycling of the multilayer polymer films containing 
incompatible polymer for extrusion is very difficult [8–10]. 
For example, polyethylene terephthalate (PET) requires a 
higher temperature for extrusion compared to the other 
types of polymers, such as polypropylene (PP) and poly-
ethylene (PE). Multilayer polymer–aluminum packaging 
materials may find difficulties in reshaping and reusing 
all the associated materials due to their inherent varia-
tions in the properties at different conditions. Neverthe-
less, the heating value of polymer-laminated aluminum 
packaging (PLAP) materials could be higher than that of 
biomass because the polymers are mainly composed of 
carbon and hydrogen [11, 12]. The purpose of this study is 
to convert the polymers-laminated aluminum packaging 
materials into the form of useful solid material and a form 
of energy by avoiding the integrated complexities of the 
other recycling processes.

Several mechanical and chemical processes have been 
practiced for the separation of polymers and recovering 
the metallic substrate from the polymer-laminated metal-
lic packaging materials [13]. The most useful chemical pro-
cesses for depolymerization are hydrolysis, glycolysis, and 
alcoholysis where the depolymerization happens in acidic, 
basic, or alcoholic solvents [14–18]. But in these processes, 
the loss of metallic parts from the packaging cannot be 
controlled. Some other technologies like gasification, 
molten-salt technology, and pyrolysis with oxygen-free 
activity could isolate important metals or balance out the 
substantial metals in waste materials treatment processes 
in the temperature range from 600 to 800 °C [19–22].

Metal recovery and polymer removal from the pol-
ymer-laminated metal packaging (PLMP) significantly 
depend on the thermal disengagement atmospheres 

and the processing temperatures. In the oxygen-
enriched atmosphere, a certain fraction of aluminum will 
react with atmospheric oxygen and an oxide layer will 
form on the surface of the aluminum [23]. An exothermic 
reaction happens while the aluminum reacts with oxy-
gen as shown in Eq. 1 (molar enthalpy for the oxidation 
1675.7 kJ/mol [ ΔH0

298K
 ]) [24]:

On the other hand, to recover aluminum from the 
polymer-laminated packaging without significant oxi-
dation an oxygen-free inert atmosphere is an important 
condition where minimization of oxygen can be main-
tained by the continuous supply of inert gas. Limited 
works have been performed on the recovery of postcon-
sumer polymer-laminated metallic packaging due to the 
difficulties in separation of polymers from the metallic 
substrates.

This work introduces a sustainable way of microre-
cycling polymer-laminated aluminum packaging (PLAP) 
material by thermal disengagement technology (TDT) in 
an inert and air atmospheric conditions. Microrecycling 
discovers the effect of transformation temperature and 
time for the waste material, in this case, polymers and 
aluminum separately. This technology enables multiple 
reactions to harness the selective synthesis of pure alu-
minum without smelting it which has laid the founda-
tions for the development of novel pathways to generate 
aluminum and cleaner gases from waste, using selective 
thermal transformations.

The innovative approach of TDT recycles the high-
quality aluminum comparatively at a lower temperature 
without smelting. There is no metal loss in this process 
which makes the process sustainable for the environ-
ment and world reserve of aluminum. Aluminum can 
easily be separated from the carbon coproducts and 
collected for other applications upon further process-
ing. In the TDT, hydrocarbon gases along with the other 
gases (CO,  CO2,  H2, etc.) produced from the decomposi-
tion of the polymers at elevated temperatures help to 
minimize the oxidation of aluminum as well as they can 
be reformed into useful fuel gases  (CH4,  H2). The clean 
gases in TDT can also be utilized as the source of heat 
energy for other work cycles. Complete utilization of all 
the products’ outcome from the TDT of waste polymer-
laminated aluminum packaging materials makes the 
recycling technique commercially viable, practically 
significant, and environmentally friendly.

(1)4Al + 3O2 = 2Al2O3
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2  Materials and methods

2.1  Materials

Postconsumer coffee pods were collected from local cof-
fee shops and manually shredded into smaller pieces to 
separate coffee grounds and the packaging materials. 
Photographs shown in Fig. 1 represent the outside and 
inside view of the coffee pods.

The coffee pods were made of aluminum foil lami-
nated by different polymers on both sides. The type of 
laminated polymers was identified by Fourier-transform 
infrared spectroscopy (Spotlight 400 FTIR, PerkinElmer). 
The system includes several productivity features and 
tools, and an incorporated attenuated total reflectance 
(ATR) system enables the collection of high-resolution 
data to envision the composition of the materials based 
on the FTIR spectral data. A most comprehensive search 
tool Thermo Scientific™ Spectral ID was used to identify 
the functional group and the type of the polymers lami-
nated on the aluminum foil.

Thermogravimetric analyzer (TGA, STA8000, Perki-
nElmer) was used to investigate the thermal degradation 
behavior of polymer-laminated aluminum packaging 
(PLAP) materials in a nitrogen atmosphere with a con-
tinuous supply at 20 ml/min. The samples were heated 
in the heating chamber of the TGA from atmospheric 

temperature to 800 °C at a heating rate of 20 °C/min. 
To understand the thermal decomposition kinetics of 
the coffee pods and analyze the gas evolved during the 
combustion of the polymers, a Fourier-transform infra-
red spectroscopy coupled with TGA (TGA-FTIR, Spectrum 
100, PerkinElmer) was used and real-time monitored dur-
ing the process. The resolution of the infrared spectrum 
was 4 cm−1, and the range of the absorbance spectrum 
was 650–4000 cm−1.

2.2  Summary of the thermal disengagement

The thermal disengagement of the waste PLAP materials 
was conducted in a horizontal tube furnace (HTHTF50, 
ABB) with a time variation from 5 to 30 min at the tempera-
tures 400–650 °C as mentioned in Table 1. The inert atmos-
phere was created by a continuous supply of argon (1 L/
min) into the heating chamber of the furnace. Also, the 
thermal degradation behavior of the PLAP materials was 
analyzed in the same furnace in atmospheric condition 
at a temperature of 600 °C without any inert gas supply. 
To ensure the reproducibility of the experiments, similar 
process parameters were maintained and the experiments 
were repeated five times.

To analyze the released gas from the waste PLAP materi-
als during TD, another horizontal tube furnace (HTF7060, 
Radatherm) was used. The furnace was coupled with an IR 
gas analyzer (AO2020, Advance Optima, ABB) to monitor 

Fig. 1  Coffee pods: a outside 
(colored), b inside (transpar-
ent)

Table 1  Summary of the 
experimental details with 
samples ID

Time (min) Temperatures (argon atmosphere) and sample ID Air

400 °C 450 °C 500 °C 550 °C 600 °C 650 °C 600 °C

5 400A 450A 500A 550A 600A 650A 600P
10 400B 450B 500B 550B 600B 650B 600Q
15 400C 450C 500C 550C 600C 650C 600R
20 400D 450D 500D 550D 600D 650D 600S
30 400E 450E 500E 550E 600E 650E 600T
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the amount of CO,  CO2, and  CH4 gases released from the 
treatment in the furnace. Emission characteristics of the 
polymers during the thermal degradation were estimated 
by the recorded gas emission quantities. After the treat-
ment of PLAP materials at different conditions, the metallic 
part and the carbonaceous coproducts were collected for 
further analysis.

2.3  Characterization techniques

Aluminum and solid coproducts collected from the ther-
mal disengagement process were characterized by X-ray 
diffraction system (Empyrean, PANalytical) with cobalt 
anode. Chemical state and elemental estimation on the 
surface of the recycled aluminum were observed by 
Thermo ESCALAB250Xi X-ray photoelectron spectrometer 
(XPS) which have the depth profile and elemental imag-
ing capability with aluminum Kα X-ray source. The surface 
morphology and elemental analysis of the aluminum sur-
face and solid coproducts were carried out by field emis-
sion electron microscopy (Nano SEM 450, FEI Nova) and 
energy-dispersive spectroscopy (SDD-EDS, Bruker).

The TEM sample was prepared using a dual-beam FIB 
(FEI xT Nova NanoLab 200, USA). At first, a strip for the TEM 
specimen of about 1 micron in width was made by milling 
two trenches at higher beam current. Then, further mills 
were performed to narrow down the thickness of the spec-
imen and to make it electron transparent (less than about 
100 nm). This was performed with a lower beam current 
around 100 pA. Finally, the sample was tilted to cut off the 
TEM specimen from the rest of the sample. The milled TEM 
sample was then lifted out with a micromanipulator and 
placed on a carbon-coated copper grid for TEM observa-
tion. The microstructure and elemental composition of the 
sample were observed using a TEM equipped with a field 
emission gun (Philips CM 200, the Netherlands).

The percentage of carbon associated with the thermo-
disengaged PLAP materials was estimated by Leco CS230 

carbon and sulfur analyzer by the infrared spectroscopy of 
the combustion products containing carbon dioxide and 
carbon monoxide. The quality and composition of the 
recycled aluminum were analyzed by the laser-induced 
breakdown spectroscopy (LIBS Analyzer, SciAps, AXT) and 
inductively coupled plasma mass spectroscopy (ICP-MS) 
techniques.

3  Results and discussion

3.1  Characterization of waste packaging materials

To identify the type of the polymers laminated on both 
sides of the metallic packaging material, Fourier-transform 
infrared spectroscopy (FTIR) was utilized. The outlook of 
the coffee pods is different from outside (colored side) and 
inside (transparent side), and the types of polymers identi-
fied on two sides are different. The polymer laminated on 
the transparent side is polypropylene (PP), and polyethyl-
ene terephthalate (PET) is laminated on the colored side of 
the PLAP materials in this study (shown in Fig. 2a).

To understand the metal–polymer lamination thick-
ness of the coffee pods, the cross section was subjected 
to the scanning electron microscopy (SEM) with energy-
dispersive spectroscopy (EDS mapping). From Fig.  2a, 
the thickness of the transparent side, aluminum in the 
middle, and the colored side was measured by Image J 
software (~ 15.26 µm, ~ 28.55 µm, and 15.41 µm) and the 
mass percentage was calculated based on the density of 
PP = 12.11%, Al = 67.62%, and PET = 20.27% where the 
density of polypropylene (PP) and polyethylene tereph-
thalate (PET) was taken as 0.95 g/cc [25, 26] and 1.50 g/cc 
[27]. Figure 2b represents the elemental mapping of the 
metal–polymer interface of the waste coffee pod, where 
a trace of silicon was observed between the polymer and 
aluminum.

Fig. 2  a Cross section of the 
coffee pod showing the thick-
ness of different sections, b 
EDS mapping of the metal–
polymer interface
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3.2  Thermal characteristics of the coffee pods

3.2.1  Thermogravimetric analysis of PLAP

Waste polymer-laminated aluminum packaging (PLAP) 
was subjected to thermal degradation in a thermo-
gravimetric analyzer to understand the behavior of the 
polymers at elevated temperature, activation energy, 
frequency factors and complete decomposition fac-
tors. The waste packaging was subjected to the heating 
from atmospheric temperature to 800 °C at a heating 
rate of 20 °C per minute in a nitrogen atmosphere. Fig-
ure 3 represents the thermogravimetric analysis (TGA), 
derivative thermogravimetry (DTG), and heat flow 
behavior of the polymer-laminated aluminum packag-
ing (PLAP) materials. Thermogravimetric analysis (TGA) 
represents the double-stage degradation characteris-
tics of PLAP at 300–390 °C with a slope of the region 
− 0.01714 ± 6.9103e−5 and at 390–510 °C with a slope of 
the region − 0.28546 ± 5.8652e−5. The derivative of the 
TGA curve denoted by DTG clearly represents a single 
peak at 450 °C which signifies the ultimate disintegra-
tion temperature of the polymers. The PLAP contains two 
different polymers, polypropylene (PP) and polyethylene 
terephthalate (PET). Pure polypropylene decomposes 
at 300–450 °C with a DTG peak at around 410 °C [28, 
29], and polyethylene terephthalate degrades relatively 
sharply at 400–480 °C with a DTG peak at around 440 °C 
[30, 31]. It can be assumed that the initial degradation 
can be attributed by PP and the followed degradation 
by PET polymers. The weight loss in the whole process 
was measured as 30.014%. Two endothermic processes 
can be observed at the temperatures ~ 450 °C and 675 °C 
in the degradation of PLAP due to the decomposition 
of polymers (PP and PET) and the melting of aluminum 
represented by the heat flow characteristic curve.

3.2.2  Thermal degradation kinetics of PLAP

Kinetic parameters in the thermal degradation of polymers-
laminated metallic packaging materials can be correlated 
with the absolute temperature (Ta) and the heating rate (α) 
in the nonisothermal analysis [32] and can be written as:

where Ti is the initial temperature and t is the time. The rate 
of specific reaction can be written as:

where β is the extent of conversion in the range of 0–1 and 
it can be written as:

where Wo is the initial mass, Wt is the instant mass, and Wr 
is the residual mass. The combination of Eqs. 2 and 3 can 
be written as:

It is considered that the rate d�
dt

 depends on the β and 
the factor q depends on the temperature of degradation of 
polymers in the isothermal process. This dependency can be 
described by the Arrhenius law:

where A is the pre-exponential factor and E is the activa-
tion energy and R is the universal gas constant [R = 8.3145 J 
 K−1  mol−1]. Combining Eqs. 6 and 7, the following equation 
can be drawn:

For nth-order reaction, the function f (�) can be written as:

Combining Eqs. 8 and 9, the equation for nth-order reac-
tion can be drawn as:

Equation 10 can be called a differential method. To find 
out the kinetic parameters for thermal decomposition of 
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Fig. 3  TGA, DTG, and heat flow characteristics of PLAP
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polymers, Coats–Redfern formula [33] can be derived by 
integrating Eq. 10:

Kinetic parameters of the decomposition can be 
derived from Eqs. 11 and 12. The exponential factor (A) and 
the activation energy (E) can be calculated from the inter-

cept ln
(

AR

�E

)

 and slope 
(

−E

R

)

 of the curves obtained by plot-

ting ln
[

− ln (1−�)

T 2
a

]

 or ln
[

1−(1−�)1−n

T 2
a
(1−n)

]

 against 1
Ta

 represented in 

Fig. 4. Table 2 summarizes the fitting data along with the 
activation energy (E) and pre-exponential factor (A) calcu-
lated from the analysis of Coats–Redfern plots. Thus, the 
underlying mechanism of reaction upon the application 
of heat energy can be estimated by the kinetic parameters. 
To initiate the degradation process by reaction mecha-
nism, a threshold energy level must be overcome by the 
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system which is known as activation energy and the fre-
quency of the molecular collisions during the degradation 
process can be considered as the pre-exponential factor 
[34]. The rate of devolatilization of the polymers from the 
PLAP can be estimated by the order of the reaction, n [35]. 
It can be noted from Table 2 that the value of activation 
energy increases from 18.184 to 29.201 kJ/mol to increase 
the order of the reaction (n) from 0 to 1. A simultaneous 
increment in the slope from − 2187.06 to − 3512.07 can 
also be observed for the same change in the reaction order 
which indicates the minimization of reaction time by 
increasing the rate of reaction.

The logarithm of pre-exponential factor (A) has a strong 
relationship with the change in activation energy (E) by 
means of any circumstances. It can be represented by a 
linear expression lnA = aE + b , where the constant a is the 
slope and the constant b is the intercept and the relation 
between E and A is well known in the literature as “kinetic 
compensation effect” [36–38]. According to this relation-
ship, a well-distinguished straight line should be resulted 
by plotting the logarithmic value of the pre-exponential 
factor against the activation energy. This characteristic 
relation of ln A with E also validates the kinetic parameters 
derived by the Coats–Redfern method [35]. Figure 4 (inset) 
is the kinetic compensation effect for the degradation of 
PLAP at a heating rate of 20 °C/min obtained from the 
plotting of ln A against E which is a distinct straight line 
and signifies the validation of Coats–Redfern model for 
the analysis of thermal disengagement of PLAP materials.

3.2.3  FTIR of the released gas by thermal degradation 
of PLAP

The volatile gases released from the thermal degrada-
tion of polymer-laminated aluminum packaging (PLAP) 
were simultaneously analyzed by an FTIR coupled with 
TGA. A 3D spectrum for the analysis of released gases 
during the whole process of thermogravimetric analysis 
is shown in Fig. 5a where two horizontal axes represent 
the time of analysis and the wave number in the range of 
450–4000 cm−1 and the vertical axis shows the absorption 
intensities. The temperature range for the 3D spectrum is 
30–800 °C at a heating rate of 20 °C/min. Figure 5b repre-
sents FTIR spectrums in nine different time intervals for 
the whole thermal degradation process to find out the 
ultimate gas release characteristics of PLAP materials in 
the combustion chamber of TGA. The recorded tempera-
tures for the related spectrums were 140 °C, 240 °C, 376 °C, 
404 °C, 440 °C, 540 °C, and 740 °C. The maximum intensity 
of the IR absorption at 404 °C signifies that the rate of vola-
tiles release was maximum after the heating temperature 
reached 404 °C which is well supported with the result 
observed from TGA analysis shown in Fig. 3.
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Fig. 4  Coats–Redfern plots for the thermal degradation of PLAP 
and kinetic compensation effect (inset) of the Coats–Redfern plot

Table 2  Kinetic parameters and fitting data from the TGA analysis 
of waste packaging estimated by Coats–Redfern method

Order Intercept Slope Adj. R2 E (kJ/mol) ln A
(min−1)

n = 1 5.375 − 3512.07 0.9909 29.201 16.544
n = 3/4 6.646 − 3048.52 0.9833 25.346 17.656
n = 1/2 7.640 − 2689.50 0.9739 22.361 18.532
n = 1/4 8.418 − 2411.05 0.9622 20.046 19.203
n = 0 9.046 − 2187.06 0.9506 18.184 19.731
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The absorption spectrums in Fig. 5 can be divided 
into five significant segments (4000–3200  cm−1, 
3200–2600 cm−1, 2600–2000 cm−1, 2000–750 cm−1, and 
750–650 cm−1) to identify the chemical bonds from the 
different functional groups. The absorption peaks in the 
frequency range 3700–3200 cm−1 indicate the free or 
intermolecular bonded O–H stretching functional group 
[39]. Absorption bands in the range of 3200–2600 cm−1 
specify strong, medium and weak C–H stretching vibra-
tions mostly in the alkane class [40, 41]. A significant 
behavior can be observed for the peak at 2966 cm−1 
with different times and temperatures. There was no 
peak at the position within 15 min when the tempera-
ture was 240  °C, but when the heating temperature 
reached 376 °C, a significant peak can be clearly seen 
which indicates the disintegration of C–H bond in the 
aromatic ring was begun at this temperature and hydro-
carbon gases can be released from the degradation of 
polymers of the PLAP materials. No trace of C–H stretch-
ing groups can be seen after the heating of 30 min (the 
temperature more than 500 °C). In the frequency range 
of 2600–2000 cm−1, a significant peak can be observed 
at 2357 cm−1 which might be ascribed to the asymmetric 
O=C=O functional groups of carbon dioxide  (CO2) [42]. 
In the range of 2000–750 cm−1, there are several minor 
peaks at 1508 cm−1, 1458 cm−1, 1362 cm−1, 1268 cm−1, 
1183 cm−1, 1091 cm−1, 1024 cm−1, and 895 cm−1 includ-
ing a major peak at 1760 cm−1 which can be attributed 
to the C=O stretching functional group with a strong 
appearance [39]. Other weak absorbance peaks in 
the range 2000–750 cm−1 can be assigned to the C=C 
stretching functional group in alkene, amine, and ketone 
[43] and C–H bending vibrations in the methylene group 
along the symmetry axis of carbon [42, 44–47].

A series of smaller peaks along with a characteristic 
peak at 671 cm−1 can be seen throughout the process 
which can be ascribed to the out-of-plane bending vibra-
tion of C–H bonds with a dipole moment of transition 
along the symmetry axis of C4 in the aromatic hydrocar-
bons [44, 47]. In summary, from the decomposition of 
PLAP materials in TGA-FTIR system, dominant peaks are 
identified for hydrocarbon gases in alkane (2966 cm−1) 
and aromatic groups (750–650  cm−1), carbon dioxide 
(2357 cm−1) and carbon monoxide (1760 cm−1) gases and 
slight water vapor. Hydrocarbon gases were released due 
to the decomposition of PP and PET polymers [48–50], and 
in the absence of oxygen, some  COx (CO,  CO2) gases and 
water vapors were released from the pyrolytic decomposi-
tion of PLAP [48–50].

3.2.4  Thermal disengagement technology (TDT) of PLAP

Thermal disengagement (TD) of polymer-laminated alu-
minum packaging (PLAP) materials was carried out in a hori-
zontal tube furnace with a continuous supply of argon (1 L/
min) to ensure the inert atmosphere in the heating chamber 
of the furnace system. Figure 6a represents the percentages 
of volatiles released during the TD in the controlled environ-
ment created by the continuous flow of argon gas inside the 
combustion chamber throughout the pyrolytic processing 
of the PLAP materials in the range of temperatures from 400 
to 650 °C. To find out the optimum temperature and holding 
time for the complete decomposition of the polymers from 
the PLAP materials, the pyrolytic treatments were carried out 
for 5,10,15,20, and 30 min. The processes were repeated five 
consecutive times with a variation in the weight of the feed 
materials to confirm the reproducibility of the processing 
techniques. Volatile components from the polymers can be 
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ance characteristics at different temperatures during the thermal degradation process
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released after the heating temperature of 300 °C (evidence 
from the FTIR gas analysis and TGA analysis). But there are a 
time and temperature when the residues of the polymers are 
removed quite easily from the pyrolyzed PLAP compounds. 
Considering the volatile-releasing, residual removal, melting 
of the aluminum and the quality of the products, it can be 
observed that the temperature 600 °C can be the suitable 
temperature for the TD of PLAP materials. So, PLAP materials 
were subjected to the thermal disengagement at 600 °C in 
the air atmosphere without the supply of any other gases 
into the furnace chamber to observe the volatiles removal 
characteristics of PLAP in air atmosphere. Figure 6b repre-
sents a comparative characteristic of the reduction in the 
weight of PLAP materials in argon and air atmosphere 
at 600 °C in the time period of 5–30 min. It can be clearly 
observed that the reduction in weight in case of air atmos-
phere is always a bit higher, and it can be explained as the 
polymers can be oxidized upon exposure to the oxygen-
containing atmosphere [51].

Polymers degradation usually happens by the abstrac-
tion of hydrogen or carbon–carbon bond scission upon the 
influence of heat or light. The polymer degradation starts 
with the forming of free radicals as follows [52]:

where  R· is the free radical of R and  H· is the free radical of 
hydrogen. This degradation can be followed by other reac-
tion of free radicals and oxygen molecules which might be 
present in the atmosphere or in the polymer itself:

(13)R − H → R⋅ + H⋅

(14)R⋅ + O2 → ROO⋅

where  ROO· is the peroxy radical and a hyperoxide (ROOH) 
can be formed by abstracting hydrogen from another R–H 
polymer chain:

Two different free radicals would be formed by splitting 
the hyperoxide (ROOH)

Free radicals once again can be combined to terminate 
the degradation process which might increase the cross-
link density or molecular weight:

Oxygen at its singlet state (electronic state) is very 
reactive and can cause auto-oxidation on the surface and 
scission of the double-bond carbon into an intermediate 
dioxetane [52].

The bond between oxygens is a weak bond and dis-
sociates upon heating which may participate to form free 
radicals. Those free radicals always have a great influence 
on the composition of the residual pyrolytic combustion 
products. Figure 7 represents the comparative appearance 
of the thermo-disengaged PLAP materials in air and argon 
atmosphere at 600 °C temperature for 5,10,15,20, and 
30 min (600P, 600Q, 600R, 600S, 600T, 600A, 600B, 600C, 

(15)ROO⋅ + R − H → R⋅ + ROOH

(16)ROOH → RO⋅ +⋅ OH

(17)R⋅ + R⋅ → R − R

(18)R⋅ +⋅ OR → ROR

(19)R⋅ +⋅ OOR → ROOR

(20)
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Fig. 6  a Comparison of weight loss in an inert (argon) atmosphere at different temperatures and b comparison of weight loss during ther-
mal disengagement at 600 °C in argon and air atmosphere
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600D, and 600E). From the images, a change of colors from 
the dark to shiny with the increment in time for air media 
and from light yellow to a deep black for the argon media 
can be observed. Within 10 min of thermal disengage-
ment in the air, a clean shiny surface of aluminum can be 
observed (shown in Fig. 7b). A thin layer of  Al2O3 can form 
on the surface of aluminum (600R, 600S, and 600T) in case 
of heating time more than 10 min as they are exposed to 
the atmospheric oxygen after a complete disengagement 
of the polymers from the metal. In air, polymers react with 
atmospheric oxygen and eliminate different gases (CO, 
 CO2,  H2O,  H2, etc.) which can cause more reduction in pol-
ymers (shown in Fig. 6b) in comparison with the thermal 
disengagement carried out in argon, where some black 
char/coproduct is left over on the surface of aluminum 
due to the incomplete combustion of the polymers in the 
absence of oxygen. Basically, the residue formation from 
the polymers can commonly happen after the formation 
of a structure called polyphenylene and the polymers hav-
ing the aromatic rings exhibit additional tendency to form 
this structure [52]. In PALP, there are two polymers: PP is 
on inside and PET on the outside, where the structure of 
PET polymers contains aromatic rings. For this reason, PET 
on the outside of the PLAP always leaves more black resi-
dues than the inside with PP laminates. The polymers will 
leave more residual materials (five ring cycles, hydrogen, 
carbons, residual groups from the original polymers, etc.) 

if there is a limited flow or availability of exhaust carrying 
gases. A complicated carbonization reaction takes place 
as a sequence of the complete decomposition of the poly-
mers [53].

3.2.5  Emission during the TD

Off-gas during the polymer decomposition by heat in a 
controlled atmosphere was simultaneously analyzed with 
the TD of PLAP materials. Combustion of polymers at the 
temperatures 500–800 °C can produce carbon monoxide, 
carbon dioxide, water vapor, and a series of saturated and 
unsaturated hydrocarbons like methane, ethylene, meth-
anol, benzene, formaldehyde, acetone, ethanol, styrene, 
toluene, terephthalic acid, xylene, naphthalene, biphenyl, 
ethylbenzene, and phenol [54]. In this study, the infrared 
gas analyzer coupled with the furnace was capable of 
measuring the concentration of  CO2, CO, and  CH4 from the 
gas evolved during the thermal disengagement of PLAP 
materials. Figure 8 represents the gas evolution behavior 
of PLAP materials during the thermal disengagement at 
550 °C, 600 °C, and 650 °C. It can be observed that the 
decomposition of PLAP materials finishes within 700 s 
where it is reduced to 650 s for the higher temperature 
(650 °C). From the observations, it can be summarized that 
the concentrations of CO and  CO2 gases were increased 
with the increase in temperatures from 550 to 600 to 

Fig. 7  Comparison of thermo-
disengaged aluminum surfaces 
(at 600 °C) a–e in air and f–j in 
argon
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650 °C (CO: 1030 ppm, 1420 ppm, and 1580 ppm, respec-
tively, and  CO2: 3380 ppm, 4490 ppm, and 5020 ppm, 
respectively), where the concentration of  CH4 tends to 
decrease after the temperature was increased from 600 to 
650 °C  (CH4: 470 ppm, 740 ppm, and 650 ppm). This could 
be ascribed by the thermal cracking of hydrocarbon gases 
and reforming into  COx gases under the high-temperature 
condition as follows [55]:

Hydrocarbon gases initially produced by the scission 
decomposition and thermal cracking of the polymers [56] 
later on reacted with the steam produced by the decom-
position of polymers at lower temperature and  CO2 to 
reform into hydrogen and carbon monoxide gases, and 
thus the concentration of the  CH4 gas reduced at the 
higher temperature which is in a good agreement with 
the literature [55, 57].

3.3  Surface analysis of the thermo‑disengaged 
aluminum

3.3.1  FTIR analysis

Figure 9 represents the Fourier-transform infrared spec-
troscopy (FTIR) analysis of the inside and outside of the 
PLAP materials thermo-disengaged at 500  °C, 550  °C, 
and 600 °C for 5–30 min in an inert atmosphere created 
by argon flow. In general, prominent peaks can be iden-
tified in three specified segments for all the spectrums 
(3135–2780 cm−1, 1700–1400 cm−1, and 1000–650 cm−1). 
It is obvious that there was a significant existence of the 

(21)CH4 + H2O → H2 + CO

(22)CH4 + CO2 → H2 + CO

residues from the thermo-degraded polymer laminates 
on both sides of aluminum. The scission decomposition 
of the polymeric bonds was accelerated at elevated tem-
perature with the increment in thermal disengagement 
time. As a result, a momentous change in the peak intensi-
ties can be observed with the time and temperatures. The 
residual peaks from the absorption band at ~ 3044 cm−1 
instigated by C–H stretching vibration with the medium 
appearance in the alkene compound class can be assigned 
to CH,  CH2, and  CH3 groups with the  sp2 and  sp3 configura-
tions where below 3000 cm−1 wave numbers, the smaller 
peaks correspond to the stretching (asymmetrical) in  CH2 
with the  sp3 aliphatic configuration [58]. The absorption 
band at ~ 1605 cm−1 can be ascribed to the medium cyclic 
aromatic hydrocarbon group (alkene) with the ring vibra-
tion of carbon linear bonds (C=C) [58, 59]. The intensity of 
this peak reduces with the time of thermal disengagement 
and the surrounding temperatures which signifies that the 
complete disintegration of polymeric bonds makes the 
separation of residues from the aluminum surface easier at 
higher treatment temperatures for a longer time. A promi-
nent peak at ~ 940 cm−1 could be visible at the same condi-
tion which might be assigned to the Al–O group (in  Al2O3 
form) [60–62]. At the lower temperatures and time, there 
are no visible peaks at ~ 940 cm−1, but with the increment 
in exposure time and temperatures, the peaks become 
protuberant, which might be caused by diminutive sur-
face oxidation (oxygen can also present in the argon as 
an impurity) after the disengagement of aluminum with 
the polymers [62]. Though the ATR-FTIR system can collect 
the data in the range from 650 to 4000 cm−1, there is no 
clear evidence to differentiate among the spectrums in the 
lower region (800–650 cm−1) where there is a probability 
of existing silicon (Si) in that region [63].

3.3.2  XRD of the recovered aluminum by TDT

The crystallographic parameters and elemental details of 
the thermo-disengaged PLAP materials were character-
ized by X-ray diffractometry (XRD) depicted in Fig. 10. This 
figure represents the XRD patterns for the samples treated 
at 600 °C for 5,15, and 30 min (in argon) and at 600 °C for 
30 min (in the air) to understand the compositional change 
and the effect of the thermal disengagement atmosphere 
on the surface chemistry of the PLAP materials. The behav-
ior of the XRD patterns for all the samples in the range 
of 18–28° shows a characteristic deflection which is quite 
possible due to the existence of polymers on the metallic 
surface [64–68]. Major component detected by the XRD is 
aluminum (fcc structure, peaks at 40.6°, 45.2°, 47.3°, 52.5°, 
77.6°, and 94.5°), and few other detected components 
were  SiO2 (peaks at 32.2°, 42.9°, 73.7°, and 83.4°) and  Al2O3 
(peaks at 29.5°, 49.3°, 69.1°, and 90.1°). It is clear evidence 
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that the oxidation of the aluminum surface increases with 
the time of exposure to the environment during the TD; 
thus, the intensity of the  Al2O3 peaks is prominent for the 

XRD patterns of the sample 600T (30-min treatment in air) 
which can also be described by the measured phase quan-
tities and elemental quantities by Rietveld fit.

4000 3500 3000 2500 2000 1500 1000

60

70

80

90

100

110

120

130

140

150

Wavenumber (cm-1)

550°C - Outside (PET-TD)

30 min

20 min

15 min

10 min

5 min

Tr
an

sm
is

si
on

 (%
)

(a)

C-H C=C,C=O

∇ ⊗

∇ C-H
⊗ C=C

∇

∇

∇

⊗

⊗

⊗

⊗

4000 3500 3000 2500 2000 1500 1000

60

70

80

90

100

110

120

130

140

150

Tr
an

sm
is

si
on

 (%
)

Wavenumber (cm-1)

550°C - Inside (PP-TD)

30 min

20 min

15 min

10 min

5 min

(b)

C-H

∇

∇

∇

∇

C=C,C=O

⊗

⊗

⊗

⊗

C-H∇
⊗ C=C

4000 3500 3000 2500 2000 1500 1000

60

70

80

90

100

110

120

130

140

150

Tr
an

sm
is

si
on

 (%
)

Wavenumber (cm-1)

600°C - Outside (PET-TD)

30 min

20 min

15 min

10 min

5 min

(c)

C-H C=C,C=O,Al-O
∇

∇

∇

∇

∇

⊗

⊗

⊗

⊗

⊗

∗

∗
∗

∗

C-H
C=C
Al-O

∇

∗
⊗

4000 3500 3000 2500 2000 1500 1000

60

70

80

90

100

110

120

130

140

150

Al-O

Tr
an

sm
is

si
on

 (%
)

Wavenumber (cm-1)

600°C - Inside (PP-TD)

30 min

20 min

15 min

10 min

5 min

(d)

C-H C=C,C=O,Al-O

∇

∇

∇

∇

⊗

⊗

⊗

⊗

∗

∗
∗
∗
∗

∇ C-H
⊗ C=C
∗

4000 3500 3000 2500 2000 1500 1000

60

70

80

90

100

110

120

130

140

150

Tr
an

sm
is

si
on

 (%
)

Wavenumber (cm-1)

30 min

650°C - Outside (PET-TD)

20 min

15 min

10 min

5 min

(e)

C-H
C=C,C=O,Al-O

∇

∇

C-H, C=C, Al-O∇ ∗⊗

⊗

⊗

⊗

⊗

∗

∗

4000 3500 3000 2500 2000 1500 1000

60

70

80

90

100

110

120

130

140

150

Tr
an

sm
is

si
on

 (%
)

Wavenumber (cm-1)

650°C - Inside (PP-TD)

30 min

20 min

15 min

10 min

5 min

(f)

C-H
C=C,C=O,Al-O

⊗

⊗

⊗

⊗

⊗

∇

∗

∗

∗
∗

∗

C=C,∇C-H,⊗ ∗Al-O

Fig. 9  FTIR of the outside (PET-TD) and inside (PP-TD) of the PLAP materials after TD in argon at a, b 550 °C, c, d 600 °C, and e, f 650 °C



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1106 | https://doi.org/10.1007/s42452-019-1099-7

Table 3 represents the elemental quantifications esti-
mated by the Rietveld fit for the samples 600A, 600C, 
600E, and 600T. The highest percentage of carbon/poly-
mer phases (2.92) was estimated for the sample treated 
at 600° for only 5 min which might be a close indication 
of the initial composition of the PLAP materials. From the 
elemental quantities, it can be noted that the percentages 
of aluminum for all the samples are about 96% and the 
other trace elements are silicon (Si), carbon (C), oxygen 
(O), and hydrogen (H). The weight percentage of oxygen 
was increased with the increase in thermal disengage-
ment time where it is maximum for the treatment in air 
media. In contrast, the weight percentage of carbon was 
reduced with the exposure time and it is minimum in case 
of TD in air media due to the carbonization reaction of 
polymeric carbon with the atmospheric oxygen [23] which 
will predominantly produce carbon dioxide gas with an 
additional heat energy (− 393.5 kJ/mol) [69] which might 
increase the rate of combustion during the TD. This atmos-
pheric oxygen can also react with hydrogen present in the 
polymers and produce water with an additional energy 
(− 190 kJ/mol) [23, 69] which may cause the reduction in 

the existence of hydrogen from the surface of the alu-
minum which can be observed in Table 3 and also describ-
able from the FTIR analysis represented in Fig. 9.

3.3.3  X‑ray photoelectron spectroscopy (XPS) analysis

The XPS analysis of the PLAP materials after TD in inert 
and in an air atmosphere for a short time (5 min) and a 
long time (30 min) can be represented by Fig. 11. In overall, 
Al2p, C1s, O1s, and Si2p peaks were identified for all the 
spectrums and National Institute of Standards and Tech-
nology (NIST) database for XPS was utilized to find out the 
category of the components [70]. Figure 11a, i represents 
the peaks for Al2p for the thermo-disengaged samples 
in argon for 5 and 30 min, respectively. The main spec-
trum can be deconvoluted into two major components 
(Al2pA at 73.6 eV and Al2pB at 75.12 eV for 600A and 
Al2pA at 73.76 eV and Al2pB at 75.55 eV) deduced from 
the metallic and oxide form of aluminum (Al2pA metal-
lic, Al2pB-Al2O3) [71]. Polymer detachment and the form 
of the residual polymers can be explained by the peaks 
for C1s (Fig. 11b,c) which have segmented into four main 
components (C1sA, C1sB, C1sC, and C1sD). For 600A, it can 
be identified as the functional group C–C/C=C/C≡C (at 
284.8 eV-C1sA), (–CH2CH(CH2CH3)–)n at 286.16 eV (C1sB), 
(–C–HCH3 partial unit) at 287.44 eV (C1sC), and (–C–HCH3 
partial unit) at 288.44 eV (C1sD), and for 600P, the car-
bon–carbon groups and few more hydrocarbon groups 
can be observed at similar binding energies, where in 
the higher energy region, few C–OH, C–O–C, C=O groups 
can also be observed [72]. This result strongly supports 
the finding from the FTIR spectrums represented in Fig. 9 
and the X-ray diffraction analysis in Fig. 10. The existence 
of oxygen O1sA, O1sB in the binding energy 531–533 eV 
might be due to the minor oxidation of aluminum and the 
intrinsic oxygen present in the structure of PET polymer. 
Another trace element (silicon) present on the surface 
of the PLAP materials (confirmed by XRD and EDS map-
ping of the cross section) could be identified as Si2p for 
600A and Si2pA and Si2pB for 600E. In a close observa-
tion, it can be identified that the trace elements present 
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Table 3  Phases and elemental 
quantification by Rietveld fit

Phase quantities Elemental quantities

Samples 600A 600C 600E 600T Samples 600A 600C 600E 600T

Phases Q. (%) Q. (%) Q. (%) Q. (%) Elements Q. (%) Q. (%) Q. (%) Q. (%)
Al 95.87 96.94 96.18 96.40 Al 96.43 96.89 96.82 96.48
SiO2 1.21 1.08 1.38 1.42 Si 0.56 0.50 0.64 0.90
Al2O3 – – 0.90 1.43 O 0.65 0.58 0.76 1.42
Polymer/C 2.92 1.98 1.54 0.75 C 2.05 1.96 1.69 1.12

H 0.31 0.07 0.09 0.08
Sum 100 100 100 100 Sum 100 100 100 100



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1106 | https://doi.org/10.1007/s42452-019-1099-7 Research Article

at the binding energy 102.3 eV (600A) are  SiO1.02 where 
for 600E the identified elements can be marked as SiO (at 
98.54 eV—Si2pB) and  SiO1.19 (at 102.34 eV—Si2pA). The 
change in oxygen concentration in Si–Ox is due to the 
exposure time during the TD process [73]. Almost similar 
conclusions can be drawn for the other group of samples 
which is transformed in the air with a few exceptions of 
the rate of oxidation increased in this case. Therefore, no 
major deconvolution of the peaks was observed in this 
case of thermo-disengaged material. As the rate of oxida-
tion was increased due to the presence of atmospheric air 

in the furnace chamber, the atomic percentage of carbon 
was reduced (due to carbonization reaction described 
earlier in Sect. 3.3) and the atomic percentage of oxygen 
was increased on the surface of aluminum in the form of 
aluminum oxide.

Table 4 is summary of the atomic percentages of the 
trace elements estimated by X-ray photoelectron spectros-
copy (XPS). From the earlier description, the change in the 
atomic percentages of carbon and oxygen can be under-
stood. The reason behind the rise in the atomic percentage 
of silicon is the increase in the oxygen concentration for 

79 78 77 76 75 74 73 72
200

400

600

800

1000

1200

C
ou

nt
s/

s

Binding energy (eV)

Counts/s
Al2pA
Al2pB
Backgnd.
Envelop

Al2p

290 288 286 284 282

0

10000

20000

30000

40000

50000

C
ou

nt
s/

s

Binding energy (eV)

Counts/s
C1sA
C1sB
C1sC
C1sD
Backgnd.
Envelop

C1s

536 534 532 530 528

5000

10000

15000

20000

25000

C
ou

nt
s/

s

Binding energy (eV)

Counts/s
O1sA
O1sB
Backgnd.
Envelop

O1s

106 105 104 103 102 101 100 99
400

600

800

1000

1200

1400

1600

C
ou

nt
s/

s

Binding energy (eV)

Counts/s
Backgnd. Si2p

79 78 77 76 75 74 73 72

1000

2000

3000

4000

Binding energy (eV)

Counts/s
Al2pA
Al2pB
Backgnd.
Envelop

Al2p

290 288 286 284 282

0

10000

20000

30000

40000

50000

Binding energy (eV)

Counts/s
C1sA
C1sB
C1sC
C1sD
Backgnd.
Envelop

C1s

536 534 532 530 528

5000

10000

15000

20000

25000

30000

35000

Binding energy (eV)

Counts/s
Backgnd. O1s

106 104 102 100 98 96
1000

1200

1400

1600

Binding energy (eV)

Counts/s
Si2pA
Si2pB
Backgnd.
Envelop

Si2p

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

79 78 77 76 75 74 73 72 71 70 69

1000

2000

3000

Binding energy (eV)

Counts/s
Backgnd.

Al2p

290 288 286 284 282

2000

4000

6000

8000

10000

12000

14000

Binding energy (eV)

Counts/s
Backgnd. C1s

536 534 532 530 528

5000

10000

15000

20000

25000

30000

Binding energy (eV)

Counts/s
O1sA
O1sB
Backgnd.
Envelop

O1s

106 105 104 103 102 101 100 99 98

1000

1500

2000

2500

Binding energy (eV)

Counts/s
Backgnd. Si2p

79 78 77 76 75 74 73 72 71 70 69

1000

2000

3000

4000

5000

Binding energy (eV)

Counts/s
Backgnd.

Al2p

290 288 286 284 282
1000

2000

3000

4000

5000

Binding energy (eV)

Counts/s
Backgnd. C1s

536 534 532 530 528 526

5000

10000

15000

20000

25000

30000

35000

40000

Binding energy (eV)

Counts/s
O1sA
O1sB
Backgnd.
Envelop

O1s

106 105 104 103 102 101 100 99 98

1000

1500

2000

2500

Binding energy (eV)

Counts/s
Backgnd. Si2p

(i)

(j)

(k)

(l)

(m)

(n)

(o)

(p)

600A (5 min in argon) 600P (5 min in air) 600T (30 min in air)600E (30 min in argon)

Fig. 11  XPS analysis of the PLAP materials after TD in argon and air atmosphere for 5 min and 30 min: a–d 5 min in argon—600A, e–h 5 min 
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the long-time exposure and TD in oxygen-rich environ-
ment which might expose the silicon layer observed on 
the aluminum surface with the oxygen to form silicon 
oxides. Easily oxidation behavior of aluminum always cre-
ates a very thin layer of  Al2O3 on the surface of the alu-
minum which makes the percentage of aluminum atoms 
higher in the supplementary oxidation conditions (600E, 
600P, and 600T). The X-ray of the XPS instrument can only 
penetrate 5–10 atomic layers [74] which can also be esti-
mated as ~ 1000 Å (~ 100 nm) [75]. From the structure of 
the raw PLAP material, the polymer layers on both sides 
of aluminum were measured as ~ 15 µm (Fig. 2a) and the 
layers can exist with a thickness more than 2 µm (Fig. 13d) 
after the TD. So, by XPS analysis the atomic percentage 
of aluminum only on the surface (in nanometer range) of 
the TD-treated PLAP materials can be estimated where 
the atomic percentage of aluminum in more than 100 µm 
depth can be precisely estimated by XRD Rietveld analysis 
(shown in Table 3) because the penetration depth of the 
X-ray for the X-ray diffractometer was more than 100 µm 
(estimated by High Score Plus software).

3.3.4  Elemental distribution on the aluminum surface 
after TD

Figure 12 represents the elemental distribution on the sur-
face of the PLAP materials after TD where Fig. 12a is the SE 
image of the surface after removal of the delaminated resi-
dues and other images describe the elemental distribution 
on the surface of the materials (~ 0.5–1 µm depth at 5 kV). 
Due to the oxidation behavior of aluminum as described 
earlier, a prominent oxygen-rich region can be observed 
in the combined mapping (Fig. 12b) demonstrated by 
blue color. It means the oxidation was not uniform as it 
might be affected by the exposing conditions of the alu-
minum surface to the surrounding atmosphere. A major 
element was detected by the EDS spectra, and mapping 
is aluminum. Another two elements (carbon and oxygen) 
were present there on the surface in a noticeable amount. 
Though from the other analysis, the existence of silicon 
was observed, due to the lower spatial resolution of the 

X-rays the element with lower weight percentages could 
not be detected and the quantitative information from this 
analysis might not be accurate enough. The EDS mapping 
and the quantitative details depend on the depth of pen-
etration of the X-rays where the penetration depth of the 
X-rays unswervingly depends on the accelerating voltage 
and the density of the materials. It might be calculated by 
the following equation [76]:

where d is the depth of penetration of the X-ray, E is the 
accelerating voltage in KV, and ρ is the density of the mate-
rials in g/cm3. If it is considered for aluminum, when the 
accelerating voltage was 5 kV, the depth of penetration 
is 0.42 µm.

3.4  Cross section and the morphology 
of the coproducts after TD

Figure 13a illustrates the cross section of the PLAP materi-
als after TD (600 °C, 15 min) where a layer of residues left 
on the surface of aluminum from the decomposition of 
polyethylene terephthalate (PET) is clearly visible. On the 
other side, where there was a polypropylene (PP) layer, 
no discernible residues can be observed which is in good 
agreement with the literature [52]. Complete decompo-
sition of the PP polymer can be accomplished at 600 °C 
within 15 min of the treatment where PET might leave the 
residues at an even higher degree of TD parameters due to 
the tendency of the polymers having aromatic rings leave 
more residual components during thermal decomposi-
tion [67]. From the EDS analysis of the thermo-disengaged 
PET (PET-TD) side, a prominent peak for the carbon was 
detected (Fig. 13b) and only aluminum was detected in 
the middle part of the thermo-disengaged PLAP materials 
(Fig. 13c) as the oxidation can only happen on the outer 
surface of the aluminum. Figure 14a shows the microstruc-
ture of the cross section of the coffee pod after TD where 
it is clearly visible that the PET polymer leaves a thick layer 
of degraded residues on the Al surface and PP polymer 
seems to be devolatilized completely. More comprehen-
sive image (taken by focus ion beam microscopy) of the 
cross section on PP side after TD represents a nanoscale 
oxidation formed on the Al surface, and there are still some 
carbon components upon the oxide layer (Fig. 14b). The 
thickness of the carbon layer is 85–90 nm, and the thick-
ness of the oxidized layer is 175–195 nm. The elemental 
distribution of the cross section of the PLAP materials after 
TD is demonstrated in Fig. 14c–e.

(23)d =
0.1E1.5

�

Table 4  Elemental compositions estimated by XPS analysis

Elements (atom%) Media (argon) Media (air)

600A 600E 600P 600T

Aluminum 5.6 12.76 16.88 31.95
Carbon 75.35 65.04 40.38 10.66
Oxygen 16.83 21.16 37.62 52.24
Silicon 2.22 1.04 5.1 5.15
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Morphology of the residual particles is illustrated in 
Fig. 13d (magnified in Fig. 13e). From the EDS analysis 
(Fig. 13f ), it is clear evidence that the residue contains 
mostly carbon particles with distinguishable sizes in the 
range of nano- to micrometers. As the structure of the PET 
and PP polymers in the studied materials consists of only 
carbon, hydrogen, and oxygen compounds, it is firmly sup-
portive to find the carbon component in the residues from 
the cracking phenomena of the hydrocarbon chains [77].

3.5  Composition of the recycled aluminum

Two types of compounds were collected from the ther-
mal disengagement of PLAP materials, aluminum, and 
carbon. The amount of carbon measured was about 3 
wt% by the LECO CS230 instrument, and the composi-
tion of the recycled aluminum was estimated by two 
different methods, inductively coupled plasma mass 
spectroscopy (ICP-MS) and laser-induced breakdown 

Fig. 12  Surface elemental distribution: a SE image of the surface of the PLAP materials after TD, b combined elemental mapping, c–e indi-
vidual elemental distribution, and f EDS spectra
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spectroscopy (LIBS). Table 5 summarizes the composition 
of the recycled aluminum where the purity of aluminum 
was found to be about 99% by both methods. It contains 
several impurities including silicon and iron in a notice-
able amount. Silicon comes from the surface of the PLAP 

Fig. 13  a–c Cross section and EDS of the PLAP materials after TD 
d–f morphology and EDS of the residues after the thermal disen-
gagement

Fig. 14  a SEM of the cross section of the PLAP materials after TD, 
b TEM image of the cross section showing different layers existing 
after TD and c–e elemental distribution at the cross section
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materials during the TD, and the iron might be present 
as an alloying element. 

4  Conclusions

Polymer-laminated aluminum packaging (PLAP) materi-
als were treated by TDT to recycle all the possible constit-
uent elements to their original or in any other beneficial 
forms in a simple, sustainable, and innovative approach. 
The main conclusions of this study can be drawn as:

(a) Thin aluminum foil (thickness ~ 30 µm) is laminated 
on both sides by two different types of polymers (PET 
and PP), and there is a silicon-rich layer at the inter-
face between the metal and polymers. The weight 
percentages of aluminum and the polymers were 
67.62% and 32.38% (PET = 30.27%, and PP = 12.11%).

(b) To decompose the polymers from the surface of alu-
minum, TD at different temperatures (400–650 °C) for 
different treatment periods (5–30 min) was carried 
out in air and argon atmosphere. The optimum con-
dition considering the maximum polymeric decom-
position at lower energy consumption was 600 °C 
(15 min). Increasing the treatment time could facili-
tate the process of the separation of residual materi-
als from the surface of the aluminum.

(c) Different hydrocarbon gases, CO,  CO2,  H2,  H2O, and 
few other gases were released during the TD pro-
cess. Those gases carried out huge heat energy 
which could be utilized for other applications, and 
the hydrocarbon gases (especially aromatic hydrocar-
bons) can be further analyzed to reform into high-
energy  CH4 and  H2 gases.

(d) Aluminum could be easily recycled in both ways 
by using or not using the inert gas into the furnace 
chamber. The main difference caused by the atmos-
pheric air is the oxidation of aluminum surface up 
to 1.5% during the thermal disengagement process 
though minor oxidation is also unavoidable in case of 
the treatment in inert atmospheric condition.

(e) The derived coproduct from the decomposition of 
the polymers was carbon in the range of nano- to 
micrometers in size with a minor trace of oxides of 
aluminum and silicon. This carbon can be collected 
for other applications upon further processing.

This study offers an innovative, efficient, and sustainable 
microrecycling technique for a complex polymer-lam-
inated metal packaging waste to transform into a clean 
and pure metal along with the source of value-added 
high-energy gaseous fuel and solid coproduct carbon in 
an excellent condition. This approach could protect the 

environment in an alternative and productive way and 
could be suggested as “One solution for several environ-
mental problems.”
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