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ABSTRACT 
This work reports the energy recovered from semi-rigid and flexible aluminium packaging 
by oxidation at 850ºC in an air atmosphere enriched with 6% oxygen. The physical 
properties of the different packagings were determined, including their metallic aluminium 
contents.  Their ash contents were determined according to standard ISO 1171:2000. 
The net calorific value, the required energy, and the calorific gain associated with each, 
were determined following standards BS EN 13431:2000 and UNE EN 13431:2004. 
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INTRODUCTION 
In 2010, Spain produced 23.6 Mt of municipal solid waste (MSW). Some 2.24 Mt (9.5% of the total) 
were treated at 10 incineration plants within the country.  Among this quantity were an estimated 
28,000 t of aluminium packaging.  Around 81 wt% corresponded to rigid packagings (cans, aerosol 
cans, bottles and containers, etc.), 9 wt% to semi-rigid packagings (food trays, etc.), and 10 wt% to 
flexible packagings (blister packs, laminae, foils and packets, etc.).  Representative samples of 
different semi-rigid and flexible packagings among this waste were subjected to oxidation at 850ºC 
in an oxygen-enriched (6%) air atmosphere [1] (simulating some of the conditions used in waste 
valorisation at incineration plants) and the energy released determined. 
 
MATERIALS AND METHODS  
The studied wastes were 23 types of semi-rigid and flexible aluminium packaging (samples 
selected by Ecoembalajes España S.A. during 2012) obtained at Spain’s 10 MSW incinerator 
plants (Fig. 1). 
 
Separation and characterisation of the different waste components  
 
The metallic aluminium content of each packaging type was determined via the selective 
dissolution of the metal in 1M HCl and measuring the final concentration via atomic absorption 
spectrophotometry using a Varian SpectrAA 220 FS apparatus. The undissolved non-metallic 
components of each packaging sample were filtered out, washed with distilled water, and left to 
dry. The thickness of the different components was determined using a Time 235-01 DDL 
micrometer (precision 1 µm).  Their weight was also recorded.  The chemical identity of each 
(polymer/paper) was determined by Fourier-transformed infra-red spectroscopy (FTIR) employing 
attenuated total reflectance (ATR), using a Nicolet Magna 550 apparatus with a CsI detector 
(resolution 4 cm-1 over the interval 400-4000 cm-1 [80 scans]). Metalographic preparations were 



made to study the aluminium alloys in the packagings.  All were examined using a Nikon Epiphot 
300 metalographic microscope. 
 

  
 
Figure 1 The studied packaging samples (samples 1 to 4: semi-rigid packagings; samples 5 to 15 
flexible with low Al content, and samples 16 to 23 flexible with high Al content). 
 
 
Combustion 
 
The ash content of the packagings was determined at 850ºC in an oxygen-enriched (6%) air 
atmosphere (flow rate 60 L/h), following standard ISO 1171:2010 [2] and using a Heraeus 1000 3 
oven (with air renovation capabilities).  The combustion products were then examined by field 
emission scanning electron microscopy (FEM-SEM) using a Hitachi S4800 apparatus equipped 
with an Oxford Inca energy dispersion microanalysis system.  The combustion products were also 
subjected to X-ray diffraction (XRD) analysis using a Bruker D8 Discover diffractometer. 
Conventional Ɵ/2Ɵ scans were performed (X-ray penetration depth 25 µm). 
 
Net calorific value, required energy, and the calorific gain 
 
The net calorific value, required energy and calorific gain of each packaging type were determined 
followed Standards BS EN 13431:2009 [3] and UNE EN 13431:2004 [4]. 
 
RESULTS AND DISCUSSION 
 
Table 1 shows the recorded physical properties of the studied packaging types, which were 
divisible into three groups according to their components.  Group 1 packagings included semi-rigid 
packagings (trays, cups and containers) made mostly of aluminium (samples 1 and 2), or of 
lacquered aluminium (samples 3 and 4) plus a polymer lamina (polypropylene).  The Group I 
packagings had an aluminium lamina some 50-90 µm thick (mean 72.8 µm).  The aluminium alloy 
used in these packagings was EN AW 8006, making them flexible and strongly resistant to friction.  
The Group 2 packagings – bags, sacs, skin packs and flow packs – were flexible and of low 
aluminium content (samples 5-15). These were comprised of three laminae: an aluminium lamina 
between two polymer/paper sheets.  The polymers identified by FTIR-ATR were low density 
polyethylene, polypropylene, polyethylene terephthalate, 1,4-butylene terephthalate and 
polyurethane. In some samples (8, 11 and 15), one of the polymer sheets had been substituted for 
paper.   The thickness of the Group 2 packaging aluminium laminae varied from 1 to 13 µm (mean 
5.70 µm). The aluminium alloys present were EN AW 1200, 8079 and 8011.  The Group 3 
packagings – films, coverings, lids (samples 16-23) – were also flexible.  These were mostly 
composed of aluminium.  In some cases the aluminium lamina was covered by a lacquer or 



surfactant material (mono/diglycerides or sorbitan tristearate).The thickness of the aluminium 
lamina was 11-122 µm (mean 59.1 µm); the most common aluminium alloy was EN AW 1200. 
 
 
Table 1. Physical properties (mean values) of the studied packagings. 

Packaging formats 
Weight 

[g] 

Surface 
density 
[kg/cm2] 

Thickness of 
Al lamina  

[µm] 

Metallic Al  
[wt,%] 

 
Polymers 

[wt,%] 

 
Cellulose 

[wt,%] 
Semi-rigid (samples 1 - 4) 
Flexible Aa (samples 5 – 15) 
Flexible Bb (samples 16 – 23) 

5.6±1.4 
5.1±2.6 
1.9±1.6 

0.22±0.05 
0.10±0.03 
0.09±0.06 

72.8±14.1 
5.70±4.1 

59.1±37.4 

94.8±4.7 
9.2±9.0 

82.5±9.2 

5.2±5.4 
76.1±32.6 
15.2±7.1 

0 
14.7±2.7 
2.3±0.5 

           a Low Al content;  b High Al content. 
 
Table 2 shows the ash content of the studied packagings, and the aluminium content transformed 
into Al2O3 by combustion. This Al2O3 was estimated according to Equation  1: 
 

 
 
where Alo is the percentage of aluminium oxidised, C is the ash content (determined according to 
Standard ISO1171:2010), and Ali is the percentage content of aluminium in the packaging. Figure 2 
shows the relationship between the aluminium content of each packaging and its ash content.  A 
direct relationship (R2 = 0.99) can be seen between them. 
 
Table 2. Ash content and aluminium transformed into Al2O3 (mean values) 

Packaging format 
Ash 

[wt,%] 
Al2O3 

[wt,%] 
Semi-rigid (samples 1 – 4) 
Flexible Aa (samples 5 – 15) 
Flexible Bb (samples 16 – 23) 

95.2±4.9 
10.7±9.6 
86.2±10.8 

0.8±0.6 
3.9±6.4 
9.4±9.9

a Low Al content;  b High Al content . 
 
 

 
Figure 2. Relationship between aluminium and ash contents. 

 
The estimated values (Eq.1) for the Al2O3 content formed as a consequence of the oxidation of 
aluminium as described in Equation 2, 
 

4Al + 3O2  →  2Al2O3 + heat  ∆Hf
0  = -1675,5 kJ/mol                           (2) 

 
were divisible into three categories.  The first corresponds to packagings in which the oxidation of 
aluminium is not significant (samples 1, 2, 3, 4, 5, 6, 7, 8, 11, 12, 14, 15, 22 and 23); these have 



Al2O3 contents of <0.8 wt%.  The second corresponds to packagings in which the oxidation of 
aluminium ranges from 0.9 to 5 wt% (samples 10, 17, 19, 20 and 21).  The third corresponds to 
packagings in which this value ranges from 5.1 to 17 wt% (samples 9, 16 and 18).  No packaging 
showed a transformation of aluminium into α-Al2O3 involving more than 17% of the metallic 
aluminium content.  No evidence was seen that the aluminium content became totally oxidised in 
packagings with an aluminium lamina thickness of <50 µm. 
 
The characteristics of the combustion products indicate the action of the heat and oxidising 
atmosphere to cause dimensional changes to the packagings themselves and the aluminium alloy 
they contain, as well as changes to their apparent density, deformation, softening, fracturing and 
surface texture properties.  Changes in the microstructure can be clearly seen.  In general, the 
grain size becomes larger and evidence of coalescing, particle breakage and decohesion of the 
aluminium matrix can be seen.   Recrystallization processes are also apparent with the formation of 
new phases, generally at the edge of the grains (with the formation of eutectic systems and 
eutectoids). These changes were more apparent in the alloys present in the Group 1 and Group 3 
packagings.   
 
Figure 3 shows some of the most representative changes in the microstructure of alloy EN AW 
8011.  Dendritic phases can be clearly seen, formed by diffusion at the edges of the grains. 
 

 
 

Figure 3. Characteristic microstructure of alloy EN AW 8011 after combustion (x 500). 
 
Al2O3 was formed in all the studied packagings.  In some, especially the Group 1 type, this Al2O3 
appeared as particles of different morphology (Fig 4a). In others, monolayers were formed; these 
showed microstructures with a highly porous network of matrix grains.  Such a vermicular structure 
indicates that some sinterization of metallic aluminium has occurred (Fig. 4b).  The hexagonal-
rhombohedral nature of the structure corresponds to α-Al2O3 the only thermodynamically stable 
form of aluminium oxide. The XRD results (not shown) confirm the presence of α- Al2O3 alongside 
metallic aluminium in all the combustion products studied.  Thus, the oxidation of the metallic 
aluminium in the packagings is incomplete, which agrees with the thermodynamic and physico-
chemical characteristics of the Al-O system [5-6].  
 
Table 3 shows the values for the energy variables recorded. The mean net calorific value (qnet) for 
the Group 1 (mean Al lamina thickness ≈ 73 µm) was 1.7 MJ/kg.  This value was 26.3 MJ/kg for the 
Group 2 packagings (mean thickness ≈ 6 µm), and 6.6 MJ/kg for the Group 3 packagings (mean Al 
lamina thickness ≈ 60 µm). The mean required energy of the Group packagings was 1.3 MJ/kg; this 
value was 12.8 MJ/kg for those of Group2, and 3.6 MJ/kg for those of Group 3. The calorific gain 
due to the oxidation of the Al was negligible for the Group 1 packagings, under 3% for the Group 2 
packagings, and under 20% for the Group 3 packagings.   
 
 
 
 



 
 
 

 
 
 
 
 
 
 
 
 
Figure 4. FEM-SEM images of the surface of packagings after combustion, showing α-Al2O3 
particles on the surface of the aluminium alloy. (a) Formation of α-Al2O3 particles (white spheres) 
on the surface of a semi-rigid packaging. (b) Vermicular structure of α-Al2O3 on the surface of a 
flexible packaging. 
 
 
Table 3. Energy variables of the studied packagings (mean values) 

Packaging format 
∑ qnet  

[MJ/kg] 
Ha 

[MJ/kg] 
Calorific gain 

[MJ/kg] 

contribution 
made by the Al 

[%] 
Semi-rigid (samples 1 to 4) 
Flexible Aa (samples 5 to 15) 
Flexible Bb (samples 16 to 23) 

1.7±1.3 
26.3±5.4 
6.6±3.3 

1.3±0.6 
12.8±4.1 
3.6±1.2 

0.4±0.2 
13.5±2.8 
3.0±2.1 

≈ 0 
2.6±0.1 

18.8±0.2 
a Low Al content; b High Al content. 
 
The contribution of the oxidation of aluminium (an exothermic reaction) to the calorific gain 
depended on the type of packaging, and, therefore, on the thickness of the aluminium lamina, the 
surface area available for oxidation, and the alloy present.   For the Group 1 packagings, the 
energy contribution of the aluminium calorific gain was very small; for the Group 2 packagings it 
varied between  0.2 and 17% (mean 2.6%); and for Group 3 it ranged between 0.5 and 44% (mean 
18.8%). The relationship between the thickness of the Al lamina and the calorific gain was linear 
and inverse (Fig. 5a). 
 
Figure 5b shows the calorific gain for the studied packagings with respect to qnet; a linear 
relationship is clear (R2= 0.9967). For a calorific gain equal to 0, extrapolation provides a value for 
qnet of 1.33±0.21 MJ/kg – the minimum theoretical value for the packagings studied (3). 
 
 
 
 
 
 
 

a) 
b) 
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Figure 5.  Correlation between aluminium lamina thickness and calorific gain (a), and relationship 

between calorific gain and the net calorific value for the studied packagings (b). 
 

 
CONCLUSIONS 
 
The packagings with a metallic aluminium lamina of between 1 and 122 µm oxidised when heated 
to a temperature equal to or above the fusion temperature of the metal in a oxygen-enriched 
atmosphere.  Oxidation gives rise to a new layer of α-Al2O3 on the metal surface. On some 
packagings this layer is homogeneous and has a vermicular structure that covers the entire metal 
surface.  In others, the distribution of α-Al2O3 is heterogeneous. The aluminium is not totally 
oxidised; indeed it never exceeds 17%.  The degree of oxidation achieved depends more on the 
metallic aluminium content of the packaging than the thickness of the aluminium lamina.  No 
evidence was seen that the aluminium content became totally oxidised in packagings with an 
aluminium lamina thickness of <50 µm.  Thus, the valorisation of these packagings via combustion 
in oxygen-enriched air would not seem viable. 
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