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ABSTRACT
Aluminum is a critical industrial material with high recyclability, yet significant quanti-
ties are lost to municipal solid waste (MSW) landfills due to inefficient collection and 
sorting. This study evaluates landfill waste composition and examines aluminum 
persistence, corrosion behavior, and recoverability as part of an integrated resource 
recovery assessment through field-scale excavation and laboratory-scale simula-
tions at the Marquette County Solid Waste Management Authority (MCSWMA) land-
fill. A total of 208 kg (dry weight) of excavated waste was sieved at 7 mm, yielding 
67.4 wt.% fines and 32.58 wt.% coarse fraction. Manual sorting identified plastics 
(7.28 wt.%), wood (6.26 wt.%), and stones (11.03 wt.%) as major fractions alongside 
metals (2.34 wt.%), with aluminum at 0.43 wt.%. The combustible fraction (17.66 
wt.%) presents potential for refuse-derived fuel production, while inert materials 
(~12.4 wt.%) are suitable for secondary aggregate reuse, together supporting a 
multi-stream recovery framework. Approximately 40% of recovered aluminum dis-
played surface corrosion, primarily affecting foils, while most beverage cans retained 
metallic integrity. Barrel-scale simulations and SEM-EDS analysis were consistent 
with the finding that uncoated foils are highly susceptible to corrosion through oxide 
formation and organic surface contamination, while coated cans largely persist in 
metallic form. All field data derive from a single sampling point and barrel experi-
ments represent a simplified analog; conclusions are therefore site-indicative rath-
er than site-wide. The findings indicate that while standalone aluminum recovery is 
economically insufficient at this concentration, integration within a multi-resource 
recovery framework — combining metals, combustibles, and inerts — presents a via-
ble pathway toward circular economy objectives.

1.	 INTRODUCTION
Aluminum stands as a cornerstone material in modern 

industries, indispensable across sectors such as trans-
port, construction, electrical applications, and packaging. 
Its unique properties, including lightweight strength and 
corrosion resistance, make it a preferred choice for nu-
merous applications (Dey, 2025). However, the production 
of aluminum carries a significant environmental footprint, 
particularly from primary extraction and smelting. Primary 
aluminum production from bauxite ore accounts for ap-
proximately 2% of global greenhouse gas (GHG) emissions 
and consumes about 3% of the world’s electricity demand, 
with a substantial portion of this energy derived from fossil 

fuels (Hasanbeigi et al., 2022). This reliance on energy-in-
tensive primary production presents a fundamental chal-
lenge, and there is an urgent need for a paradigm shift in 
how aluminum is produced and managed.

Aluminum production follows two pathways: prima-
ry extraction from bauxite ore and secondary production 
through recycling (Padamata et al., 2021). Secondary pro-
duction requires only about 5% of the energy of primary 
smelting, yielding roughly 95% energy savings and sub-
stantial emission reductions, while avoiding the land dis-
turbance and process-water demands of primary refining 
(Jirang & Roven, 2010). Economically, recycled aluminum 
possesses considerable market value, generating revenue 
and reducing waste disposal costs for businesses and mu-
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nicipalities (Das et al., 2010). The price of aluminum scrap 
ranges between $0.10-$1.50 per pound, depending on qual-
ity and form (Monster, 2024). It is estimated that recycling 
all aluminum beverage cans in the United States (U.S.) 
could save the economy over $1 billion annually (missed 
revenue opportunity) (Association, 2023). The transforma-
tive potential of a circular economy approach for aluminum 
is therefore immense.

While aluminum is theoretically infinitely recyclable, 
current waste management practices, particularly for 
post-consumer products, result in a significant loss of val-
uable material to landfills (Stark et al., 2012). This ineffi-
ciency is driven by systemic issues such as contamination 
from organics and inadequate collection and sorting infra-
structure. 

In the United States, MSW generation reached approxi-
mately 292.4 million tons in 2018, with metals comprising 
8.8% of the total waste stream (EPA, 2020). Aluminum con-
tainers and packaging alone accounted for approximately 
1.9 million tons, of which more than 52% was landfilled, 
representing an estimated economic loss exceeding $800 
million annually (this figure represents the estimated eco-
nomic value of aluminum containers and packaging land-
filled in the U.S. in 2018, based on Aluminum Association 
estimates of material value). Recycling rates for aluminum 
beverage cans have declined in recent years, from 50.4% 
in 2018 to approximately 45.2% today. While improving 
upstream recycling remains a priority, these statistics indi-
cate that large quantities of aluminum are already buried in 
landfills, prompting interest in landfill mining as a potential 
secondary recovery pathway (EPA, 2020).

Landfill mining aims to excavate and process buried 
waste to recover valuable materials, reduce long-term envi-
ronmental liabilities, and reclaim landfill capacity (Krook & 
Baas, 2013). Aluminum is widely regarded as a promising 
target for landfill mining because of its perceived corrosion 
resistance and high recycling value (Wagner & Raymond, 
2015). However, the feasibility of aluminum recovery from 
landfilled waste remains poorly constrained. Aluminum 
persistence and recoverability are strongly influenced by 
site-specific factors such as waste composition, burial 
depth, moisture content, and, critically, the form and sur-
face treatment of aluminum products. Moreover, landfill 
mining operations must contend with high proportions of 
fine material, material heterogeneity, and contamination, 
all of which directly affect screening efficiency, separation 
performance, and economic viability.

In landfill mining operations, aluminum does not ex-
ist in isolation but is embedded within a heterogeneous 
waste matrix composed primarily of plastics, combusti-
bles (paper, textiles, wood), glass, and fine organic-rich 
material. The relative abundance and physical character-
istics of these materials strongly influence excavation ef-
ficiency, screening performance, and the effectiveness of 
downstream separation processes. High proportions of 
fines and plastics can reduce recovery yields by increas-
ing material handling costs and contaminating recyclable 
fractions. Consequently, evaluating aluminum recovery po-
tential requires not only an assessment of aluminum per-
sistence and corrosion, but also a site-specific understand-

ing of overall waste composition and material fractionation 
behavior. Sections 3.4 and 3.5 present the comprehensive 
waste characterization that provides this essential contex-
tual foundation.

Most existing studies on aluminum behavior in land-
fills rely on generalized MSW composition models (Calder 
& Stark, 2010; Stark et al., 2012). While these approaches 
provide valuable insights into corrosion mechanisms and 
material transformation processes, they offer limited guid-
ance for landfill mining decision-making, where operators 
must assess whether excavation, screening, and material 
separation can yield sufficient quantities of recoverable 
aluminum to justify operational and economic costs (Jones 
et al., 2013; Krook et al., 2012; Tian et al., 2025). Laborato-
ry studies often fail to capture the heterogeneity and ag-
ing effects present in landfills, while composition-based 
models do not adequately reflect material accessibility or 
recoverability (Tian et al., 2025). Previous work has estab-
lished that aluminum corrosion in landfill environments is 
form-dependent, and that coated products exhibit great-
er persistence than uncoated foils (Calder & Stark, 2010; 
Stark et al., 2012). However, these findings have largely 
been derived from controlled laboratory conditions or in-
ferred from composition models rather than from direct 
field excavation at known burial depths. Studies such as 
Lucas et al. (Lucas et al., 2019) have examined the refining 
of landfill-recovered aluminum scrap from European sites, 
and Almoiqli et al. (Almoiqli et al., 2023) have character-
ized the corrosion behavior of coated aluminum cans un-
der simulated conditions; yet direct, field-derived evidence 
linking aluminum product form, corrosion state, and waste 
fractionation within a single site-specific investigation re-
mains scarce, particularly for North American landfills op-
erating under bottle-deposit and single-stream recycling 
regimes. As a result, there remains a lack of field-based, 
site-specific investigations that directly link aluminum cor-
rosion behavior, material form, and waste fractionation to 
practical recovery feasibility under realistic landfill mining 
conditions. The novelty of the present work lies specifically 
in combining direct field excavation at a known burial depth 
with controlled barrel-scale simulation and SEM-EDS sur-
face characterization within a single site-specific investiga-
tion — an approach not previously applied, in literature, to a 
North American landfill operating under bottle-deposit and 
single-stream recycling conditions.

To address this gap, the present study evaluates the per-
sistence, corrosion behavior, and recovery potential of alu-
minum within the MCSWMA landfill, an active MSW landfill 
in the Upper Peninsula of Michigan. The study integrates 
field-scale excavation conducted during landfill gas well 
drilling with laboratory-scale simulated landfill experiments 
to assess aluminum degradation under both real-world and 
controlled conditions. Aluminum abundance, product form, 
and corrosion state are characterized at burial depths of 
70-100 ft, providing rare field-derived data relevant to land-
fill mining assessments. Given the single-point sampling 
strategy and simplified barrel simulation, the findings are in-
terpreted as site-indicative evidence, with implications dis-
cussed in the context of broader landfill mining feasibility 
rather than as definitive site-wide characterizations.
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2.	 MATERIALS AND METHODS
2.1	Site Description

The MCSWMA is a state-permitted regional solid waste 
management site located in Sands Township, Michigan 
(Authority, 2024a). Established in 1988 as a response to 
the closure of numerous unlicensed and unlined landfills 
across Michigan’s Upper Peninsula, the Authority operates 
under an Intergovernmental Agreement representing all 23 
municipalities within Marquette County. The landfill offi-
cially commenced operations in late December 1989.

As of December 31, 2024, a cumulative total of 
2,081,474 tons of non-hazardous MSW has been placed 
in the landfill. The facility currently manages both Type 
II (household) and Type III (construction and demolition) 
waste, receiving a total of 105,368.24 tons during the 2024 
calendar year. The average daily tonnage for 2024 was 
approximately 414.84 tons, representing a significant in-
crease from previous years due to large-scale demolition 
projects, including the former Marquette General Hospital 
and structures at the K.I. Sawyer Air Force Base. Waste 
placement follows a systematic process in which incoming 
materials are spread by bulldozers, compacted to reduce 
volume, and covered at the end of each operating day with 
a soil layer.

The landfill occupies a 210-acre site with approximately 
47 years of projected capacity remaining. It incorporates 
engineered systems for daily waste placement, compac-
tion, interim cover, leachate collection, and gas manage-
ment. In 2024 alone, 13,047,000 gallons of leachate were 
collected and treated on-site.

MCSWMA also operates a materials recovery facili-
ty (MRF) and implements a range of diversion programs, 
including single-stream recycling, household hazardous 
waste collection, scrap tire processing, and composting. 
The facility received 7,038 tons of recyclables in 2024, 
with over 40% sourced from outside Marquette County 
(AUTHORITY, 2024b). Despite ongoing efforts to recover 
valuable resources through the MRF, a significant quanti-
ty of recyclable materials was landfilled prior to the MRF 
installation.

MCSWMA was selected as the study site following un-
successful attempts to obtain waste from other landfills. 

Access to materials from alternative facilities was restrict-
ed due to stringent environmental and safety regulations, 
which limited the handling of MSW for research purposes. 
MCSWMA offered a feasible and controlled source of land-
fill material, allowing the study to conduct both field-scale 
excavation and laboratory-scale investigations.

2.2	Drilling
In December 2024, MCSWMA initiated drilling oper-

ations on the active landfill site to install gas extraction 
wells for the purpose of methane recovery. Drilling was 
conducted using a CZM EK125 heavy-duty cylinder-crowd 
rotary drilling rig (Figure 1a). During the drilling process, 
waste material samples were collected from depths 
ranging between 70 and 100 feet (Figure 1b). The exact 
sampling intervals were determined by the facility opera-
tor; the research team did not control the specific depth 
increments. A total of twenty 5-gallon buckets were used 
to collect waste samples from a single well (Figure 1c). 
Sampling was performed manually using shovels, with ma-
terial placed directly into the buckets for subsequent waste 
characterization analysis.

2.2.1	Waste age and burial history 
The MCSWMA landfill commenced operations in De-

cember 1989, meaning that buried waste has been in place 
for periods ranging from a few years (in recently active 
cells) to over 35 years at the time of sampling. Drilling for 
gas extraction wells targets older, more degraded zones 
where sufficient organic decomposition has occurred to 
generate extractable methane. The samples collected dur-
ing this study are therefore expected to represent relative-
ly mature landfill material. This inference is supported by 
direct physical evidence recovered during manual sorting: 
several items bearing dates from the 1990s were recov-
ered from the excavated material, including newspapers, 
calendars, and product packaging with visible manufac-
turing or expiry dates from that decade. The presence of 
these 1990s-dated items suggests that the sampled ma-
terial was deposited during the first decade of the landfill’s 
operation, corresponding to approximately 25-35 years of 
burial at the time of sampling (2024). This is consistent 

FIGURE 1: (a) CZM EK125 drilling rig employed for well drilling; (b) waste materials retrieved from depths of 70 to 100 feet during drilling 
operations; and (c) waste samples stored in twenty 5-gallon buckets for subsequent processing.

a b c
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with the extensive fines generation (67.4 wt.%) and ad-
vanced corrosion of susceptible materials observed in the 
samples, both of which are characteristic of aged landfill 
material. The depth interval of 70-100 ft is indicative of ma-
ture waste zones, and the presence of 1990s-dated mate-
rials in the recovered waste provides direct chronological 
evidence supporting this interpretation. 

2.2.2	Sampling representativeness
All samples were collected from a single gas extraction 

well at a fixed spatial location within the landfill footprint. 
The twenty 5-gallon buckets were filled sequentially as drill 
cuttings emerged, providing a composite vertical sample 
across the 70-100 ft depth interval. A total of 266 kg (wet 
weight) of waste material was recovered across all buck-
ets, representing the full composite sample analyzed in this 
study. While this approach does not allow for depth-strati-
fied sampling, the sequential bucket-filling method provid-
ed a composite representation of material encountered 
within that interval. It is acknowledged that a single bore-
hole in a 210-acre facility cannot be considered fully repre-
sentative of the entire landfill inventory. Spatial variability in 
waste composition, compaction history, and hydrological 
conditions may produce local concentrations or depletions 
of aluminum that differ from the values reported here. This 
limitation is discussed further in Section 4.

2.3	Processing of waste samples
The twenty buckets were processed in batches. The 

waste sample from each bucket was first weighed and 
dried in a Blue-M laboratory oven at 70°C for 48 hours. 
After drying, the moisture content was determined by cal-
culating the difference between the wet and dry mass ex-
pressed as a percentage. Each dried sample was manually 
screened using a 7 mm sieve mesh. Materials >7 mm were 
categorized as the coarse fraction, while materials <7 mm 
were categorized as the fine fraction. This mesh size was 
selected to separate soil particles from landfilled materi-
als, thereby facilitating sorting and recovery (Zhang et al., 
1998).

Following manual sieving, the coarse fraction was 
hand-sorted (Figure 2), and the material composition was 
determined. Materials were grouped into the sub-fractions 
shown in Figure 3 (paper/cardboard, plastics, textiles, 
wood, ferrous metal, aluminum, stones, copper, ceramic, 
and glass). A small rubber fraction (0.19 wt.%) was also 
separated and is reported in Table 1. Individual sub-frac-
tions were weighed and recorded. A schematic representa-
tion of the sample treatment process is presented in Figure 
3. A total of 67.8 kg of coarse fraction material was man-
ually sorted.

Recovered aluminum from the hand-sorting pro-
cess was visually inspected to assess surface oxidation. 
Samples were categorized as corroded or non-corroded 
based on the following operational criteria: (i) presence 
or absence of a continuous metallic luster; (ii) evidence 
of pitting, surface discoloration, or powdery oxide depos-
its; and (iii) the estimated fraction of surface area affect-
ed. No quantitative criteria, such as minimum oxide layer 
thickness, minimum affected surface area percentage, or 

FIGURE 2: Hand-sorting of the coarse fraction (>7 mm) performed 
to quantify and classify the material composition of each waste 
sample.

FIGURE 3: Process flow diagram for the processing of waste samples obtained from MCSWMA.
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image analysis, were defined prior to sorting. Gravimetric 
mass loss measurements, surface roughness analysis, or 
oxide layer thickness measurements were not performed. 
Inter-observer repeatability was not assessed. This visual 
classification approach introduces inherent subjectivity, 
and the reported corrosion fractions (approximately 40% at 
MCSWMA; approximately 50% of foils in the barrel experi-
ment) should be interpreted as descriptive visual estimates 
without statistical uncertainty bounds. The visual approach 
was selected as a practical, operationally straightforward 
method appropriate for the study’s primary objective: to 
assess whether recoverable metallic aluminum persists in 
landfill environments and to identify which product forms 
are most likely to remain recyclable.

2.4	Simulation of landfill conditions using barrel ex-
periment

Aluminum can undergo oxidation in landfills, which di-
minishes its suitability for recycling (Calder & Stark, 2010; 
Stark et al., 2012). The stability of metallic aluminum in 
landfill environments is not well understood; this study 
therefore investigates its corrosion behavior under simu-
lated conditions.

Two barrel-scale experiments, each with a capacity of 
200 liters as shown in Figure 4c, were conducted to repli-
cate the moisture content, limited oxygen availability, and 
waste composition typical of landfilled MSW. It should be 
noted that the barrels did not include the daily soil cover 
layer applied during standard landfill operations, a delib-

erate simplification whose implications for internal redox 
conditions are discussed below. The objective was to 
assess the extent of aluminum degradation over a six-
month period and determine the potential for recovering 
recyclable metallic aluminum from aged landfill materials. 
MSW samples were obtained from the Houghton County 
Materials Management Facility in Michigan, USA. The se-
lected waste consisted primarily of household materials 
representative of typical landfilled streams. Samples were 
initially collected in seven waste bags; however, the alumi-
num content of the as-collected waste was relatively low. 
To ensure sufficient interaction between aluminum and the 
simulated landfill environment, additional aluminum in the 
form of foil and beverage cans was incorporated: 0.60 kg 
to barrel 1 and 0.30 kg to barrel 2 as shown in Figure 4a 
and 4b. The combined mass of waste and water in barrel 
1 was 28.4 kg and in barrel 2 was 14.9 kg, yielding effec-
tive aluminum loadings of approximately 2.1 wt.% and 2.0 
wt.% respectively. These values are broadly representa-
tive of aluminum concentrations reported in fresh MSW 
in the United States and were approximately five times 
higher than the 0.43 wt.% measured in the field excavation 
(EPA, 2020). The implications of this concentration differ-
ence for the comparability of corrosion environments are 
addressed in Section 3.3.4. The difference in total waste 
masses between barrels resulted from the allocation of 
seven waste bags (four to barrel 1, three to barrel 2); indi-
vidual bag weights were not measured prior to allocation. 
Accordingly, results from the two barrels are treated as a 

a

FIGURE 4: Aluminum materials and experimental setup used in the barrel simulation study: (a) aluminum foil, (b) aluminum beverage 
cans, (c) two 55-gallon barrels used for landfill simulation, and (d) air-drying of barrel contents prior to aluminum recovery and inspection.

b

c d
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combined qualitative trend rather than as independently 
controlled replicates. Waste samples, including the supple-
mental aluminum fractions, were loaded into each barrel 
and compacted manually using metal rod; compaction 
density was not measured. Water was added at 25% by 
mass (w/w) to replicate moisture conditions typical of mu-
nicipal landfills. The barrels were then loosely sealed using 
fitted lids to allow limited pressure equalization, mimicking 
the semi-aerobic to anaerobic transition conditions found 
in landfills. No additional nutrients, inoculants, or leachate 
were introduced, so that the simulation reflected the nat-
ural decomposition environment as closely as practical. 
The barrel experiment was designed as a complementa-
ry, controlled analog to the field excavation, not as a sub-
stitute for comprehensive analysis of field samples. The 
field samples provided the primary evidence of long-term 
corrosion; the barrel experiment was intended to provide 
comparative information on differential corrosion suscep-
tibility under simplified, observable conditions. A six-month 
barrel experiment cannot directly replicate the 35+ years 
of burial represented by the MCSWMA field samples. The 
absence of daily soil cover means that oxygen availability 
during the simulation likely exceeded that in a real landfill 
cell, potentially accelerating early-stage aerobic corrosion 
of aluminum foils while underrepresenting the anaerobic 
alkaline-corrosion regime that may dominate in deeper ma-
ture waste zones. The six-month duration was selected as 
a practical constraint for an initial qualitative assessment; 
it was not intended to replicate the full 35-year burial peri-
od but rather to observe early-stage corrosion processes 
under controlled conditions that could be compared with 
the advanced corrosion observed in the field samples. The 
inherent limitations, including differences in temperature 
(room temperature vs. landfill internal temperatures), pres-
sure (atmospheric vs. overburden pressure), leachate flow 
(static vs. dynamic), and microbial community develop-
ment—are acknowledged. The barrel results are therefore 
interpreted as qualitatively consistent with field observa-
tions rather than as quantitatively predictive of long-term 
corrosion rates.

The barrels were left undisturbed at room temperature 
for six months, with no mechanical agitation or leachate 
removal during this period. It is noted that the barrel exper-
iment was initiated prior to the field excavation campaign 
and concluded after field samples were collected; the two 
components of the study are complementary, and this tim-
ing difference does not affect the interpretation of results. 
At the end of the experiment, the barrels were opened, 
materials were air-dried as shown in Figure 4d, and alumi-
num components were recovered, cleaned, and physically 
inspected for signs of oxidation and degradation using the 
same operational criteria applied to the field-sorted mate-
rial.

3.	 RESULTS AND DISCUSSION
3.1	Composition of excavated waste

A total of 266 kg (wet weight) of recovered waste yield-
ed 208 kg (dry weight) after oven drying, corresponding to 
a bulk moisture content of 22.2 ± 5.2%. Sieving at 7 mm 
produced a fines fraction (<7 mm) of 67.42 wt.% and a 
coarse fraction (>7 mm) of 32.58 wt.%.The dominance of 
fines reflects the typical characteristics of aged landfills, 
resulting from prolonged physicochemical degradation, mi-
crobial activity, mechanical compaction, and incorporation 
of daily cover soil. This fines-rich composition aligns with 
findings from previous landfill mining (LFM) investigations, 
including those by Kaartinen et al (Kaartinen et al., 2013) 
and Quaghebeur et al. (Quaghebeur et al., 2013), both of 
which reported that fine materials typically exceed 50% 
by weight in mature landfill sites. Additional fine fraction 
characterization studies have similarly documented the 
dominance of fines in aged MSW landfills, attributing this 
to advanced organic degradation and the progressive dis-
integration of inorganic matrices under prolonged burial 
conditions (López et al., 2018; Parrodi et al., 2018). 

The coarse fraction (>7 mm) was manually sorted and 
classified into distinct material categories as detailed in 
Table 1. All values are expressed as a percentage of the 
total dried waste mass.

3.2	Recovered metals from the coarse fraction
Metals constituted 2.34 wt.% of the total dried waste 

mass, comprising both ferrous and non-ferrous fractions 
(Table 1). Following manual recovery of all metallic items, 
a bar magnet was used to separate ferrous metals from 
the non-ferrous fraction. The separation results indicated 
that ferrous metals formed the dominant category (1.88 
wt.%), followed by aluminum, with copper being the least 
abundant (Figure 5). This is consistent with observations 
by Quaghebeur et al. (Quaghebeur et al., 2013).

The recovered ferrous metals included nails, food cans, 
and various household items. Visual inspection revealed 
extensive surface corrosion, with most items exhibiting 
uniform rust layers and pitting (Figure 6). Although cor-
roded ferrous metals retain their magnetic properties and 
can be recycled through remelting, severe rusting can 
lower their market value due to increased slag generation, 
reduced yield, and the additional fluxing required during 
smelting. This surface corrosion trend is consistent with 
observations from long-term buried metals in aged landfill 
environments, where prolonged exposure to moisture ac-
celerates oxidation (Hao, 2020).

Copper was recovered in trace amounts, accounting 
for 0.03 wt.% of the total dried waste mass. The recovered 
materials consisted primarily of thin electrical wires, small 
fragments embedded in plastic insulation, and a copper 

Materials 
composition

Paper & 
cardboard Plastics Rubber Textiles Wood Metals Glass Stones Ceramic Fines

Amount 
(wt.%) 1.42 7.28 0.19 2.70 6.26 2.34 1.00 11.03 0.36 67.42

TABLE 1: Material composition of waste samples recovered from MCSWMA, determined through manual sorting of the coarse fraction 
(>7 mm). All values are reported on a dry weight percentage (wt.%) basis.
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rod. None of the recovered copper exhibited visible corro-
sion, reflecting the metal’s inherent resistance to oxidation 
under landfill conditions. While copper has a high intrinsic 
market value, its recovery from MSW landfills is often lim-
ited by its low concentration and occurrence in heteroge-
neous forms. Insulated wires and embedded fragments 
typically require mechanical liberation via shredding, fol-
lowed by physical separation processes. The extremely 
low concentration observed in this study further limits the 
standalone economic viability of copper recovery.

Aluminum was recovered at 0.43 wt.% of the total 
dried waste mass. The aluminum fraction was composed 
primarily of beverage cans, foils, and structural aluminum 
fragments (Figure 6d-f). Approximately 40% of the recov-
ered aluminum exhibited corrosion, while the remaining 
60% retained a metallic surface suitable for direct recov-
ery and recycling. All recovered aluminum foil was corrod-
ed, suggesting that foil is more prone to degradation than 

other aluminum forms. The low concentration of metallic 
aluminum in the excavated material significantly limits the 
economic attractiveness of landfill mining for aluminum 
recovery at this site, especially given the cost-intensive na-
ture of excavation, screening, and material separation.

3.3	Simulation of landfill conditions: aluminum cor-
rosion behavior 

After the waste from the barrels was air-dried, alumi-
num components were recovered and physically inspected 
to classify them as corroded or metallic. The results reveal 
a clear distinction in the corrosion susceptibility of differ-
ent aluminum forms. Aluminum cans largely remained me-
tallic, showing only minor surface contamination, whereas 
aluminum foils exhibited visible corrosion, including pitting 
and surface degradation (Figure 7). 50% of aluminum foils 
placed in the barrels exhibited signs of corrosion and pit-
ting; the remaining 50% showed no visible surface corro-
sion. These findings are consistent with the interpretation 
that the form and surface treatment of aluminum influ-
ence its stability under landfill-simulated conditions. The 
barrel experiment results are qualitatively consistent with 
MCSWMA field observations: foils were more extensively 
corroded than cans in both settings.

3.3.1	Corrosion mechanisms in landfill environments
The corrosion mechanisms discussed below are drawn 

from the established literature on aluminum behavior in 
landfill environments and are presented as a framework 
for interpreting the empirical observations from our SEM-
EDS analysis.

Stark et al. documented aluminum waste reaction in-
dicators in MSW landfills, identifying hydrogen generation 
and temperature anomalies associated with aluminum 
corrosion under alkaline conditions (Stark et al., 2012). 
Calder and Stark further characterized aluminum reactions 

FIGURE 5: Mass distribution of ferrous metals, aluminum, and cop-
per in the coarse fraction (>7 mm) following manual sorting and 
subsequent magnetic separation. All values are expressed as a 
percentage of the total dried waste mass.

FIGURE 6: Aluminum materials and experimental setup used in the barrel simulation study: (a) aluminum foil, (b) aluminum beverage 
cans, (c) two 55-gallon barrels used for landfill simulation, and (d) air-drying of barrel contents prior to aluminum recovery and inspection.

a b c
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in landfills, noting that the presence of chlorides and ele-
vated pH can accelerate corrosion (Calder & Stark, 2010). 
Almoiqli et al. (Almoiqli et al., 2023) examined the corro-
sion behavior of coated aluminum cans under simulated 
conditions and found that protective coatings significantly 
enhance corrosion resistance—a finding consistent with 
our field observations that beverage cans largely retained 
metallic integrity while uncoated foils were extensively cor-
roded (Almoiqli et al., 2023).

The corrosion of aluminum in MSW landfills involves 
a complex interplay of electrochemical, chemical, and bi-
ological processes occurring across a wide range of evolv-
ing environmental conditions. In the early post-disposal 
phase, when oxygen is still available, aluminum undergoes 
electrochemical oxidation, forming a passive aluminum ox-
ide (Al2O3) or aluminum hydroxide film that provides initial 
protection. Under neutral to mildly acidic conditions, this 
passive film is stable, consistent with the general percep-
tion of aluminum as corrosion-resistant.

However, as a landfill matures and transitions toward 
anaerobic conditions, the corrosion environment changes 
substantially. Chloride ions, sourced from food waste, or-
ganic leachate, and degradation products of chlorine-con-
taining polymers, can locally disrupt the passive oxide film, 
initiating pitting corrosion. More significantly, locally elevat-
ed pH arising from alkaline waste constituents or buffering 
reactions can trigger alkaline corrosion of aluminum. At pH 
values above approximately 8-9, the passive film dissolves 
and aluminum reacts directly with water (Calder & Stark, 
2010; Stark et al., 2012):

2Al + 6H2O → 2Al(OH)3 + 3H2

This reaction, well-documented in MSW landfill con-
texts (Calder & Stark, 2010; Stark et al., 2012), produces 
aluminum hydroxide (Al(OH)3) and hydrogen gas, the latter 
of which has been associated with anomalous gas produc-
tion and subsidence in some landfill systems (Stark et al., 
2012). Aluminum hydroxide corrosion products may un-
dergo dehydration-driven phase transformations, including 
conversion of gibbsite to boehmite and subsequent forma-
tion of less hydrated aluminum oxide phases at elevated lo-
cal temperature (van Gog, 2021). These phases represent 
an irreversible chemical transformation, removing alumi-
num from the recyclable fraction.

3.3.2	SEM-EDS Analysis and Interpretation
SEM coupled with EDS was employed to examine the 

surface morphology and elemental composition of alumi-
num foil samples before and after the six-month barrel ex-
periment. Metallic foil samples from the pre-experiment 
material and corroded foil samples from the post-exper-
iment recovery were selected for direct comparison. The 
explicit objective of SEM/EDS characterization was to 
verify and quantify the visual corrosion classification by 
providing elemental evidence of oxide formation (elevat-
ed oxygen) and organic surface contamination (elevated 
carbon) on visually corroded samples, and to demon-
strate the spatial heterogeneity of corrosion via elemental 
mapping. Metallic foil samples (pre-experiment) exhibit-
ed relatively smooth, homogeneous surface morphology 
with minimal irregularities (Figure 8a, 8b). EDS analysis 
(Spectrum 1) revealed a composition dominated by alu-
minum (95.44 wt.%), with minor carbon (3.72 wt.%) and 
oxygen (0.84 wt.%) (Table 2), indicating negligible surface 
oxidation.

In contrast, corroded foil samples (post-experiment) 
showed significant surface irregularities and heterogene-
ous contrast in the SEM micrographs, consistent with lo-
calized corrosion and pitting (Figure 8c, 8d). EDS analysis 
(Spectrum 8) indicated substantial changes in surface 
chemistry, with aluminum content reduced to 39.65 wt.%, 
accompanied by elevated oxygen (29.65 wt.%) and carbon 
(28.52 wt.%) (Table 3), as well as trace calcium (2.19 wt.%). 
The elevated oxygen content is consistent with extensive 
aluminum oxide or hydroxide formation. The high carbon 
content — far exceeding the pre-experiment baseline of 
3.72 wt.% most likely reflects adsorption or physical en-
trapment of organic residues from the surrounding waste 
matrix rather than a sample preparation artifact; the mag-
nitude of the difference substantially exceeds what would 
be expected from carbon coating applied for SEM conduc-
tivity purposes, suggesting that the elevated carbon is pre-
dominantly of organic origin. Trace calcium likely reflects 
contamination from alkaline leachate or cement-contain-
ing debris in the waste stream.

It is important to note that EDS analysis provides indi-
rect evidence for oxide formation through elevated oxygen 
content but cannot distinguish between specific corro-
sion product phases. This limitation is acknowledged, and 

FIGURE 7: Samples of ferrous metals recovered from the coarse fraction exhibiting extensive surface rust: (a) metal sheets, (b) household 
item, and (c) nails, rod, and metal fragment. Aluminum recovered from the coarse fraction: (d) metallic aluminum, (e) corroded aluminum 
beverage cans, (f) corroded aluminum foil.

a b
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XRD or Raman spectroscopy are recommended for future 
phase-specific characterization.

In this study, the term “metallic” is used operationally to 
describe aluminum that retains a continuous metallic sur-
face and recoverable metallic core suitable for convention-
al remelting, rather than implying a completely oxide-free 
surface. Even visually metallic aluminum surfaces may car-
ry a thin native oxide film; however, such films are routinely 
dissolved during conventional secondary smelting and do 
not preclude recyclability.

Elemental mapping (Figure 8e, 8f, 8g) further revealed 
the spatial distribution of corrosion on the foil. Aluminum 
was concentrated in discrete, brighter regions correspond-
ing to residual metallic or oxide-rich phases. Oxygen map-
ping revealed widespread distribution over corroded areas, 
confirming extensive oxide formation, while carbon map-
ping highlighted organic-rich deposits covering portions of 

the foil surface. These results support the point-analysis 
EDS data and illustrate the heterogeneous, localized nature 
of corrosion processes in uncoated aluminum foil under 
landfill-simulated conditions.

Collectively, these findings indicate that aluminum 
foil undergoes significant chemical transformation and 
surface contamination in landfill environments, reducing 
its suitability for recycling. In contrast, coated aluminum 
forms such as beverage cans retain metallic integrity and 
represent more promising targets for post-landfill recovery. 
Although beverage cans are constructed from different 
aluminum alloys—the body predominantly 3004 alloy (Al-
97.8%, Mn-1.2%, Mg-1.0%) and the lid primarily 5182 alloy 
(Al-95.2%, Mn-0.35%, Mg-4.5%) (Padmanabhan et al., 2011) 
their recyclability is not fundamentally hindered by these 
compositional differences.

3.3.3	Differential corrosion: coated vs. uncoated aluminum
The organic coatings applied to the interior and exte-

rior surfaces of aluminum beverage cans, typically epoxy-
based lacquers of a few micrometers in thickness, act as 
a physical barrier between the aluminum substrate and the 
corrosive landfill environment. This substantially reduces 
contact with moisture, chloride ions, and organic acids. 
Corrosion of coated cans under landfill conditions is there-
fore largely confined to mechanically damaged areas or cut 
edges, while the bulk of the can body remains metallic.

Uncoated aluminum foil, by contrast, exposes the entire 
metallic surface area directly to the corrosive environment. 
With a typical thickness of only 6-25 µm, even shallow pit-
ting or uniform surface corrosion can penetrate the foil 
entirely. This is consistent with the observation that all re-
covered foil from the MCSWMA excavation was corroded, 
whereas beverage cans largely retained metallic integrity.

3.3.4	  Approximate mass loss estimation
An approximate mass balance from the barrel experi-

ment helps contextualize the practical significance of foil 
corrosion. Of the 0.90 kg of aluminum added across both 
barrels, foil and beverage cans were added in roughly equal 
proportions by mass. 50% of the foil fraction exhibited 
visible corrosion, while the can fraction remained largely 
metallic, implying that approximately 25% of the total add-
ed aluminum mass showed corrosion within six months 
under conditions that likely overestimate early-stage aero-
bic oxidation. In a real landfill environment, where alkaline 
corrosion and chloride attack intensify over decades, the 
proportion of foil aluminum lost to corrosion would be ex-
pected to be substantially higher. This reinforces the field 
observation that the approximately 40% overall corrosion 
rate in the MCSWMA samples likely underestimates total 
aluminum lost since initial disposal, as partially degraded 
foil may have contributed corrosion products to the fine 
fraction and thus escaped detection during coarse fraction 
hand-sorting.

3.4	Potential for waste-to-energy recovery
Although not the primary focus of this study, charac-

terizing the combustible fraction is necessary context for 
the multi-resource recovery framing developed in Section 

FIGURE 8: SEM images and corresponding EDS elemental map-
pings of metallic and corroded aluminum foils. (a, b) Metallic alu-
minum foil showing a smooth, continuous surface at low (scale 
bar = 500 µm) and high (scale bar = 50 µm) magnification. (c, d) 
Corroded aluminum foil displaying a rough, pitted surface at low 
(scale bar = 50 µm) and high (scale bar = 5 µm) magnification. 
(e–g) EDS elemental maps of corroded regions highlighting the 
distribution of (e) aluminum, (f) oxygen, and (g) carbon.

Elements C O Al

Wt.% 3.72 0.84 95.44

Elements C O Al Ca

Wt.% 28.52 29.65 39.65 2.19

TABLE 2: EDS quantitative elemental composition (wt.%) of metal-
lic aluminum foil prior to experimental exposure (Spectrum 1). Alu-
minum is the dominant element, with minor carbon and oxygen.

TABLE 3: EDS quantitative elemental composition (wt.%) of cor-
roded aluminum foil after experimental exposure (Spectrum 8). 
Reduced aluminum content with elevated oxygen and carbon, and 
trace calcium.
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5.1, since aluminum recovery alone was found to be eco-
nomically insufficient to justify excavation at this site. The 
combustible fraction accounted for over 17 wt.% of the to-
tal dry mass, comprising plastics (7.28 wt.%), wood (6.26 
wt.%), textiles (2.70 wt.%), and paper and cardboard (1.42 
wt.%). These materials possess significant calorific value 
and present an opportunity for thermal energy generation 
or refuse-derived fuel (RDF) production. Quaghebeur et al. 
(Quaghebeur et al., 2013) highlighted the importance of 
these fractions in RDF production, particularly in scenarios 
where material recycling is infeasible due to degradation or 
contamination.

The estimated average energy content of 12-14 MJ/
kg for this combined combustible fraction was derived 
by weighting literature-based calorific values for each 
sub-fraction by their relative mass proportions within the 
combustible total (17.66 wt.% of total dry mass). Plastics, 
predominantly polyolefins and polystyrene, typically exhibit 
calorific values of 30-40 MJ/kg on a dry basis (Brems et al., 
2012; Janáková et al., 2024). Wood and partially degraded 
textiles yield 10-20 MJ/kg depending on moisture content 
and degree of degradation (Telmo et al., 2010). Paper and 
cardboard, at the degradation stage expected in 35-year-
old landfill waste, yield approximately 8-12 MJ/kg. Weigh-
ing these values by sub-fraction mass proportion (plastics 
41.2%; wood 35.4%; textiles 15.3%; paper 8.0%) yields a 
weighted average of approximately 22 MJ/kg on a fully dry 
basis. Applying a conservative correction factor for resid-
ual moisture and partial cellulosic degradation yields the 
reported estimate of 12-14 MJ/kg, consistent with calorific 
data reported for aged MSW combustible fractions in prior 
LFM studies (Quaghebeur et al., 2013). Effective pre-treat-
ment—mechanical drying and particle size reduction—
would be required to approach the upper end of this range.

Plastics possess the highest calorific value among the 
combustible components, making them suitable for RDF. 
Nevertheless, their thermal treatment presents environ-
mental concerns due to the potential release of toxic gases 
from chlorine- or fluorine-containing polymers. Mechanical 
recycling is preferable where feasible but is often hindered 
by contamination and polymer degradation after extended 
burial (Brems et al., 2012; Janáková et al., 2024). Wood 
and textiles retain meaningful energy content and are more 
suitable for direct thermal recovery (Telmo et al., 2010).

3.5	Inert fractions and reuse potential
As with the combustible fraction, the inert fraction is 

characterized here because it directly informs the paral-
lel-stream revenue and cost considerations discussed in 
Section 5.3-5.4, which are necessary to contextualize the 
standalone economics of aluminum recovery. Inert compo-
nents — principally stones (11.03 wt.%), glass (1.00 wt.%), 
and ceramics (0.36 wt.%) — collectively represent 12.39 
wt.% of the total dry waste mass, or approximately 38.0 
wt.% of the coarse fraction. These materials are general-
ly not economically viable for conventional recycling due 
to contamination and mixed composition. However, they 
can be reused as secondary aggregates for road sub-base, 
construction fill, or as daily cover material during landfill 
operations, subject to environmental characterization and 

regulatory compliance (Masi et al., 2014; Parrodi et al., 
2018). The elevated stone and inert content at MCSWMA is 
consistent with the facility’s documented history of receiv-
ing demolition waste from large-scale deconstruction pro-
jects, including the former Marquette General Hospital and 
K.I. Sawyer Air Force Base structures, which likely elevated 
stone and ceramic fractions relative to a typical household 
MSW stream. Fine fractions from LFM have similarly been 
characterized as potential secondary aggregates and cov-
er materials when environmental quality criteria are satis-
fied (Parrodi et al., 2018).

4.	 STUDY LIMITATIONS
The findings of this study should be interpreted in light 

of several important methodological limitations.

4.1	Single sampling point and spatial representati-
veness

All 208 kg (dry weight) of field material was obtained 
from a single gas extraction well within a 210-acre facility 
that has received over 2 million tons of waste since 1989. 
MSW landfills are highly heterogeneous environments: 
waste composition, compaction density, moisture content, 
and burial history vary considerably across the facility and 
with depth. The aluminum content (0.43 wt.%), corrosion 
state (approximately 40% corroded), and overall waste 
composition reported here are representative of the spe-
cific location and depth interval sampled, but cannot be 
extrapolated with confidence to the landfill as a whole. 
Multi-point sampling across the facility, ideally with depth 
stratification, would be necessary to construct a more reli-
able facility-wide inventory of recoverable aluminum. This 
study is therefore best regarded as a preliminary site-spe-
cific characterization rather than a comprehensive facili-
ty-wide assessment.

4.2	Absence of depth stratification
The sampling depth (70-100 ft) was determined by the 

facility’s gas well installation program, and the research 
team did not control the exact sampling intervals within 
this range. Because corrosion intensity is expected to in-
crease with burial depth due to lower redox potential, high-
er moisture content, and greater overburden pressure, the 
reported corrosion rates may not be representative of shal-
lower zones within the same facility.

4.3	Barrel experiment simplifications
The barrel experiments represent a simplified analog of 

landfill conditions. The absence of daily soil cover, the ele-
vated aluminum loading relative to field concentrations (~5 
× higher), the short experimental duration (six months) rel-
ative to actual burial periods (35+ years), and the unequal 
design of the two barrels collectively constrain the quan-
titative interpretation of corrosion rates. The experiment 
is best interpreted as providing qualitative, comparative 
evidence of differential corrosion susceptibility between 
aluminum forms rather than as a predictive model of long-
term in-situ degradation.
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4.4	Visual classification of corrosion state
The classification of aluminum as corroded or non-cor-

roded was based on visual inspection. No quantitative cri-
teria (such as minimum oxide layer thickness or minimum 
affected surface area) were defined prior to sorting, and 
between-observer variability was not assessed. This intro-
duces subjectivity into the reported corrosion fractions (ap-
proximately 40% at MCSWMA; approximately 50% of foils 
in the barrel experiment), and the absence of error bounds 
should be noted when comparing these values with other 
studies. Future investigations should consider standard-
ized quantitative criteria, such as gravimetric mass loss 
after acid cleaning or image analysis of surface oxide cov-
erage.

4.5	Fine fraction aluminum
Aluminum analysis in this study was restricted to the 

coarse fraction (>7 mm). Corroded aluminum foil is friable, 
and its oxide and hydroxide degradation products may mi-
grate into the fine fraction (<7 mm) over prolonged burial. 
The reported fines fraction (67.4 wt.%) reflects both ma-
terial that was fine in-situ and material generated by me-
chanical fragmentation during drilling, transport, drying, 
and sieving; the proportion attributable to each cannot 
be distinguished with the present data, which confounds 
interpretation of any aluminum content subsequently 
measured in this fraction. This limitation affects the two 
possible purposes of fine-fraction analysis differently: for 
tracking the geochemical fate of degraded aluminum, the 
analysis remains justified regardless of the fragmentation 
confound; for assessing practical industrial recovery po-
tential, however, the value of such analysis is limited, giv-
en the already-low aluminum concentration and advanced 
degradation state observed in the coarse fraction.

The reported aluminum concentration of 0.43 wt.% 
should therefore be regarded as a minimum estimate of to-
tal aluminum present at the time of initial disposal. A com-
plete mass balance of aluminum across all size fractions 
would require chemical analysis (e.g., acid digestion and 
ICP-OES) of the fine fraction, which is recommended for 
future investigations.

5.	 IMPLICATIONS FOR RESOURCE RECOVE-
RY

The results from MCSWMA provide practical guidance 
for landfill mining as a strategy for aluminum and integrat-
ed resource recovery. While the overall aluminum content 
at this site is low, the study offers important insights into 
how aluminum persists, degrades, and can be selectively 
targeted during LFM operations.

5.1	Aluminum recovery potential and economic 
considerations

Field-scale excavation at MCSWMA revealed that alu-
minum recovery from aged landfill deposits may be heter-
ogeneous and form-dependent. At MCSWMA, aluminum 
accounted for 0.43 wt.% of the total dried waste mass, with 
approximately 60% remaining in a metallic state suitable 

for recycling. The recoverable fraction was dominated by 
coated aluminum products, particularly beverage cans, 
whereas uncoated aluminum foils were consistently cor-
roded. This distinction is essential for LFM planning: recov-
ery efforts should target specific product categories rather 
than bulk metal extraction.

A rough economic estimate illustrates the challenge of 
standalone aluminum recovery at this concentration. At an 
aluminum scrap value of approximately $1.10-$2.20 per kg 
(Monster, 2024), which is consistent with current US sec-
ondary market conditions-the recoverable metallic alumi-
num fraction (~0.26 wt.% of total waste mass, representing 
~60% of the 0.43 wt.% total) yields approximately 2.6 kg of 
recoverable metal per ton of excavated waste. At $1.50/kg, 
this corresponds to roughly $3.90 per ton in aluminum rev-
enue. Against typical LFM processing costs, which in Euro-
pean and North American case studies have ranged from 
approximately $40-$158 per ton (operational and capital 
cost) depending on scale, technology, and site conditions 
(Krook et al., 2012; Wagner & Raymond, 2015), aluminum 
recovery alone does not generate a positive economic re-
turn at this concentration (Amponsah-Berko et al., 2026). 
Threshold aluminum concentrations for standalone eco-
nomic viability have been estimated in the broader LFM lit-
erature at approximately 1-2 wt.% in the processed coarse 
fraction (Krook et al., 2012; Wagner & Raymond, 2015), 
significantly above the 0.43 wt.% observed at MCSWMA. 
Aluminum recovery must therefore be integrated within a 
multi-resource recovery framework to improve economic 
feasibility at this site. As highlighted by Wagland et al., land-
fill mining should be considered as an integrated resource 
recovery strategy, where multiple material streams are re-
covered simultaneously to improve overall environmental 
and economic performance compared with single-materi-
al recovery approaches (Wagland et al., 2019). Michigan’s 
container deposit system (the “bottle bill”), which places a 
$0.10 deposit on beverage containers including aluminum 
cans, is a significant upstream factor limiting aluminum 
concentration at this site (Porter, 2004). High redemption 
rates divert a large proportion of aluminum cans from the 
waste stream prior to disposal, leaving a residual inventory 
skewed toward foil, non-deposit packaging, and industrial 
scraps—forms that are less corrosion-resistant and lower 
in unit recovery value. This suggests that LFM assess-
ments must account for the upstream policy context when 
estimating recoverable aluminum inventories.

5.2	Efficiency and surface contamination
The practical recovery of aluminum from LFM coarse 

fractions involves eddy current separation (ECS) as the 
principal non-ferrous recovery technology. ECS efficiency 
is sensitive to particle size, shape, and critically the elec-
trical conductivity of the particle surface. The extensive 
organic surface contamination observed in the EDS anal-
ysis of post-experiment samples (carbon content of 28.52 
wt.% in corroded foils) suggests that even nominally me-
tallic particles may carry organic-rich surface deposits that 
reduce eddy current induction efficiency. A pre-treatment 
washing step, or mild abrasive surface cleaning, applied to 
the coarse non-ferrous fraction prior to ECS could improve 
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both recovery yield and concentrate purity, particularly for 
coated beverage cans that retain a conductive metallic 
core beneath surface deposits. This is an important pro-
cess engineering consideration for LFM operations target-
ing aluminum recovery and warrants further investigation 
at pilot scale.

5.3	Proposed industrial-scale process chain
Based on the findings of this study and supporting LFM 

literature (Kaartinen et al., 2013; López et al., 2018; Wagner 
& Raymond, 2015), the following conceptual process chain 
is proposed for aluminum recovery at a site analogous to 
MCSWMA. This flowsheet is presented as a conceptual 
framework rather than an experimentally validated process 
design, and its individual unit operations require site-specif-
ic validation at pilot scale:

•	 Stage 1: Excavation and primary screening. Waste is 
excavated by mechanical equipment and transported 
to a processing area. Primary screening at 40-50 mm 
removes oversized inerts and reduces processing vo-
lume.

•	 Stage 2: Fines removal. Secondary screening at 7-10 
mm removes the dominant fine fraction (<7 mm), which 
constituted 67.4 wt.% of excavated mass at MCSWMA 
and contains little recoverable metallic aluminum. Early 
fines removal is critical for reducing downstream pro-
cessing costs. The fine fraction may be directed to 
geotechnical reuse as daily cover material or sub-base 
aggregate following environmental characterization.

•	 Stage 3: Ferrous metal recovery. The coarse fraction 
enters a sorting line equipped with an overhead magne-
tic separator, recovering nails, food cans, and structural 
steel. Ferrous recovery is reliable even through exten-
sive corrosion, as high magnetic susceptibility is retai-
ned.

•	 Stage 4: Non-ferrous metal recovery. The de-ferrous co-
arse fraction passes an eddy current separator, which 
ejects electrically conductive non-ferrous metals (prin-
cipally aluminum and copper). As noted above, pre-tre-
atment to reduce organic surface contamination may 
improve ECS performance for landfill-aged aluminum.

•	 Stage 5: Sorting and cleaning. The non-ferrous concen-
trate is sorted to separate aluminum from copper and 
other materials. Sensor-based sorting (near-infrared, 
color camera, or laser-induced breakdown spectro-
scopy) enables high-purity separation at scale; manual 
sorting, as employed in this study, is viable for smaller 
operations.

•	 Stage 6: Secondary smelting. Recovered aluminum is 
baled or briquetted for transport to secondary smel-
ters. The alloy composition of recovered beverage 
cans is compatible with standard secondary smelting 
operations (Padmanabhan et al., 2011). Contemporary 
approaches to processing aluminum-containing secon-
dary resources demonstrate that mixed-composition 
secondary aluminum can be refined into commercially 
viable alloys (Kuz’min et al., 2026), supporting the bro-
ader applicability of secondary smelting for LFM-reco-
vered material.

•	 Parallel streams. The combustible fraction is directed 
to RDF production or thermal energy recovery. Inert 
materials (stones, glass, ceramics) are directed to ag-
gregate reuse. Revenue from these parallel streams is 
essential for overall project economic viability.

5.4	Integration with circular economy objectives
The MCSWMA case study illustrates that aluminum 

recovery, while insufficient to independently justify LFM 
at this site, contributes meaningfully to a multi-resource 
recovery portfolio. Each kilogram of landfill-recovered alu-
minum diverted to secondary production avoids approxi-
mately 95% of the energy and GHG emissions associated 
with primary aluminum smelting from bauxite ore (Jirang 
& Roven, 2010), representing a substantial avoided envi-
ronmental burden (Amponsah-Berko et al., 2026). This is 
consistent with circular economy principles that prioritize 
the retention of materials at high value within the economic 
system for as long as possible.

The predominance of fines (67.4 wt.%) at MCSWMA 
also has direct implications for LFM system design. Be-
cause aluminum was almost exclusively recovered from 
the coarse fraction, aggressive fine screening at early stag-
es reduces processing volume, lowers separation costs, 
and improves the efficiency of aluminum recovery, support-
ing the implementation of staged excavation, screening, 
and targeted sorting.

Importantly, the site-specific findings reinforce the pri-
macy of pre-landfill aluminum capture as the most efficient 
intervention point. Michigan’s bottle-deposit system shows 
that upstream collection policies shape the composition 
and recoverability of the residual landfill resource dec-
ades into the future. Landfill mining recovers what evades 
pre-landfill systems; improving those upstream systems 
is the more efficient long-term strategy. Nonetheless, the 
persistent metallic aluminum identified in this study, par-
ticularly in the form of coated beverage cans that have sur-
vived 35+ years of burial, represents a residual secondary 
resource of growing strategic relevance as demand for 
low-carbon secondary aluminum increases.

6.	 CONCLUSIONS
This study provides a site-specific evaluation of alu-

minum persistence, corrosion behavior, and recoverability 
within the MCSWMA landfill, contributing to the under-
standing of aluminum recovery potential in LFM applica-
tions. The combined field excavation and laboratory simu-
lation approach indicates that while aluminum can persist 
in landfills in a recoverable metallic form, its extractive po-
tential is strongly dependent on product type, surface treat-
ment, and local waste management practices.

At MCSWMA, aluminum was present at low concentra-
tions (0.43 wt.%), and a significant portion, particularly alu-
minum foils, had undergone corrosion and chemical trans-
formation, reducing recycling value. In contrast, coated 
aluminum beverage cans largely retained metallic integrity, 
suggesting that certain aluminum products remain viable 
targets for post-landfill recovery. SEM-EDS analyses indi-
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cated that corrosion processes are associated with oxide 
formation and organic contamination, which directly affect 
recyclability and processing efficiency.

These findings advance LFM research by revealing that 
aluminum recovery should not be treated as a uniform 
metal recovery problem. Effective LFM for aluminum re-
quires selective targeting of persistent aluminum forms, 
early-stage screening to remove fines, and integration 
with broader material and energy recovery strategies. For 
landfills similar to MCSWMA, aluminum recovery alone 
is unlikely to justify excavation; however, aluminum can 
meaningfully contribute to the overall resource recovery 
portfolio when combined with ferrous metal recovery, RDF 
production, and reuse of inert materials, as outlined in the 
proposed industrial process chain.

The study’s findings are subject to limitations arising 
from single-point sampling, barrel experiment simplifi-
cations, and visual corrosion classification, which are 
explicitly discussed. Future work should incorporate mul-
ti-point field sampling with depth stratification, fine frac-
tion chemical analysis for a complete aluminum mass 
balance, and XRD characterization of corrosion products. 
Overall, this work positions LFM as a complementary 
pathway for aluminum recovery that is most effective 
when informed by site-specific material characterization 
and corrosion behavior, while reinforcing the importance 
of pre-landfill aluminum capture in support of circular 
economy objectives.
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